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Recently, several approaches to solving linear systems on a quantum computer have been formulated
in terms of the quantum adiabatic theorem for a continuously varying Hamiltonian. Such approaches have
enabled near-linear scaling in the condition number « of the linear system, without requiring a complicated
variable-time amplitude amplification procedure. However, the most efficient of those procedures is still
asymptotically suboptimal by a factor of log(x). Here, we prove a rigorous form of the adiabatic theorem
that bounds the error in terms of the spectral gap for intrinsically discrete-time evolutions. In combination
with the qubitized quantum walk, our discrete adiabatic theorem gives a speed-up for all adiabatic algo-
rithms. Here, we use this combination to develop a quantum algorithm for solving linear systems that is
asymptotically optimal, in the sense that the complexity is strictly linear in «, matching a known lower
bound on the complexity. Our O[« log(1/€)] complexity is also optimal in terms of the combined scaling
in x and the precision €. Compared to existing suboptimal methods, our algorithm is simpler and easier
to implement. Moreover, we determine the constant factors in the algorithm, which would be suitable for

determining the complexity in terms of gate counts for specific applications.
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I. INTRODUCTION

Finding the solution to a system of linear equations is
a fundamental task that underlies many areas of science
and technology. A classical linear-systems solver takes
time proportional to the number of unknown variables
even to write down the solution and thus has a prohibitive
computational cost for solving large linear systems. How-
ever, a quantum computer with a suitable input access
can produce a quantum state that encodes the problem
solution much faster than its classical counterpart. The
first quantum algorithm for the quantum linear-systems
problem (QLSP) was proposed by Harrow, Hassidim, and
Lloyd (HHL) [1] and has been subsequently refined by
later work. Due to the ubiquitous nature of the problem,
quantum algorithms for QLSP have found a variety of
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applications, such as computing electromagnetic scatter-
ing [2], solving differential equations [3,4], data fitting
[5], machine learning [6,7], and more general solution of
partial differential equations [8].

Specifically, the goal of QLSP is to produce a quan-
tum state |x) proportional to the solution of linear system
Ax = b, where A4 is an N-by-N matrix. The complexity of
solving QLSP depends on various input parameters, such
as the problem size N, the sparsity (for sparse linear sys-
tems), the norm of the coefficient matrix 4, the condition
number «, and the error € in the solution. To simplify the
discussion, we assume that ||4|| = 1 and hence ||[4~!| = «,
where ||-|| denotes the spectral norm. To further simplify
the analysis, we assume that we have a block encoding of
the coefficient matrix 4 and a given operation to prepare
the target vector |b) and consider the number of queries
to these oracles. One can also consider the complexity in
terms of the number of calls to entries of a sparse matrix, as
in Ref. [1], but there are standard methods to block encode
sparse matrices [9], so our result can be easily applied to
that case. These simplifications mean that the only rele-
vant parameters on which our algorithm depends are «
and €.

Published by the American Physical Society


https://orcid.org/0000-0001-6979-9533
https://crossmark.crossref.org/dialog/?doi=10.1103/PRXQuantum.3.040303&domain=pdf&date_stamp=2022-10-07
http://dx.doi.org/10.1103/PRXQuantum.3.040303
https://creativecommons.org/licenses/by/4.0/

PEDRO C. S. COSTA et al.

PRX QUANTUM 3, 040303 (2022)

The original algorithm proposed by HHL has a com-
plexity scaling quadratically with the condition number «
and linearly with the inverse accuracy 1/e [1]. The scal-
ing with the condition number was improved by Ambainis
using “variable-time amplitude amplification” [10]; the
resulting algorithm has a near-linear dependence on k but
a much worse dependence on 1/€. A further improve-
ment was provided in Ref. [11], which yields a complexity
logarithmic in the allowable error € using a linear combi-
nation of unitaries (LCU). Unfortunately, algorithms based
on variable-time amplitude amplification [10,11] perform
multiple rounds of recursive amplitude amplifications and
can be challenging to implement in practice.

To address this, recent work has suggested alterna-
tive approaches based on adiabatic quantum computing
(AQC). AQC is a universal model of quantum comput-
ing that has been shown to be polynomially equivalent to
the standard gate model [12,13]. In AQC, one encodes the
solution to a computational problem in the ground state
of a Hamiltonian H;. Then, one initializes a quantum sys-
tem in the ground state of an easy-to-prepare Hamiltonian
Hjp and slowly deforms from the ground state of Hy to
the ground state of H; under a time-dependent Hamilto-
nian that interpolates between the two, such as H(s) =
(1 —s)Hy + sH;. The advantage of using the adiabatic
approach to solve QLSP as in Ref. [14] is that it natu-
rally provides complexity close to linear in «, without the
highly complicated variable-time amplitude amplification
procedure. That work has been further improved in Ref.
[15] and then Ref. [16], which gives complexity logarith-
mic in € by using eigenstate filtering. We summarize key
developments reducing the complexity in Table I.

It is known that a quantum algorithm must make at least
Q[« log(1/€)] queries in general to solve the sparse QLSP
problem [17]. Therefore, the method in Ref. [16] is already
optimal in the scaling with solution accuracy €. However,
a question left open was: how can we achieve an optimal
scaling with the condition number « or is it possible to
prove a lower bound ruling out this improvement? From

TABLE L.

the algorithmic perspective, finding a quantum algorithm
with linear k scaling is technically challenging. Previ-
ous fast linear systems solvers depend on polynomial
approximations to implement the inverse function 1/x on
x € [1/k,1] [11] or truncations of the Dyson series to
implement the continuous adiabatic evolution [14—16]. In
either case, an extra polylog(x) factor is required to sup-
press the truncation or approximation error, resulting in a
superlinear scaling with the condition number.

In this work, we develop a quantum algorithm for
solving systems of linear equations with complexity
Olk log(1/€)]. That is, we achieve a strictly linear scal-
ing with «, while maintaining the logarithmic scaling with
1 /€ from the best previous algorithms. Combining with the
lower bound of Ref. [17], we establish for the first time a
quantum linear-systems algorithm with optimal scaling in
the condition number. It is also optimal in the combined
scaling with k and €, because one cannot, for example,
reduce the scaling to O[k + log(1/¢)]. We formally state
our result in Sec. V and preview it here.

Theorem: (QLSP with linear dependence on k). Let Ax =
b be a system of linear equations, where A is an N-by-
N matrix with ||A|| = 1 and ||A7"|| = . Given an oracle
block encoding the operator A and an oracle preparing
|b), there exists a quantum algorithm that produces the
normalized state |A~'b) to within error € in terms of the
02 norm, using an average number

Olk log(1/€)] (1)
of oracle calls.

Our algorithm is conceptually simple and easy to
describe. All it requires is a sequence of quantum walk
steps corresponding to a qubitized form of the Hamil-
tonian used in prior work [15,16]. It completely avoids
the heavy mechanisms of variable-time amplitude ampli-
fication or the truncated Dyson-series subroutine from

The history of the lowest-scaling algorithms for solving linear systems of equations on a quantum computer. Specifically,

the problem is to prepare the state |x) given oracular access to the matrix 4 and the ability to prepare the initial state |») encoding a
vector b with the relation Ax = b. Here, « is the condition number of 4 and € is the target precision to which we would like to prepare
the state |x). However, the cost of a query for all classical algorithms is expected to scale polynomially in N (the dimension of the
matrix 4), whereas on a quantum computer it is possible to make queries in complexity scaling as O[polylog(N)] when 4 is a sparse
matrix. The query complexity of Q[« log(1/€)] is a known lower bound on the complexity.

Year Reference Primary innovation Query complexity
2008 Harrow, Hassidim, and Lloyd [1] First quantum approach O?/e)
2012 Ambainis [10] Variable-time amplitude amplification Ok (log(k)/€)?)
2017 Childs, Kothari, and Somma [11] Fourier or Chebyshev fitting using LCU Ol polylog(x/€)]
2018 Subasi, Somma, and Orsucci [14] Adiabatic randomization method Ok logk)/e€)
2019 An and Lin [15] Time-optimal adiabatic method Ol polylog(x/€)]
2019 Tong and Lin [16] Zeno eigenstate filtering Olk log(k/€)]
2022 This paper Discrete adiabatic theorem Olx log(1/¢€)]
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previous methods. Moreover, we provide a bound on the
constant prefactor for our approach that allows estimation
of the complexity in terms of the number of gates for spe-
cific applications. We expect that our estimate of the pref-
actor can be tightened and that our algorithm will be the
most efficient for the early fault-tolerant regime of quan-
tum computation as well as having the best asymptotic
scaling for large-scale applications.

The new insight that allows us to establish the optimal «
scaling is the use of a discrete quantum adiabatic theorem,
a result proved by Dranov, Kellendonk, and Seiler (DKS)
[18]. Unlike the continuous version, the discrete adiabatic
theorem is formulated based on a quantum walk operator
W(s). Provided that the steps of quantum walk vary suf-
ficiently slowly, the eigenstates of the walk operator can
be approximately preserved throughout the entire discrete
adiabatic evolution. Indeed, DKS have shown that the error
in the evolution scales as O(1/7) for T steps of the walk.
However, their analysis overlooks the scaling with other
parameters; in particular, the spectral-gap dependence. In
the case of solving QLSP, the gap depends on «, so the
result of DKS is not sufficient to give the « dependence
of the algorithm. Here, we give a complete analysis of the
discrete adiabatic theorem, keeping track of all the param-
eters of interest while fixing several minor mistakes in the
original proof.

In developing our quantum linear-systems algorithm, we
provide an improved method of filtering the final state that
may be of independent interest. Prior methods have been
based on singular-value processing [16], which requires
a sequence of rotations to be found by a numerically
demanding procedure [19-22].

Our method has two advantages; the sequence of oper-
ations needed is easily determined by an analytic formula
and the efficiency is improved because an incorrect mea-
surement result can be detected early. Thus, including
the gap dependence together with the replacement of the
asymptotic scaling by strict bounds over the total time in
Ref. [18] allows us to use the qubitized quantum walk. Our
discrete adiabatic theorem thus avoids the application of
the truncated Dyson series for the time evolution, which is
used in Refs. [15,16] and gives the extra logarithmic factor
in the complexity. Finally, combining our discrete evolu-
tion with the improved eigenstate filtering gives our result
on the solution of linear systems.

The remainder of the paper is organized as follows. In
the following, we give more detailed background and sum-
marize our result in Sec. II. Then, in Sec. III, we give a
thorough proof of the discrete adiabatic theorem. We base
our method on the approach of DKS but make many of
the details rigorous and provide a strict bound on the error,
including constant factors. We apply the discrete adiabatic
theorem to the QLSP in Sec. IV. In Sec. V, we provide our
general method of filtering, which is just as efficient as that
based on singular-value processing.

II. DISCRETE ADIABATIC THEOREMS
A. Background

Before presenting our results, let us present the main
ideas of the DKS bound on the error in discrete-time adi-
abatic evolution [18]. In this proposal, the model of the
adiabatic evolution is based on a sequence of 7 walk opera-
tors {W(n/T) : n € N,0 <n < T — 1}. That is, the system
is initially prepared in a state |v), then the sequence of
unitary transformations W(n/T) have the effect |y) —

[r1) > - - -. Tomodel this evolution, with s = n/T we can
write
sT—1
Us) = [ wen/n )
m=0

and U(0) = I, such that |y,) = U(s) |[¥). The adiabatic
limit is then the limit 7 — oco. Alternatively, we can
construct the total unitary evolution recursively as

UGs + 1/T) = W(s)U(s), U(0) = 1. 3)

The adiabatic limit is then the limit 7 — oc. For the pur-
pose of quantum algorithm design, we are trying to choose
U so that 1irnT—)oo U(l) |¢f0) = |wtarget>a where Hhtarget) isa
desired “target” state that enables us to solve a computa-
tional problem. In order for this to be an accurate adiabatic
evolution yielding the target state, U(n/T) |) should be
approximately an eigenstate of W(n/T) for all n.

We need to establish some terminology before we can
present the statement of the result from Ref. [18]. For each
T € Randn € N, introduce a projector P(s) (withs = n/T
as before) called the spectral projection, which projects
onto the eigenspace of interest. In addition, the comple-
mentary spectral projection Q(s) = I — P(s) projects onto
all eigenvectors orthogonal to the eigenspace of interest.
An operator representing the ideal adiabatic evolution is
denoted U,(s). The ideal adiabatic evolution is that where
each eigenvector of the walk operator remains an eigen-
vector of the walk operator throughout the evolution. That
implies

P(s) = Uy(s)P(O)U' (). 4)

That is, evolving the original eigenspace to step n = sT
under the ideal adiabatic evolution gives the corresponding
eigenspace for the walk operator W(s).

The adiabatic theorem is a statement about how close the
evolution U(s) is to the ideal adiabatic evolution Uy,(s) at
a given time. Beginning with the initial state |¢(0)) in the
subspace of interest so (P(0) |¢(0)) = |¥(0))), the goal is
to bound the error between Uz and its ideal evolution Uy
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by an expression of the form

. )

N

1(U(s) = Ua()) 1@ O | < |U(s) = Us)l =

where || - || is the spectral norm. Proving this result shows
that increasing the number of steps reduces the error. The
constant 6 in Eq. (5) is a constant independent of the
total time 7 but depends on the gap A(s) between the
eigenspace of interest and the complementary eigenspace.

In Ref. [18], it has been shown that the error is O(1/7),
which means that there exists some constant 6 but that
constant and its dependence on the gap have not been
determined. That is a crucial difficulty in applying the
result to the QLSP, because the gap in using the adiabatic
approach to the QLSP depends on the condition number «.
Therefore, to determine the complexity of the algorithm in
terms of «, we need to know the dependence of the error
on the gap. In particular, we show that the error scales as
O(x/T), which means that to obtain the solution to fixed
error one can use 7 = O(k) steps. Then, complexity linear
in « and logarithmic in 1/€ can be obtained using filter-
ing. To show this result, we cannot simply use the result as
given [18] and we need to derive the bound for the error
far more carefully in order to give the dependence on the

gap.

B. Our result

Our main goal in this paper is to provide the explicit
dependence on the gap in the discrete adiabatic theorem in
order to improve the version given in Ref. [18]. In order to
do this, we need to replace a number of initial assumptions
that have just been given as order scalings in Ref. [18] and
to properly account for the gap when using consecutive
walk operators. We then work through the proof to give a
strict bound on the error in the adiabatic evolution with all
constant factors.

First, in Ref. [18] it has just been assumed that there is
the general order scaling

W(s+1/T) — W(s) ~ O(T™). (6)

We replace that with an upper bound with explicit schedule
dependence,

W (s+1/T) = W(s)ll < i;) (M

Implicit in this definition is the assumption that the behav-
ior of W(s) is sufficiently smooth that c(s) can be chosen
independently of 7. This needs to be shown for the given
applications. More generally, we need to consider higher-
order differences, which result in values of c¢x(s) given in
the following definition.

Definition 1: (multistep differences). For a positive inte-
ger k, the k' difference of W is

DOW(s) := D Dy <s + lT) — D& D),
DWW (s) :== DW(s) = W<s + lT) — W(s). (®)

For T > 0, we define the function ¢ (s), which is implicitly
dependent of 7, such that

ci(s)

o 9)

[p®ws| =

We then define the ¢;(s) taking into account neighboring
steps as

cr(s) = cr(s). (10)

max
s'els—1/T,s,54+1/TIN[0,1—k/T]

The principle of the gap is that it separates the eigen-
values of W(s) into two groups that depend on the time
parameter s. Since W(s) is unitary, these are groups on
the unit circle in the complex plane. Because it is on the
unit circle, we need to separate these groups of eigen-
values with gaps in two locations. We denote one set of
eigenvalues as op(s) and the other as op(s), with corre-
sponding projectors P(s) and Q(s), respectively. That is,
P(s) projects onto the subspace where the eigenvalues of
W(s) are in the set op(s). We call op(s) the “spectrum
of interest” because we are concentrating on applications
where we attempt to maintain a state within this subspace.

We also need to account for the gaps for successive
operators W(s) and W(s+ 1/T). That is, there needs to
be a gap between op(s) U op(s + 1/7) and op(s) U op(s +
1/T). Moreover, we need to ensure that these regions are
noninterleaved. The reason is that in order to place a bound
on the error, we need to place bounds on the norms of a
long sequence of operators, which depend on the differ-
ence of projection operators P(s) at successive steps. This
difference can be bounded using a contour integral but the
contour must simultaneously pass through the gaps for two
successive walk operators.

To ensure that the regions are not interleaved, we define
arcs that contain the eigenvalues, such that

o)) 2 op(s) Uop(s +1/T),

oy’ 2 0g(s) Uog(s + 1/T). (11)

To rule out interleaved regions, these arcs cannot intersect
and we consider the gap between these arcs. We are inter-
ested in the case where this only has a small effect on the
gap. In turn, this means that 7 should not be too large, so
we introduce a lower bound 7* on the values of T allowed.
We therefore define the multistep gaps as follows.
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Definition 2: (multistep gap). For 7€ N and &k a non-
negative integer, Ay(s) is defined to be the minimum

angular distance between arcs o,ﬁ") and O’ék), which satisfy

k k
of? 2 Jorts+yn, 0§ 2 Jools +1/D.
=0 =0
(12)
The gap A(s), which is also implicitly dependent on 7, is

then in most cases the minimum gap for three successive
steps, except in the cases at the boundaries:

Ar(s), 0<s<1-2/T,
A(s) = 1 A1), s=1-1/T, (13)
Ao(s), s=1.

Finally, A(s) is an adjustment for A(s) at neighboring
points:

min
s'efs—1/T,s,s+1/TIN[0,1]

AGs) = A(s). (14)

Note that we have freedom to choose larger arcs than
necessary, so these are lower bounds on the gap, though
we often call them the “gap” for convenience. Also, given
A;(s), one can always choose arcs cr,gk) and ag) for k =
0, 1 such that Ax(s) > A;(s). This means that in Eq. (13),
we can simply use A;(s), rather than taking the minimum
of Ay(s) for k € {0,1,2}.

We prove two forms of the discrete adiabatic theorem.
One is highly complicated, so we give it explicitly later
in Sec. III B. Here, we instead give a simplified but looser
form of the discrete adiabatic theorem.

Theorem 3: (the second discrete adiabatic theorem).
Suppose that the operators W(s) satisfy ||D(k) W(s) || <
ce(s)/TF for k=1,2, as per Eq. (9), and T > maX,e[o,1]
[4¢1(s)/ A(s)]. Then, for any time s, such that sT € N, we
have

1UGs) — Uy(s)|| < 220©@ , 1266) , 641()
T TR0 T TAr T TAW)
sT—1 A
¢1(n/T)*
" ;M(n/w
fas 3 @
n=0 TQA(H/T)2
sT—1 &
}:_zﬂﬁln 15)
= TPA(n/T)?

where ¢ (s) and A(s) are defined in Definitions 1 and 2,
respectively.

Note that this theorem depends on the first and sec-
ond differences, described by ¢;(s) and ¢, (s), respectively.
These are analogous to the first and second derivatives
in the continuous form of the adiabatic theorem, so we
can see that these results are analogous. We have three
single terms with 1/7 scaling and three sums with 1/7%
scaling, which gives overall scaling of the complexity as
O(1/T). We also have a cubic dependence in the inverse
gap 1/A in the first sum given. In choosing the quantum
walk, one would aim to schedule the variation of W such
that they vary more slowly where the gap is small, making
¢; smaller. The condition 7' > maxe[o,17[4¢1(s)/ A(s)] is
implicit, because the definitions of ¢ (s) and A(s) depend
on 7. In practice, the right side is only weakly dependent
on T and we ensure that this condition is satisfied where
we use this theorem.

ITII. THE ADIABATIC THEOREMS

In this section, we prove our first form of the discrete
adiabatic theorem, given later as Theorem 7, and then use
it to prove Theorem 3. Following the general method and
notation of Ref. [18], we use the wave operator

Q(s) := Ul () Uls). (16)
The aim of the discrete adiabatic theorem, the first and the
second, is to prove that €2 (s) is close to the identity because

10U = Us)ll = | ViU — 1| = 12 ~ 111,
(a7)

In Ref. [18], it has been shown that Q(s) =71+ O(1/7)
but we instead aim to provide the explicit bounds depen-
dent on the gap.

To prove the bound, one can define a kernel function
K (s) as well, which corresponds to the difference of a sin-
gle step of Q2(s) from the identity. The wave operator at
step n is then given by

1 n—1
QT =1 =3 Km/DQm/T).  (18)

m=0

The goal is then to show that the sum is small. This is done
with a summation-by-parts formula. The general principle
of a summation-by-parts formula is that it transforms a dif-
ference in one function in the sum into a difference in the
other function. Here, K (m/T) is essentially in the form of
a difference and our summation-by-parts formula gives a
sum where the difference is in €2 (m/7T) instead. Although
the expression is still in the form of a sum, the difference
in Q(m/T) is small enough that it is possible to usefully
bound the overall sum by bounding every term and using
the triangle inequality. That then yields our first discrete
adiabatic theorem.
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e 0p(s)
00q(s)

FIG. 1. An illustration of the choice of the contour I'(s, k) for
k= 0. That is, we consider the eigenvalues for only a single
step of the walk. The red dots indicate the spectrum of interest,
which will often just be a single eigenvalue; for example, for a
ground state. The contour around the spectrum of interest is used
to obtain a projector onto the spectrum of interest. For the illus-
tration, we use a contour with radius 2 but in practice, we take
the limit that the radius goes to infinity.

A. Operator definitions

We next define the operators that are needed to under-
stand the proof. Let I"(s) be a sector contour enclosing the
spectrum of interest (see, e.g., Fig. 1). Then, the spectral
projection P(s) onto the spectrum of interest is given by
the integral

P(s) = 2%” 7§F (S)R(s,z)dz, (19)
where
R(s,z) == (W(s) —z)7", (20)
is the resolvent of W(s). Let
S(s,s") 1= P(s)P(s') + Q()O(s), 21

v(s,s) == /S(s,5)8T(s,5) = \/1 — (P(s) = P(s))",

(22)
and

V(s,s) == v(s,s) 'S, s), (23)
which is the unitary of the left polar decomposition of
S(s,s’) (see Eq. (11) of Ref. [18]).

The general principle is that S(s,s”) uses P(s)P(s)
to map the eigenspace of interest for W(s') to that for
W(s) and similarly uses Q(s)Q(s") to map the orthogonal

eigenspaces. This operator is not unitary but by apply-
ing v(s,s')~! we can obtain the unitary operation V(s,s’)
that also performs this exact mapping of eigenspaces. This
provides a unitary operator with the effect of exactly map-
ping the eigenspaces like the ideal adiabatic evolution
but does not apply phase factors like the walk operator
W(s). If we apply V(s + 1/T,s)W(s), then we obtain the
phase factors from W(s) and then V(s 4+ 1/T,s) maps the
eigenspaces to those for W(s + 1/7). This is then a good
description of an ideal adiabatic step, denoted W, (s), that
has eigenvalues similar to W(s) but perfectly maps the
eigenspaces. The ideal adiabatic evolution Uy(s) can then
be constructed from a sequence of these walk steps. Note
that this ideal adiabatic evolution is never applied in real-
ity; it is a purely theoretical construct to quantify how close
the actual evolution is to adiabatic.

We use the shorthand notations S(s) = S(s + 1/7,5s),
v(is) =v(s+ 1/T,s), V(s)=V(s+1/T,s), and define
(see Egs. (7) and (10) of Ref. [18])

W4(s) := V(s)W(s), (24)
Ug (s + 1/n) := Wy(s)Ua(s), (25)
U(0) :==1. (26)

It can be checked from the definition that V(s) is a unitary
operator and thus W, and U, are unitary. In fact, Wy is
exactly the adiabatic walk operator and the corresponding
U, is the corresponding adiabatic evolution operator.
To describe the proof, we use the wave operator
Q(s) = Uy () UGs), (27)
which describes the difference between the actual evolu-
tion given by U(s) and the ideal adiabatic evolution U,(s).
To demonstrate that the evolution is close to adiabatic, we
should have Q2 (s) close to /. The ripple operator is defined
as
O(s) == Qs+ 1/DQ"(s), (28)
so the wave operator is a product of ripple operators for
each time step. The kernel function is defined as
K(s) := Tl — O(s)] (29)
and should be close to zero for the evolution to be close to
adiabatic. It can be seen here that K (s) is in the form of a
difference.

Now, we provide some properties of the operators from
Ref. [18]. But first, we give properties of the adiabatic
operators and the projectors onto the subspaces, with the
proofs presented in Appendix B.

Proposition 4: For any integers T, n, and m, and the cor-
responding discrete times s = n/T and s' = m/T, we have
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that W, (s) and U,(s) are unitary and

P(s+1/DWy(s) = Wa(s)P(s), (30)
Ua($)P(0) = P(s)U4(s), €2))

P(s+ 1/DW(s)P(s) = P(s + 1/ v(s) Wa(s)P(s), (32)
O+ 1/DW()Q(s) = (s + 1/Dv(s) Wa()Q(s). (33)

Here, Egs. (30) and (31) are the key properties showing
that W4(s) is a true adiabatic walk step. That is, projecting
onto the desired subspace at the beginning is the same as
projecting onto the desired subspace at the end after the
walk, so the subspace must have been preserved.

Next, we consider properties of the wave operator Q2 (s),
the ripple operator ©(s), and the kernel function K(s).
One can simply prove that the ripple operator is a rota-
tion of the operator } and 2 satisfies a discrete form of the
Volterra equation. The key results are as in the following
proposition, which is equivalent to Egs. (19) and (20) from
Ref. [18], and proofs are also given in Appendix B.

Proposition 5: For any integers T and n and the discrete
time s = n/T, we have

O@) = Us + YDV ©Uss + 1/T) (34

and the Volterra equation
n—1
QT =1 1Y Km/DQ(m/D.  (3)
T m=0 .

B. Summation by parts and discrete adiabatic theorem

In order to show that the evolution is close to adiabatic,
we aim to show that Q(n/7) is close to the identity, and
to do that we use the expression given in Eq. (35). In
the sum, we substitute the identity being equal to the sum
of projections onto the desired subspace and the orthogo-
nal subspace. That gives us four sums. Two of these are
“diagonal” sums with two projections onto the same sub-
space and two are “off-diagonal” sums with two different
projections.

The diagonal sums are relatively easily bounded,
whereas for the off-diagonal sums are more difficult. For
those, we use the “summation-by-parts formula” given
below in Theorem 6.

Theorem 6: (summation-by-parts formula). Let W(s), s €
Z]T, be a sequence of unitaries, let Uy(s) be the corre-
sponding ideal adiabatic evolution, let P(s) be a projection
onto an eigenspace of W(s), let I (s) be a contour around
the eigenvalues corresponding to P(s), OQ(s) =1 — P(s),

and suppose that X (s) and Y(s) are sequences of opera-
tors. Then,

1
ZQOUT% () Ua(5) Po¥(5) = B 7S, (36)

where Py = P(0) and Qy = Q(0),

B=00U, (1) X (5) Ua('5) oy

— QU)X (1) Ua(}) Po¥(3) @7
is the boundary term,
1
8=y 00U\ (%) (Z(3) Us(3) PoY(})
n=1
+ X (%F) Wa(5) Ua(3) PoT DY (7)) (38)
is the sum, and
X(s) = —— R(s,2)X ()R(s,z)dz, (39)
27 I'(s)
A(s) := W(s) — Wa(s) = (V(s) = 1) Wa(s),  (40)

B(s) := DX (s)Wy(s) + DW, (s — 1/T) X (s),  (41)
Z(s) := T ([4(s), X ()] + B(s)).. (42)

This formula is given in Theorem 1 of Ref. [18], with
a typographical error in the sign of both operators S and
B. Here, we correct the sign slightly differently for the two
quantities, taking B to be the negative of the BB defined
in Ref. [18] and taking S to be the same but placing
a minus sign in the statement of the theorem (so there
is B —&/T). Throughout the lemma and its proof, we
encounter slight shifts of the discrete time very frequently.
To simplify the notation, for any positive integer n, we
define ny =n+1 and n_ =n — 1. As we are making a
correction to the theorem and it is quite lengthy, we give a
proof in Appendix C.

The summation-by-parts formula is given for arbitrary
operator sequences X (s) and Y(s), but when applied to the
proof of the discrete adiabatic theorem these are taken to
be T(I — V") and Q, respectively. Note from Eq. (34) that
X (s) is unitarily related to K(s) and is in the form of a
difference. Moreover, we use Q2 for Y(s) in Eq. (38) and
there it is given in the form of a difference. The form of
the summation-by-parts formula is somewhat more subtle
than this, though, because we also have the first term in
Eq. (38), which does not have this intuitive interpretation.
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In our proof, we find that DY(s) is then sufficiently small
that we can usefully bound the entire sum using the trian-
gle inequality. To bound the norms of the terms, we need
to prove a sequence of bounds on the operators and their
differences at successive steps, starting from the simplest,
such as P, and working toward the most complicated, such
as DY(s) and Z. The core feature of these bounds is that
they rely upon taking a contour integral between the groups
of eigenvalues for successive steps of the walk. Bound-
ing these operators then enables us to provide the complete
explicit form of the discrete adiabatic theorem.

Theorem 7: (the first discrete adiabatic theorem). Let
U(s) = fial W(/T) for s € Z)T be a product of uni-
tary operators W(l/T) as per Eq. (2) and let Uy(s) be
the corresponding ideal adiabatic evolution that maps
an eigenstate of W(0) to the corresponding eigenstate
of W(s). Suppose further that the operators W(s) satisfy
||D(k) W(s) H < ci(s)/T" for k = 1,2, as per Definition 1,
we consider the gaps Ay(s) as defined in Definition 2,
and T > maX,co,11[2¢1(s)/ A1 (s)]. Then, for any time s, we
have

1UGs) — Uy(s)|
__ 4 (201(0)) 4 (2cl(s—1/T))+2D <201(s—1/T))
= A1/ P\TA0)) T Ag(s) P\ TA (s — 1/T) \TA (s —1/T)
+‘T21 ( 2 ) (zclmm)D (zq(nm)
"\ Ag(n/T) MVNYCYE) A (/T) ) 2\ TA(n_/T)
4G (/) 4ei(n)T) 2¢1(n_/T)
D
* Z T2A;(n/T) 21: A T1 — cos(A(n/T)/2)] ° (TAl(n_/n>

sT—1

T 4G T) 2¢1(n_/T) 24¢,(n/T)?
+ Z . D2( 1 ) Z TQAll(n/T)2 ; T2A(n/T)?

“ TAo(n/T) TAy(n_/T)

where
D, (z) == 11_22, D,(z) == 1J_r§—1,
Di(2) = a2 (44)
Gils) m c1(8)? + ci1(s)cr (s4) N 2cz(s), 4s)

[l —cos(Ax(s)/2)]

G2(s) := Gi(s)Ds <max (

As(s)
2¢i(s+1/T) 2cl(s)>)
TAG+1/T) TAs) ) )’

(46)
B 2¢1(5) 2c1(s)
G3(s) 1= Ga(s) (1 + TAl(S)> +D (TAl(S))
8ci(s)?
X <Q'1 (s) + Al(s)2) @7
Ga(s) := 3;S) +c1(s). (“48)

Proof. Starting from the definition of K and Proposition 5,
for any discrete time s,

1UGs) — Us@)ll = l1€2(s) = Il

sT—1

der(n/T)° (1_ 2e1(n/T) )1’ @3)

TA(n/T)

(

=203 1= V() Ua(5) 2(F)

‘ .49

We now split the sum into “diagonal” and “off-diagonal”
terms, where the “diagonal” ones are those where two pro-
jectors of the same type are used and the “off-diagonal”
ones are those where two different projectors are used. In
the summation-by-parts formula, only the “off-diagonal”
term is considered; we use that formula to bound that more
difficult term. The splitting of the sum gives

sT

Y (Po+ 00U (3) (1= V(%))

n=1

1UGs) = Us)|l =

x Ua(%) (Po+ Q0)2(F)

‘ (50)
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ZPOUT% (I =V'(5)) Ua(3) Po2(%7) | (SD)

+ ZQOU*% V(%)) Ua(3) Qo0(%5)

(52)

+ ZQoU"% ) (1= V(%)) Ua(3) Po2(%5)

(53)

+ ZPoU*% (1= V(%) Ua(3) @02(%5)] -
(54)

where Eqgs. (51) and (52) are the diagonal and Egs. (53) and
(54) are the off-diagonal components. For the “diagonal”
term, it is possible to show that

ZPOUT 7) (1 =V'(7)) Ua(5) Po2(F)

sT—1 sT—1

<Z||I F@I -+ o)) +3Z||DP

(55)

This is shown in Appendix E 1, where the result is given
in Eq. (ES). The reasoning for the term with Qy is identi-
cal and gives the same result. Using Lemma 13, one can
show that

2
\F(s) — 11| < Dy ( TZI((SS))) )

The steps for deriving the above bound are given in
Eq. (E6) and the function D; is defined in Eq. (44). There-
fore, one obtains the following bound for the “diagonal”
term:

2¢1(n/T) >
TA(n/T)

4(5) (1= V(7)) Ua(5) Po(*F)

sT—1
: 2¢1(n/T)
= é} (Dl (TAl(n/D> B 1) (1 i

sT—1

Z 12Cl(”/T)z
T2A{(n/T)2

sT—1

2¢1(n/T)? (

2e1(n/T)\ "
Z TQAl(”/T)z )

TA(n/T)

sT—1

12¢1(n/T)?

Z T2A (/T 67

where in the last inequality we use [(1 —z?)~'/2 — 1](1 +
z) <z2/[2(1 —z)] for all 0 <z < 1. The exact same
bound holds for the second diagonal term with Qp in
Eq. (52). The reason is we are treating the eigenspace
of interest and the complementary eigenspace completely
symmetrically. Therefore, exactly the same bounds hold
with P replaced with O and the above bound must continue
to hold.

For the “off-diagonal” term, we can similarly consider
only the term with Qp on the left and Py on the right,
as in Eq. (53), and exactly the same bound holds for the
other off-diagonal term in Eq. (54). Using Theorem 6 with
X(s) =TI —Vi(s—1/T)] and Y(s) = Q(s — 1/T) (note
the slight shift in time), it is possible to show that

WUi(3) (1= V(%)) Us(§) Po(*F)

1

s;n W1+ L1Fel + Lixon
S WO MO
(58)

See Appendix E2 for the derivation and see the result
in Eq. (E7). We then can derive a sequence of lemmas
in order to bound the norms of the operators, which are
proven in Appendix D:

(a) In Lemma 12, we bound the norms |DP| and
|D@P||. The quantity DP(s) is the difference in P
at successive time steps and D® P is the difference
in DP. These quantities are bounded in terms of the
bounds on DWW and D@ W.

(b) Lemma 13 gives V in terms of P and a new opera-
tor F.

(¢) Lemma 14 uses F to place an upper bound on the
norm of ¥ — I. Because X is T(I — V'), that enables
us to place an upper bound on X .

(d) Lemma 15 provides an upper bound on the norm

of DF, which enables us to place an upper bound

on DV. This uses the upper bounds on ||DP]| and

|D@P| from Lemma 12.

Lemma 16 places an upper bound on |DW,||

using the upper bound on DV from Lemma 15.

Recall that W, is the ideal step for adiabatic

evolution.

(f) Lemma 17 places an upper bound on ||D2|| using
the upper bound on ||V — [|| from Lemma 14.

(g) Lemma 18 places upper bounds on X || and |DX ||
in terms of || X|| and ||[DX]|. Recall that X corre-
sponds to T(I — V1),

(h) Lemma 19 places upper bounds on the norms of the
A, B, and Z operators. The bound on ||4] uses the
bound on ||V — | from Lemma 14. The bounds on

~
(¢}
~
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1Bl and ||Z|| use the bounds on ||.X || and ||DX || from Lemma 18 as well as the bound on ||[DW,|| from Lemma 16.
By using these lemmas, we can show that

n 2¢(n-/T)
|X(3)]| = TD» <m) ; (59)

© 2T 2ci(n_/T)
O = 5,057 (7 m): ©0
||Z(%) “ < 472 D, <2c1(n/T)> D, <2cl(n_/T)> 4 2Tcy(n)T) D, < 2¢1(n_/T) )
ro D)\ &/ AGD ) T 70— cos(an/D/2) 2 \ T D)
27"94(71—/7)Dz ( 2¢1(n_/T) > n 293("—/77,
roe/D\Ta ) T A

n 2¢1(n-/T)
Ipr(3)| = s (7302 ). ©)

with D, (x), G3(n/T), and G4(n/T) given in Eqgs. (44), (47), and (48), respectively. The details of how to give these
expressions are given in Appendix E 2; see Egs. (E11), (E12), (E20), and (E21).

(61)

Therefore,
oUT (7) (1 = V'(*F)) Ua(3) Po2(*F)
g 2 D, ( 2¢1(0) ) N 2 D, ( 2¢i1(s — 1/7) ) +D, ( 2¢i1(s — 1/T) )
Ao(1/T) TA(0) Ao(s) TA (s = 1/7) TA (s =1/T)
sT—1
£ Y ( 2 )D2 ( 2¢1(n/T) )DZ ( 2¢1(n_/T) )
— A0(”+/T) Ao(n/T) TA(n/T) TA(n-/T)
- 25:0/D 2¢,(n/T) 2011 /T) \ | N\ 2G40/ ( 2c1(n_/T)
D .
" Z A (/) Z 7111 = cos(A1(n/T)/2)] (Tm(n_m) ; Tho(n/T) <TA1<n_/T))
(63)
[
Finally, by using Egs. (57) and (63) in Eq. (50), (a) The first three terms in the first line give the first
we obtain the required overall bound in Eq. (43). ] three terms in Theorem 3.

(b) The sum in the second line simplifies to a sum over

Because the first form of the discrete adiabatic theorem N2 X 3 o )
c1(s)°/[T~A(s)’], contributing to the first sum in

is quite complicated, we give a simplified but looser
form in Theorem 3. The key ideas to obtain Theorem Theorem 3. . . . .

3 from Theorem 7 are as follows: replace the func- © :l"he ﬁritv su12n mn ﬂ_le _thlrd line ~ gives bth
tions ¢1(s) and c»(s) by Eq. (10), which take into C2(8)/[T-A(s)?], contributing to vthe last sum in
account neighboring steps; replace the gaps Aj(s) by Theorem 3,as well. as ¢1(s)*/[T* A(s)*], contribut-
A(s) as defined in Eq. (14), which takes into account ing to the first sum m Theorem 3', . P
the minimum gap in neighboring steps; and bound the @ Thzev secsond sum in the third line gives ¢1(s)”/
higher-order terms by lower-order terms with a slightly [7°A(s)”] again. .
more strict assumption on 7, that it is no less than (e) The first sum in the last line giVeSﬁ‘l(S)z/ [T°A(s)*],
max,[4¢1 (s) /A (s)]. e2(s)/[T?A(s)?], and ¢(s)?/[T*A(s)?] after some
simplifications using the bound on 7.

By using that bound, we are able to restrict to a regime ) . . .
Y using e, W g (f) The second and third sums in the last line both give

where D is upper bounded by a constant, whereas D, and .
D; are upper bounded by linear functions in z. As a result, c1(9)7/[T°AG)7].
the expressions on the right-hand side of Eq. (43) simplify

The complete proof of the second adiabatic theorem is
as follows:

given in Appendix E 3.
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IV. APPLICATION: SOLVING LINEAR SYSTEMS

A high-level description of the algorithm is as fol-
lows:

(1) The matrix 4 is described by a block encoding and
the vector b is described by a unitary operation to
prepare |b).

(2) From those descriptions, we construct a block
encoding of a Hamiltonian H (s), where an eigen-
state of H(0) is |b) and an eigenstate of H (1) is the
solution |4~!5).

(3) The unitary operator for the block encoding of H (s),
together with a reflection on the control ancilla,
gives the (unitary) qubitized walk operator W(s).

(4) The discrete sequence of walk operators W(s) for s
varying from 0 to 1 is shown to give a good overlap
with the solution [4~'b) via the discrete adiabatic
theorem.

(5) At the end, we apply filtering via a linear combi-
nation of powers of (1) in order to obtain |4~!5)
with precision €. If there is failure of the filtering,
then the adiabatic evolution is repeated.

The error in the discrete walk is shown to scale as a con-
stant times « /7, so one can take 7 proportional to « to
obtain reasonable overlap with the solution. The use of
a walk here, instead of Hamiltonian evolution as in prior
work, gives complexity that is strictly linear in «. It is the
final filtering that gives the solution to accuracy € and gives
the multiplicative factor of log(1/€) in the complexity.
The filtering method is described in Sec. V and improves
over prior work by using a more efficient form of linear
combinations of unitaries.

A. Preparing the walker

In this section we apply Theorem 7, about adiabatic
evolution in the discrete setting, to solve the quantum
linear-systems problem. The key feature is to transform the
Hamiltonian into a discrete quantum walk. This is done
via qubitization [23,24]. That is, when there is a block
encoding of the Hamiltonian, one can simply combine the
unitary operation that is used for the block encoding with
a reflection on the ancilla qubits used and one obtains a
step of a walk with eigenvalues related to those of the
Hamiltonian. We show that this discrete walk can be used
for adiabatic evolution in a similar way as the continuous
Hamiltonian evolution.

In adiabatic quantum computation, one usually uses a
Hamiltonian that is a combination of two Hamiltonians, as

H(s) =[1 = f(9)]Hy + [ ()H, (64)

where the function f(s):[0,1] — [0,1] is called the
schedule function. Normally, Hj is the Hamiltonian where

the ground state is easy to prepare and H; is the one
where the ground state encodes the solution of the prob-
lem that we are trying to determine. For the case of
linear-systems solvers, the ground state of H(1) should
encode the normalized solution for a linear system. In other
words, for 4 € CV*V an invertible matrix with ||4]| = 1
and a normalized vector |b) € CV, the goal is to pre-
pare a normalized state |x) that is an approximation of
|x) = A~ |b) /|4~ |b) ||. For precision € of the approxi-
mation, we require || [x) — |x) || < €. One can also bound
the error in terms of || |X) (X|] — |x) (x| ||, as has been done
in some prior work [14,15], which is asymptotically equal
(for small error). Translating this problem to our theorem
for the adiabatic evolution, |x) would be the state achieved
from the steps of the walk and |x) would be obtained from
the ideal adiabatic evolution.

Beginning with the simplest case, where 4 is Hermitian
and positive definite, one takes the Hamiltonians [15]

(0 O
Hpy := ( o, 0b> (65)
and
_( 0 40
H, = (QbA Ob), (66)

where Q, = Iy — |b) (b|. The state |0, b) is an eigenstate of
H, with eigenvalue 0 and one would aim for this to evolve
adiabatically to eigenstate |0, 47'b) of H,. There is also an
eigenstate |1, b) for both Hy and H; with the same eigen-
value 0 but it is orthogonal and we show that there is no
crossover in the ideal adiabatic evolution using the walk.

Denoting the condition number of the matrix as «, a
lower bound for the gap of H (s) is [15]

Ao(s) =1 —=f(s) +1(s)/«. (67)

Note that according to Definition 2, Ay(s) is a lower bound
on the exact gap between the eigenvalues, so we use an
equality here rather than an inequality.

Since the goal is to obtain a schedule function that slows
down the evolution as the gap becomes small, a standard
condition for the schedule is [25]

f(9) = dy AG(s), (68)
where £ (0) =0, p > 0 and d, = fol Ay (u) du is a nor-
malization constant chosen so that f (1) = 1. It is possible
to show that [15]

0=y [1 — (s (e - 1))111’} (69)

satisfies Eq. (68) but with Ay (s) replaced with the lower
bound on the gap from Eq. (67). This schedule function has
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two properties that have useful applications in estimating
the upper bounds for the difference between consecutive
walker operators, namely that f (s) is monotonic increasing
and that 1 (s) is monotonic decreasing.

Distinct from the continuous version of the adiabatic
theorem, in our discrete version of the theorem, we have
to take into account the gap between the different groups
of eigenvalues of W(s) for s, s+ 1/T, and s+ 2/T, as
described in Eq. (12). From the property that the gap
function is monotonically increasing, we have

Ae(S)=1=f(s+k/T)+f(s+k/T/k, k=0,1,2.
(70)

To address the case where A is not positive definite or Her-
mitian, we take a different approach than Ref. [14]. We take
the Hamiltonian

_ 0 A[f (9)10n

10 =(gaen ) o

where

— _ (A =N1 JA4
A(f) = —f)gz ® Iy +fA - < fAT - _f)1>
(72)
with

A= (;T g) , (73)

and Oy, = Ly — |1,b) (1, b] is a projection. This is equiva-
lent to taking H(s) = [1 — f(s)]Hoy + f (s)H| with

Hy=0,Q[(0: ® IN)Ob] + 0-®[On(0: ® In)]  (74)
Hy =0,Q[AOp] + 0-Q[OpA], (75)
where o = |1) (0], o_ = |0) (1].
Then, it is found that
200 _ (AU ()10 A[f ()] 0
= ( 0 QbAZLf(s)]Qb) 76)

As per the analysis in the Supplemental Material of Ref.

[14], the spectra of A[f(s)]OwA[f (s)] and OpA>*[f(s)]On
are identical. Moreover, following that analysis, the gap

of A[f(s)]0pA[f (s)] is lower bounded by the minimum
eigenvalue of A%[f(s)]. In this case, since

(A= 412447 0
Az(f)—< 0 (1—f)2[+f2ATA 5
(77)

the minimum eigenvalue is (1 — ) + (f/«)*. This trans-
lates to a minimum gap of H(s) of

\/[1 —f()]> + (f(s)/)?. To avoid the need to use this
formula, one can use the relation that for 0 < f(s) < 1,

VIL=FOP + () k)2 = (1 = f(s) + 1 (s)/k) /2.
(78)

By using the qubitized quantum walk for the implemen-
tation of W, we can avoid the logarithmic factor in the
complexity that arises from using the Dyson series to
simulate continuous Hamiltonian evolution.

In order to block encode the Hamiltonian H (s), one can
use block encodings of both Hy and H;, supplemented with
an ancilla qubit that is rotated to select between Hy and H;.

The rotation is given by
S
—[1=f®1)"

1 (1 —f(s)
(79)

R(s) =
Ja—rer+re2 N Y

To block encode A[f (s)], instead of using symmetric rota-
tions, we use the initial rotation R(s), then apply the
controlled operations

SEL = |0) (0| ® Up + 1) (1| ® U1, (80)
where Uy and U, are unitaries used for the block encod-
ings of 0, ® Iy and A. Then, after this operation, instead
of applying the inverse of R(s), we simply perform a

Hadamard. This means that, instead of block encoding
A[f (s)], we have block encoded

1
V2 = &P +£()2]

Alf (9)]- (81)

This prefactor is between 1/+/2 and 1 and it reduces the
gap. Thus the overall gap is reduced by a maximum factor
of 2. That is, when we consider the gap of the block encod-
ing when 4 is not positive definite, one can keep using the
same schedule function from Eq. (69) but the spectral gaps
can instead be lower bounded by

Aps) =[1—f(s+k/T)+f(s+k/T)/x]/2,

k=0,1,2. (82)
In order for the walk operator constructed as in Refs.
[23,24] to have the simple relation with the eigenvalues of
the Hamiltonian, the unitary used for the block encoding
of the Hamiltonian needs to be self-inverse. That can be
achieved by constructing a symmetric sequence of oper-
ators such that applying the unitary twice in succession
gives the identity. For the complete qubitization of H (s) as
in Eq. (71), the principle is to apply Oy in a controlled way
before and after A[f'(s)], making the sequence symmetric.
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Similarly, instead of applying R(s) at the beginning and the
Hadamard at the end, we apply it in a controlled way each
time, reversing the order between the two blocks.

The qubitized operator W(s) is then obtained by com-
bining the block encoding of H (s) with a reflection on the
control qubits. For a complete description of the procedure
for block encoding the Hamiltonian, see Appendix F.

B. Choosing values for ¢;(s) and c;(s)

Now, to apply Theorem 3 for the QLSP, two things
that should be estimated are the functions c;(s) and
¢3(s), which in turn require upper bounds for DW(s) and
D@ W(s). In order to bound the difference in W(s), we can
use the fact that the only way W(s) is dependent on s is
through R(s). The key feature of this operation is that it
|

cr(s) = 2maXeesst1/rs42/m U O+ If(D1),
2 MaXqefs,s4+1/7) (2|f’(r)|2 + V/’(T)I),

Proof. As discussed above, to bound the difference in
W(s), we can use the difference in the rotation operation
R(s), which can be upper bounded as

s+UT 4R

IR(s + 1/T) — R(s)|l = H/ —ds

s+1/T dR df
/ RY 4
df ds
dR df

s+1/T
< -2
- /S df ds
af

s+1/T
<2 %
s

ds
=2(f(s+1/T)—f(s)). (85)

ds

Here, we upper bound the norm of dR/df by 2. To show
this, we take the derivative of R(s) with respect to f°,

—f(s)
—f(s)

drR _ ! ( 1 —f(s))
df [ —f())> +f(s)2P2 \1 fis) )
(86)

so the norm of dR/df is 1/[[1 —f(s)]*> +f(s)?], which
varies between 1 and 2. We also use the fact that df/
ds > 0. Since [[W(s+1/T) — W(s)| = [IR(1 +1/T) —

has R(s) in two cross-diagonal blocks (in the matrix repre-
sentation). As a result, the spectral norm of the difference
of operators is equal to the spectral norm of the difference
of R(s). Note that this feature is identical regardless of the
specific way of encoding H in terms of 4 from the pre-
ceding subsection. All that is required is that Hy and H
are combined using the rotation R(s). The result can be
described as in the following lemma.

Lemma 8: Forany 0 <s <1 — 1/T, with W(s) encoded
using the block encoding of H(s) where Hy and H, are

combined using the rotation R(s) given in Eq. (79), it is
consistent with Definition [ to choose

ci(s) =211 (s + 1/1) — f(9)] (83)

and

0<s<1-2/T,

s=1-1/T. (&4)
[
R(s)|| and ¢ (s) required in Definition 1 to satisfy
s+ 1D -wel =22 @)

we can take c;(s) as in Eq. (83).
Now, for the second difference of the walk operator, we
use Taylor’s theorem in two directions to give

Ws +2/T) = Wis + 1/T) + L V6 +1/D
T ds

s+2/T
+/ (s+2/T—r)‘FZ(;)dr (88)

s+1/T
and
1 dWi 1
W(s) = W(s + 1/T) — laws+1/7)
T ds
s+1/T dZW
+/ (r — s)#dr. (89)
dr
That gives
s+2/T
IDPR(s)|| = (s+2/T— )R (r)dt
s+1/T

s+1/T
+ / (t — )R (z)dt

1
—ma

<. max IR (90)
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Moving to the second derivative of R(s), we have

dzR(s) d’R (df (s) dR df*(s) 91
ds?  df? ) df ds* ©h
where
&£R !
df2 (1= () +£(5)2]2
y ((4f(S) —Df(s) =1 @f(s) —Nf () +2>
@G —NDfO+2 [1-4)f ) +1
(92)
and its norm 1is
\/ 16(£(s) — )f (s) + 54 ©3)
[2((s) — Df (s) + 1]

which varies between /5 and 4. Then, we conclude that

[DPRes)| < e
= T2 velsst1/Ts+2/T)

Clr'@OP+1F"@l).
(94)

Now, we have |D*W(s)| = ||[D*R(s)|| and Definition 1
requires that |[D?W(s)|| < c2(s)/T?, so we can take c;(s)
as in Eq. (84). ]

C. Linear « for p = 3/2

Our next step is to show the strict linear dependence in
« for the QLSP based on our discrete adiabatic theorem. In
the continuous case, it has been shown in Ref. [15] that
for all 1 <p < 2, the corresponding AQC-based linear-
systems solver can achieve /e scaling. This suggests that
taking p as the midpoint of 3/2 will give high efficiency.
Here, we consider this case to estimate the constant factors
in the algorithm.

Theorem 9: (strict linear dependence in k). Consider solv-
ing the OLSP Ax = b for a normalized state |A~'b), where
4]l =1 and ||A~'|| = k. By using T > max(k,39/x)
steps of a quantum walk and the schedule function of
Eq. (69) with p = 3/2, the error in the solution may be
bounded as

T 95)

1UGs) — Ua(s)]| < 448645T o) <*/_E) ,
using the encoding of H(s) as in Eq. (71).

Proof. In Theorem 3, there are six terms to bound, three
which are individual terms and three of which are sums.

The details of the derivations of bounds on these are given
in Appendix G. Namely, for the individual terms, it is
shown in Appendix G 1 [Egs. (G5), (G10) and (G11)] that

a0 _ 4k

K

Rop =7 +0(%). (96)
o) 4

=40 97
TA(1)2 * <TQ> e
o) 4 1

C =4 0(=). 98
TA(1) T <T2> %)

and for the sums with ¢ (s), it is shown in Appendix G2
that

-1 A 2 3/2
ci1(n/T) 16k (/c )

L o=, 99
;M(n/w T r 2
T—1 A 2
yo G 1% g (ﬁ) . 00)
AT T T

Finally, for the sum with ¢, (s), it is shown in Appendix G 3
that

TX_E—&%("/D < 22—K+O<ﬂ).
= PAw/T? T T r

These results are for the case where A4 is positive definite
and Hermitian. However, we are interested in the general
case of 4 with the qubitized implementation of W, which
has the gap given by Eq. (82) This means that the upper
bounds on the terms with A(s), A(s)2 and A(s)3 in the
denominator may be multiplied by 2, 4, and 8, respec-
tively. Then, by adding all the inequalities above, after the
respective corrections of the gaps of the general case, and
including the constant factors in Theorem 3, we obtain the
total upper bound in Eq. (95). Note that we only include the
leading term proportional to x /7T and terms with scalings
such as k3/2/T? are order /k /T due to the requirement that
T>«k.

There are two further subtleties in using the adiabatic
algorithm for the solution. One is that the zero eigenvalue
of the Hamiltonian is degenerate, with one giving the solu-
tion and the other just the state |b) but with a bit flip in
an ancilla. Because these eigenstates are orthogonal (due
to the bit flip), there is no crossover between them in the
adiabatic evolution. This means that the degeneracy has no
effect on the quality of the solution (see Appendix H).

A further subtlety is that the qubitized quantum walk
yields two eigenstates for each eigenstate of the Hamilto-
nian. For the case here, the eigenvalue of the Hamiltonian
we are interested in is 0, which gives eigenvalues £1 of the
walk operator. We may use the discrete adiabatic theorem

(101)
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separately on each of these eigenvalues to show that the
eigenstate is preserved in the discrete adiabatic evolution.
The problem is that we need to have a positive superpo-
sition of these two eigenstates, which means that there
should be no relative phase factor introduced in the adi-
abatic evolution. It is shown that there is no relative phase
factor in Appendix H. Therefore, neither of these subtleties
has an effect on the solution and no adjustment to the
bounds is required. |

D. General p

In this subsection, we show that the « /e scaling also
holds for all 1 < p < 2 in the discrete setting. This result
is more general but due to a number of approximations will
not be as tight an estimate as that for the specific case of
p = 3/2. Since here we do not assume a specific value of
p, the direct-computation approach in proving Theorem
9 is not applicable. Instead, we approximate the upper
bound of the discrete error by some continuous integrals
and then bound both the integrals and the approximation
errors. More precisely, we first note that in Theorem 3, the
dominant terms are the last three terms, the summations
over equidistant discrete time steps. These summations are
exactly in the form of Riemann sums and approximate
some integrals. Then, the dominant part of the discrete adi-
abatic errors can be bounded by some integrals plus the
difference between the integrals and corresponding Rie-
mann sums. Similar to what has been shown in Ref. [15],
the integrals scale exactly O («x/T). The difference between
the integrals and Riemann sums is indeed of higher order
according to the error bound of the first-order quadra-
ture formula. Combining all these together, we can prove
that the discrete adiabatic error for general 1 < p < 2 also
scales as O(k /T), which further implies an O(k/€) com-
plexity of the discrete AQC-based algorithm to solve the
linear-systems problem within € error.

We summarize the main result in the following theorem.
A detailed proof is given in Appendix I.

Theorem 10: (linear dependence on « for general p). Con-
sider using T steps of the discrete adiabatic evolution with
the schedule function defined in Eq. (69) for 1 <p <2 to
solve the QLSP with general matrix A. Then:

(1) Foranyk > 2and T > 38d, = O(P™"), withd, =
fol Agp (u) du, there exists a positive constant C,,
which only depends on p, such that the differ-
ence between the discrete adiabatic evolution and
the solution of the linear-systems problem can be

bounded by
c K+/cp’1+/<+l
P\r T o T)

(2) In order to prepare an € approximation of the
solution of the linear-systems problem, it suffices

(102)

to choose

T=0 (5) . (103)
€

We give an explicit formula for C, in Eq. (I50) in
Appendix I. We remark that Theorem 10 only guarantees
the asymptotic performance of the discrete AQC-based
solvers and the preconstant C, is much larger than we
obtained in Theorem 9 for p = 3/2 and for what we
observe numerically for the other values. This is because
in Theorem 10 we use a general proof strategy, which is
applicable for all 1 < p < 2 at a sacrifice of using poten-
tially unnecessary inequalities to simplify the analysis.

E. Numerical results

We first report the numerical results for the case where
A is a Hermitian and positive-definite matrix. In order to
compute these results, we use the bound in Theorem 7
(rather than any specific examples of 4). Theorem 7 can
give much tighter bounds than Theorem 9 if we do not
use the approximations made in deriving that theorem but
requires computation for example values of «, p, and 7.
Rather than using the upper bounds for the first and second
differences of the walk operator from Lemma 8, we exactly
compute the norm of DR and D®R in order to give values
of ¢1(s) and c,(s) in Theorem 7. We also account for the
fact that the actual gap for the quantum walk operator is the
arcsin of that in Eq. (82) and solve the differential equation
for the scheduling function with the actual gap.

In Fig. 2, we show the numerical results for the (upper
bound on the) error as a function of the condition number
k of the matrix A. That is, we replace the arbitrary gap
dependence in the upper bound of Theorem 7 by the gap of
the QLSP given in Eq. (67) and then we use a fixed number
of steps T = 10° and three different values of p. In each
case, it can be seen that the error is approximately linear

p=1.3
p=1.8

bound

0.5

FIG. 2. The upper bound on the error in the adiabatic evolution
versus the condition number « for a range of values of p used in
the scheduling function f'(s). The upper bound on the error is
computed using Theorem 7 and in all cases the number of steps
of the walk is T = 10°.
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p
FIG. 3. The upper bound on the error in the adiabatic evolution

as a function of p used in the scheduling function f'(s). In this
plot, we use constant values k = 40 and 7 = 10°.

in «, which is what results in an overall complexity that
is linear in «. The different values of p result in different
scaling constants with values close to 1 or 2 giving poorer
scaling, which is as expected, since we require 1 < p < 2.

To more clearly see the dependence of the error in p,
in Fig. 3 we show the error as a function of p for con-
stant k (of 40). In this case, it turns out that the smallest
error is for p = 1.3, which is on the lower side of the
range (1,2) and smaller than the value p = 3/2 chosen for
Theorem 11. From Fig. 3, we can also estimate the con-
stant factors for the x /7 scaling of the error. In the case
with p = 3/2, for instance, as used in Theorem 9, we have
|U(s) — Uq(s)|| < 2305«/T. The estimate of the constant
factor in Theorem 9 is around 20 times larger. This is not
unreasonable considering the many approximations made,
though it indicates that the constant factor in the analysis
can be improved by a more careful analysis.

V. FILTERING FOR SOLVING LINEAR
EQUATIONS

To provide a solution to linear equations using the
adiabatic method, one can use the approach of Ref. [16],

where the initial adiabatic algorithm is used to find the
solution to some constant error (independent of €) and
then the solution can be filtered. The approach used in
Ref. [16] is to apply filtering by singular-value processing
(similar to quantum signal processing), which is efficient
and only needs one ancilla qubit but has the drawback that
it requires a highly complicated procedure for finding the
correct rotation angles. Here, we provide a method using a
linear combination of unitaries with similar efficiency and
only requiring two ancilla qubits (one more than singular-
value processing). This has the advantage that it is much
simpler to determine the sequence of gates needed.

For filtering by a linear combination of unitaries with
weights w;, we would initially prepare the control register
in the state

(104)

1 .
ﬁaw;ﬁww

Given that we are performing j steps of the walk and
the input system state is an eigenvector of the walk with
eigenvalue e, the resulting state is

1 y
——— > VW), (105)
NON AR
The inner product with the state in Eq. (104) gives
1
(106)

w;el?.
Zj Wi Z ’

J

In practice, the adiabatic walk prepares the target register
in a superposition of the eigenstates

W) => v lk), (107)
k

0) ‘{ Ry ’_‘L‘
p—y

FIG. 4. A linear combination of steps using control registers prepared in unary using a linear sequence of controlled rotations. The
state |¢) would be the state output by the adiabatic walk and ¥ is used to indicate the final walk step W(1) from the adiabatic walk. In
this example, the four control qubits would encode |/} in unary and the rotations would prepare the amplitudes proportional to /w;.
The rotations on the right invert this preparation. Given that the control qubits are measured in the state |0), the target will be in a state

proportional to that given in Eq. (108).
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where we are using |k) to indicate the eigenstate of W(1)
corresponding to eigenvalue ¢. The state after applying
the linear combination of unitaries is then

1
2 Wi

D owine % (k) =y gy k), (108)
jik k

where

1 "
v — R /L)
w(p) = Zj - Ej wie’?. (109)

Note that the state is not normalized, with the norm giving
the probability of the success of this linear combination
of unitaries. We aim to have w(¢) = 1 for ¢ in the spec-
trum of interest, which is {0, '} for the solution of linear
equations. Now, let us assume that the initial probability
of the state on the spectrum of interest is at least 1/2. One
can then show that the resulting normalized state obtained
after the filtering has error, as quantified by the norm of the
difference of states, upper bounded by

max wi(ex), (110)

where L is the set of £ such that ¢ is not in the spectrum
of interest (so e/® ¢ op) (for the proof, see Appendix J).

The result of this reasoning is that to bound the error
in the filtering, we need to bound the maximum of w(¢y),
which is minimized by the Dolph-Chebyshev window.
This is obtained by taking the discrete Fourier transform
of the Chebyshev polynomials, so that w(¢) is given
by Chebyshev polynomials in a similar way as for Ref.
[16]. In particular, the Fourier transform of the Dolph-
Chebyshev window is given by

w(g) = €Ty (B cos(9)) (111)
for ¢ taking discrete values wk/¢ for k from —¢ to £
and where 8 = cosh[% cosh™!(1/€)]. Taking the discrete
Fourier transform of these values gives the window and
the Fourier transform simply yields the formula for w(¢)
in terms of Chebyshev polynomials. One obtains powers
of €% from —£/2 to +£/2, which means that we need a
maximum power of e of £. One can obtain the positive
and negative powers simultaneously with negligible cost
by simply controlling whether the reflection is performed
in the qubitization. As a result, the cost in terms of calls to
the block-encoded matrix is ¢, as compared to 2¢ for the
singular-value-processing approach.

The peak for w(¢) will be at 0 and &, which is what is
needed because the qubitized operator produces duplicate
eigenvalues at 0 and 7. The width of the operator can be
found by noting that the peak is for the argument of the

Chebyshev polynomial equal to 8 and the width is where
the argument is 1, so B cos(¢) = 1. This gives us

cosh[% cosh™'(1/€)] cos(¢) = 1. (112)
Now, because the width of the peak should be equal to the

gap and the gap is 1/k, we can replace ¢ with 1/« and
solving for £ gives

cosh_l(l/e)

= In(2/¢).
cosh™![1/ cos(1/k)] < In(2/e)

(113)

Note that Eq. (112) is for finding the width given an integer
£ but solving for ¢ with a width of 1/«, we should round ¢
up to the nearest integer to provide a width no larger than
K.

In comparison, in Ref. [16] the error is given as 2¢~V2¢4,
which would imply that one can take £ ~ /1/2« In(2/€).
Since the order of the polynomial is 2¢, which is also the
number of applications of the block encoding needed, this
would imply a cost of /2« In(2/€), which is greater than
what we have here by a factor of V2. However, it turns out
that the scaling given in Ref. [16] is overly conservative
and the actual scaling is 2e=2¢4, which then gives the same
complexity as we have here.

Next, we consider how to apply the linear combination
of unitaries with minimum ancilla qubits. To do this, we
first represent the control registers in unary. That is, for
each of the £ controlled operations, we use a single qubit
that is 1 or 0 depending on whether or not this opera-
tion is to be performed. It may seem counterproductive to
expand the size of the ancilla in this way but it has the
advantage that it has a simple state-preparation procedure,
where an initial qubit is rotated and then the following
qubits are prepared by controlled rotations. When doing
this procedure, we can apply a just-in-time preparation pro-
cedure, where each qubit is prepared just as it is needed
to be used as a control. An example of this is shown in
Fig. 4.

Then, in inverting the preparation, one could simply per-
form the reverse of all the controlled rotations as in Fig. 4.
However, the trick is that the sequential state-preparation
procedure for the unary can be performed from either end.
The preparation could be achieved by performing rotations
starting from the last qubit and working back to the first.
We do not do that for the preparation but we do the reverse
of that for the inverse preparation. An example of this is
shown in Fig. 5. Then, the operations are performed in a
sequence from the first qubit to the last, the same as for
the preparation. That means that we only need to use two
ancillas at once, by rearranging the operations as shown in
Fig. 6. See Appendix J for a more explicit description of
the sequence of rotations.

The major advantage of this procedure over singular-
value processing or quantum signal processing is that there
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(1

0) ‘{ Ry ’_‘L‘
p—y

(1]

) 'wHw

FIG. 5.

W W

A linear combination of steps using control registers prepared in unary using a linear sequence of controlled rotations but

with the inverse preparation performed with the linear sequence in the reverse order.

is a very simple prescription for finding the sequence of
operations. A second advantage is that, instead of the mea-
surement being performed at the end, the measurements
are performed sequentially and a failure (the incorrect mea-
surement result) can be flagged early. That means that in
cases where there is a failure, it will on average be flagged
halfway through, with the result that half the number of
operations are needed, since one can discard the state and
start again.

Combining our result for the solution of QLSP with the
filtering, we find that the overall complexity of the QLSP
algorithm can be given as O[« log(1/¢)]. In particular, the
result is as follows.

Theorem 11: (QLSP with linear dependence on «). Let
Ax = b be a system of linear equations, where A is an
N-by-N matrix with |A| =1 and |A7"| = k. Given an
oracle block encoding the operator A and an oracle
preparing |b), there exists a quantum algorithm that pro-
duces the normalized state |A~'b) to within error € in
terms of the £* norm, using an average number

Olk log(1/€)] (114)

of oracle calls.

Proof. In this theorem, we use standard assumptions that
access to the oracles includes forward, reverse, and con-
trolled uses. We initially apply the oracle for preparing |b)
to prepare the initial state. This preparation is also used
to construct the projection operator Oy,. Together with the
oracle for block encoding 4, we can construct the oper-
ator for block encoding H(s) as described in detail in
Appendix F. A reflection on the ancillas yields the walk
operator.

Now use the discrete adiabatic theorem for the QLSP
as given in Theorem 10 for fixed precision, such as 1/2.
That step has complexity O (k) and the only error is the
overlap with other states that are not the solution. Next,
use the filtering as described above, which has complexity
Olk log(1/€)]. In the case of success, one has produced
the state |4~'h) to within norm-distance €. In the case of
failure of the filtering, repeat the procedure. Since the prob-
ability of success may be made at least 1/2 by suitably
choosing the fixed precision for the adiabatic procedure,
the adiabatic and filtering steps need only be applied 2
times on average before success. This gives a factor of 2 to
the total complexity of O(k) plus O[k log(1/€)]. The total
complexity is therefore O[« log(1/¢)] as claimed. ]

Perhaps surprisingly, in this complexity, the largest
asymptotic complexity is for the filtering step, because it

Ry (1
|0) Ry
|0)
9y —— W] i

FIG. 6. A linear combination of steps using control registers prepared in unary but with the order of the operations changed so that

we only need to use two ancilla qubits at a time.
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has a factor of log(1/¢), which is absent from the adiabatic
step. In practice, we find quite large constant factors for
the adiabatic evolution, so it is likely that the adiabatic step
will still be the most costly part of the algorithm for realis-
tic values of the parameters. In particular, for the numerical
calculation of the upper bound, it is found that the scaling
constant is about 638, so to obtain our requirement of an
initial probability on the spectrum of interest of at least 1/2
(corresponding to needing to repeat the algorithm twice on
average), we would need about 834« steps of the adiabatic
evolution. In contrast, the In(2/€) factor is only about 20
for € as one part in 10°.

VI. CONCLUSIONS

In this work, we show the first QLSP algorithm that
scales optimally in terms of the condition number. We
achieve this by adapting prior algorithms for the QLSP
based on adiabatic evolutions so that they do not require
the additional overhead of the Dyson-series algorithm for
precisely evolving under time-dependent Hamiltonians on
a gate-model quantum computer. Instead, we show that one
can directly discretize the time evolution using quantum
walks and that the error in this procedure can be obtained
using a discrete adiabatic theorem. We also obtain rigor-
ous new error bounds on the performance of those discrete
adiabatic theorems.

While this improvement is “only” by a log factor, the
fact that we can asymptotically match the lower bound is
of fundamental interest. Furthermore, there is widespread
anticipation that compelling practical applications of the
QLSP may eventually be found and that error-corrected
quantum computers capable of realizing those applications
may eventually be realized. Should this occur, then it will
be crucial to program those devices using the best possi-
ble scaling versions of these algorithms in order to have
the fastest implementations requiring the least overhead
due to error correction. Our expectation is that the QLSP
approach described in this paper would be more perfor-
mant than any other approach in the literature both in terms
of asymptotic scaling and also in terms of the constant
factors associated with realizing finite instances. Thus, we
also foresee practical value in these results.

As well as scaling optimally in the condition number,
our algorithm scales optimally in terms of the combina-
tion of the condition number and the precision €. As has
recently been proven, a lower bound to the complexity is
Ol log(1/€)] [17]. Our result matches this lower bound,
showing that it is optimal. It is interesting that the complex-
ity is multiplicative between « and log(1/¢), in contrast
to Hamiltonian simulation, which is additive between the
time and log(1/€). In this approach to solving linear equa-
tions, the log(1/€) factor only comes from the filtering
step, which in practice would have lower complexity than
the initial adiabatic step.

Another question is the scaling with the sparsity in the
case where the matrix is sparse and given by oracles for
positions of nonzero entries. In this work, we give the com-
plexity in terms of calls to a block encoding of the matrix,
rather than those more fundamental oracles. The lower
bound in terms of those oracles has a multiplicative fac-
tor of +/d in the sparsity d. One could obtain such a scaling
if there was a way of block encoding the matrix with com-
plexity +/d but the standard methods are linear. It is shown
in Ref. [9] how to simulate a Hamiltonian with complexity
Vd up to logarithmic factors using a nested-interaction-
picture approach. One could use that combined with the
adiabatic approach to obtain this scaling with sparsity but
it would reintroduce logarithmic factors, so the complexity
would no longer be strictly linear in «.

More generally, we expect that other quantum algo-
rithms based on continuous time evolutions might benefit
from using discrete-time adiabatic algorithms. For exam-
ple, there are quantum algorithms for optimization that use
adiabatic evolution. There has been some analysis demon-
strating that discrete adiabatic evolution could be used in
Ref. [26] but our analysis here is far tighter. There has
also been recent work showing that digital adiabatic sim-
ulation based on Trotter-type formulas is robust against
discretization [27], whereas our approach does not intro-
duce any discretization error, since we directly invoke the
discrete adiabatic theorem. Our analysis here could be
tightened further in terms of the constant factors. There is
over an order of magnitude difference between the numeri-
cal results and the analytically proven scaling constants. A
more careful accounting for the inequalities could tighten
this difference, but we do not do that in this work because
our analysis is already very lengthy.
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APPENDIX A: LIST OF VARIABLES

Here, we give a list of variable names with links to their
definitions.
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1. List of variables presented in Sec. II

(a) W(s)—The discrete-walk operator
(b) —An integer index used for the discrete-walk
operators, so s = n/T
(c) U(s)—The product of walk operators up to s
(d) P(s)—The projector onto the spectrum of interest
(e) Q(s)—The projector onto the complementary spec-
trum
(f) U,(s)—The ideal adiabatic evolution, in contrast to
U(s) given by the actual walk operators
(g) W,(s)—Ideal adiabatic walk operators that exactly
preserve eigenstates
(h) s—A variable used to index adiabatic evolution,
starting from 0 and ending at 1
(i) —An integer corresponding to the number of
discrete-walk operators in discrete adiabatic evolu-
tion
(j) D—A difference operator; so, for example, DW(s)
=W +1/T) — W(s)
(k) D®—The iterated difference operator
(1) ci(s)—A bound on the norm of D®W(s) as in
Definition 1
(m) ¢x(s)—The maximum of c¢;(s) over neighboring
time steps, as in Eq. (10)
(n) op(s)—The spectrum of interest
(0) op(s)—The complementary spectrum
(p) a}(,k)—An arc including the spectrum op(s) at k + 1
successive steps, as in Eq. (12)
) oék)—Similar to ol(gk) but for the complementary
spectrum
(r) Ax(s)—The gap between the spectra accounting for
k + 1 successive steps; see Definition 2
(s) A(s)—The gap accounting for up to three succes-
sive steps as defined in Eq. (13)
() A(s)—The maximum of A(s) accounting for neigh-
boring steps; see Eq. (14)

2. List of variables presented in Sec. III

(a) R(s,z)—The resolvent of W(s); see Eq. (20)

(b) S(s,s’)—The operator exactly mapping from the
spectrum at step s’ to s; see Eq. (21). We also use
S(s) =S+ 1/T,s)

(¢) V(s,s')—The unitary obtained from a polar decom-
position of S(s,s"); see Eq. (23). We also use V(s) =
Vis+ 1/T,s)

(d) V(s,s'>—The correction to obtain V(s,s") from
S(s,s"). We also use V(s) = V(s + 1/T,s)

(e) 2(s)—The wave operator, accounting for the differ-
ence between the ideal and adiabatic walk; see Eq.
(16)

(f) ®(s)—The ripple operator, corresponding to a step
of Q(s); see Eq. (28)

(g) K(s)—The kernel function; see Eq. (29)

(h) X (s)—This operator is arbitrary in the summation-
by-parts formula in Theorem 6 but then is used
as T[I — V(s — 1/7)] in the proof of the adiabatic
theorem

(1) Y(s)—Again, this operator is arbitrary in the
summation-by-parts formula but then it is used as
Q (s — 1/T) in the proof of the adiabatic theorem

(j) X (s)—Obtained from a contour integral of X (s) as
in Eq. (39)

(k) A(s)—A variable used in the proof of the discrete
adiabatic theorem; see Eq. (40)

(1) B(s)—Used in the proof of the discrete adiabatic
theorem; see Eq. (41)

(m) Z(s)—VUsed in the proof of the discrete adiabatic
theorem; see Eq. (42)

(n) I'(s)—A contour that encloses the spectrum of inter-
est

(o) I'(s,k)—A contour that encloses the spectrum of
interest for £ + 1 successive steps of the walk

(p) F(s)—A function of DP(s) used for expressing
V(s); see Eq. (D18)

(qQ) B—The boundary term used in Theorem 6

(r) S—The sum used in Theorem 6

(s) nz—Weuse ny =n+1 and n_ =n — 1; we also
use this notation for /

t) s4,5.+—Weusesy =s+1/T, 54+ =s+2/Tand
s-=s—1/T

(u) Py—The initial projector onto the spectrum of inter-
est, Pp = P(0)

(v) Qp—Similarly for the complementary spectrum
Qo = 0(0)

(W) D;(x)—The simple scalar functions D (x), D;(x),
and D3 (x) are defined in Eq. (44)

(x) &—Constants used for upper bounds on D, (x) as in
Eq. (E23)

(y) Gr,(s)—These functions for j =1,2,3,4 are
defined in Eqgs. (45)—(48)

3. List of variables presented in Sec. IV

(a) A—The matrix in the QLSP Ax = b

(b) b—The vector in the QLSP

(c) x—This is usually used as the solution vector in
Ax = b but in Appendix D as a real variable of
integration

(d) N—The dimension of the QLSP

() k—The condition number of 4

(f) e—The allowable error in the solution

(g) Ho—The initial Hamiltonian in adiabatic evolution

(h) H—The final Hamiltonian in adiabatic evolution

(i) |b)—The state with amplitudes proportional to the
entries of b

(j) Op—The projector eliminating |b), given as Iy —
|b) (D]
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(k) f(s)—Used for the scheduling function, which we

take as in Eq. (69)
(I) d,—A constant used in constructing f(s); see Eq.

(68)

(m) p—An adjustable parameter used in the scheduling
function, taking values in the range (1, 2]

(n) A—A matrix constructed from 4 so as to be Hermi-
tian; see Eq. (73)

(0) A(f)—The intermediate value of A4 used in the
adiabatic evolution; see Eq. (72)

(p) H(s)—The Hamiltonian constructed from A(f); see
Eq. (71)

(qQ) R(s)—A rotation used in block encoding H (s); see
Eq. (79)

4. List of variables presented in Sec. V

(a) w,—Weights used for the linear combination of
unitaries for filtering

(b) ¢—Used to label eigenvalues of the walk operator,
so the eigenvalue is /%

(c) w(¢)—A Fourier transform of w; as in Eq. (109)

(d) L—A set of & such that ¢ is not in the spectrum of
interest

(e) T—The Chebyshev polynomial of the first kind

(f) £—The order of the Chebyshev polynomial

APPENDIX B: PROOF OF PROPOSITIONS

1. Proof of Proposition 4

In order to simplify the notation in the calculations, we
defines, :=s+1/T, 54y :=s+2/T,ands_ :=s5 — 1/T.
First, we find that

P(s3) (P(s) — P(s4))” = P(s4) (P(s) + P(sy)
— P(s1)P(s) — P(s)P(s.))
= P(s)P(s) + P(s3)
— P(s:)P(s) — P(s4)P(s)P(s)
= P(s;) — P(s1)P(s)P(s4)
= (P(s) 4 P(s;) — P(s4)P(s) — P(s)P(s3)) P(s;)
= (P(s) — P(s;))* P(s4). (B1)

We can write v(s,) = v(s4,s) explicitly in terms of P to
give

V(sse8) =T — (Pl) — P (5,
1
=1 =5 (P(s) = P(s1))’

1
-5 P& - Ps )+ (B2)

Therefore, we see that

P(si)v(sy,s) =v(sy,8) P(sy), (B3)
which implies that
P(si)v(ss,8) " = v(s4,8)  Psy). (B4)
Using this relation, we obtain
P (s3) Wa(s) = P (s4) v (54,8 S (s4,5) W(s)
=0 (54,5) " P (s4) S (s4,5) W(s)
= v (54,8 P (s4) P(s)W(s)
= v (s4,5) " P (s3) P(s)P(s)W(s)
= v (54,5) " P (s3) P(s) W(s)P(s)
= W4(s)P(s). (B5)

This is the equality of Eq. (30) in Proposition 4.
Next, we use this relation to show that
Ua($)P(0) = Wa(s)Wa(s —2/T) - - - Wa(1/T)W4(0)P(0)
= Wa)Wals-) - Wa(1/T)P(1/T)W4(0)
— P()Wa(s)Wals — 2/T) -+ Wa(1/T)W4(0)
= P(s)Uy(s). (B6)
This is Eq. (31) from Proposition 4.
Next, we use
P(s)v(s)W4(s)P(s) = P(s)v(s)v(s) "' S(s,8) W(s)P(s)
— P(s1) (P(s)P(s)
+ O(s1)0()) W(s)P(s)
= P(sp)P(s)W(s)P(s)

— P(s) W(s)P(s) (B7)

where in the last row we use the fact that W(s)P(s) =
P(s)W(s). This gives Eq. (32) in Proposition 4. The same
steps can be performed to prove Eq. (33), where the pro-
jectors involved are Q(sy) and Q(s) rather than those
for P.

2. Proof of Proposition 5

From the definition of the ripple operator, given in Eq.
(28), and the wave operator, given in Eq. (27), we have
O(s) = U (s) Uls) Ut () Us (s). (BS)

Now, since W(s)U(s) = U(sy),
becomes

the above equality

O(s) = Ul (s) W(s)Us(s). (B9)

By inserting / = V' (s)¥(s) and from the definition of the
adiabatic walk, i.e., W (s) = V(s)W(s), the first equation
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of the proposition can be proved:

Os) = Ul (s ) VI () V() W(s) Uy (s)
= Ul (s) VI () Wa(s)Us(s)

= Ul sV () Us(sy). (B10)

For the Volterra equation, the idea is even simpler. From
the fact that the €2 operator is unitary and that Q(0) =/,
we have

Qn/T) =1 — (2(0) — Qn/D))
n—1
=1-Y (Qm/T) — Q(m+1/D)
m=0
n—1
=1-Y (I—Qm+1/DQ"(m/D) Qm/T)
m=0
n—1
=1~ (I ~Om/T)Q0m/T)

m=0

(B11)

where in the last row, we use the definition of the rip-
ple operator as given in Eq. (28). Therefore, the Volterra
equation can be concluded by replacing the kernel operator
given in Eq. (29) on the right-hand side in the last equality
above.

J

APPENDIX C: PROOF THEOREM 6

Our initial point is to note the following identity:

Q)X (5)P(s) = —Q()[W(s5), X ()1P(s), (CD)
which follows from
[W(s), X (s)] = —L. [W(s),R(s,2)X (s)R(s,z)]dz
2mi T'(s)
= —— [W(s) —zI,R(s,z)
27 I'(s)

X X ($)R(s,z)]dz

2mi I'(s)
= [P(s), X ()]

[X($)R(s,z) — R(s,2)X (s)]dz
(C2)

Now, using the definition Eq. (24) for W4, we obtain
W(s) = V' (s)W,(s). Substituting into Eq. (C1), we obtain

OS)X (5)P(s) = —O(s)[Wa (), X (5)]P(s)

— Q()[A(5), X (5)]P(s), (C3)

where A(s) is given in Eq. (40). Now, we can use P(s) =
Ux(s)PoU'(s) and Q(s) = U4(s)QoU',(s) in Eq. (C3) to
obtain

00U ()X (5) Uy (5)Py = —Qo U () [W(s), X (s)]U4(5) Py

— QU (9)[A(s), X ()]U(s)Po;

then,

U' () [Wa(5), X (5)] Ua(s)

(C4)

= UL ) Wa()X (5)Us(s) — UL ()X () W (5)Us(s)

= Ul ) W)X (5)Us(s) — UL ()X (5)Us(s)

= ULs)Wa(s)X (5)Us(s) — U)X ) Us(s1) + Uly(s) (Wa(s) — W (s2)) X (5)Un(s)

= UL ()X (5)Ua(s) — U)X (5)Us(55) + Ul (8)DWa(5-)X (5)Us(s)
= UL ()X ) Ua(s) — U)X () Ua(s3) + UL )DW(s )X () U(s)

+ Ul (s)DX (5)Us(s4)

= Ul (s0)X () Ua(s) — Uy X (s Ua(s4) + Uy (9)B($)Ua(s),

(C5)

where B(s) is given in Eq. (41). To complete this proof, we have to multiply by Y(s) on the right-hand side of Eq. (C4)
and then do a sum from 1/7 to I/T. First, let us look to the boundary term, which is derived from the first part on the

right-hand side of Eq. (C4), i.e.,

040303-22



OPTIMAL SCALING QUANTUM LINEAR-SYSTEMS...

PRX QUANTUM 3, 040303 (2022)

=B =3 0U,(3) X () Us(%F) Po DY(§) = 3_ QUi (5) B(5) Ua(3) Po¥(5).

Here, we combine two sums using Y(s) = —DY(s) +
Y(sy), and B is a correction accounting for the extra term
at n = 0 and the missing term at n = /. It is given by

5=0 i (5) () ()
— 00 UY(O)X (}) Ua($) Po ¥(}).-

We then insert the above result into Eq. (C4), to give

(€7

)
S
mq«»
—_~
~Nis
\-/
/\
~Is
N—
S
—_~
~Nis
SN
o
=)
~!
—
~Is
N—

(C8)

(C9)

X:QOUT

X (D] Ua(F) Po¥(3)

X (7) Ua(7) Po¥(7)

(Co)

APPENDIX D: BOUNDING THE OPERATORS

Here, we show the bounds for operators of interest with
explicit dependence in terms of the gap. A key part of the
method is that we need to consider a contour I'(s) that
encloses the spectrum of interest for successive steps of the
walk. In particular, we use the notation I"(s, k) to indicate
a contour that encloses the spectrum of interest for £ + 1
successive steps of the walk.

In particular, it encloses the spectrum of interest for
steps W(s), W(s+ 1/T) up to W(s+ k/T); that is, it
encloses the set Uj’.;o op(s +j/T). Moreover, it does not
enclose any eigenvalues in the complementary spectra

k .

Uj:() oo(s +j /7).

In order to bound the operators, we choose a specific
contour for I'(s, k) that passes in straight lines from the
center through the gaps in the spectrum, as shown in Figs. 1
and 7. Those figures indicate that the contour is closed by
an arc at radius 2. We take the closure of the contour to
be at a distance that approaches infinity for the contours
['(s, k). The results can be obtained by taking the closure
at a finite radius and then taking that radius to infinity
but for simplicity of the explanation, we do not give that
limit explicitly except for one illustrative example. Note
that we only take this limit when the integrand approaches
zero more quickly than 1/|z|. That will be true for all the
contour integrals that we consider except that for P(s).

We start with the bounds for DP and D® P, which can
be obtained by direct calculations from the definitions.

Lemma 12: For any integer T and n and the correspond-
ing discrete time s = n/T, we have
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FIG. 7. An illustration of the choice of the contour I'(s, k) for
k = 1. That is, there are two successive steps of the walk and
we would need to consider the spectrum for both. We need to be
able to use a contour that separates out the spectrum of interest
for both steps of the walk. This ensures that we have projectors
onto the spectrum of interest that are consistent for both steps,
with a gap between the contour and the eigenvalues. We do not
allow eigenvalues of interest to cross the gap between one step
and the next. Again, we show a contour with radius 2 but we
would take the infinite limit of the radius.

2¢1(8)
IDPG)I = 72 (D1)
and
IDPP(s)] < g‘jf), (D2)
with
_a®?F+a®ei(sy) | 260)
G = T s mw ] T M PV

Proof. In order to bound DP(s), we first rewrite DR(s,z)
as

DR(s,z) = (W (sy) —zD)~' — (W(s) —zI)™!
= (W (sy) —z0)~ (W(s) —zI) (W(s) —zI)""
— (W (sy) —zD)~ (W (sy) —zI) (W(s) —zD)~"
= (W (sy) —zD)~" (W(s) = W (s4)) (W(s) —zD)~"
= —R(s4,z)DW(s)R(s,z). (D4)

Using this expression, we can then express DP(s) in terms
of a contour integral as

DP(s) = L% [R(sy,z) — R(s,2)] dz
L Jr(s,1)

1
= —— R(sy,z)DW(s)R(s,z)dz.
27 I'(s,1)

(D5)
When we consider P(s), the integrand drops off as 1/|z|,
so the contour must be at a finite distance as illustrated in
Fig. 8. For DP(s), we can use the same contour for both
P(s) and P(s,). The principle now is that the integrand
falls off as 1/|z|?, so the contribution from the arc falls to
zero for large radius. We denote the contour as I'(s, 1, a),
which is a sector of radius (a + 1) for some real number a,
and we take the limit a — oo. Then, we have

1
21
1
2 I'(s,1,a)
_a® 1
- T 2rn

IDP$) | =

f R(s1,z)DW(s)R(s,z)dz
I'(s,1,a)

IA

IR(s1, D IDW(S)I[IR(s, 2) || |dz]

?{ IR(s4, 2|l IR (s, 2)|l|dz],
I'(s,1,a)
(D6)

where in the last line we use the bound from Eq. (9).
Since R(s,z) is the resolvent of the unitary operator
W(s), we know that

1

IR = [ 7) = =D)7'| = Femra.

D7)

where d (o6 [W(s)], z) is the distance between the spectra of
W and z. Therefore, by separating the contour integral into
three parts, two of them along the radius and one along the
arc, we have that

f 1R(s2,2) | 1R (s, 2] 1]
I'(s,1,a)

a+1 dx
= 2/0 [ — cos(A1(5)/2)F + [5in(A; (5)/2)]

arglg2,1 (9] 1
+ / —(a+ 1)do

rglgr ()] 4
I /-a+l dx
~ Jo [x—cos(Ai(s)/2)]? + [sin(A(s)/2)]?
N 2m(a+ 1). (DS)

a2

Here, we denote the complex numbers in the centers of the
gaps by g1.1(s) and g1 (s). By taking the limit a — oo, we
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have

lim 1R(s4, 2l IR (s, 2) || |dz]

4= Jr/(s,1,a)

° dx
= 2/0 (x — cos (A1(5)/2))? + sin (A1 (5)/2)
2m — A (s)
" sin(A1(9)/2)
47
Ar(s)’

IA

(D9)

where in the last line we use (7 —x)/sinx < /x for
0 < x < m/2. Note that taking the limit of @ — oo, the
contribution from the arc completely vanishes and we have
integrals to infinity along the two straight lines for the
contour. That gives a bound on ||DP(s)|| as

2¢,(s)

IDP($)| < TAG)

(D10)

D®P(s) = DP (s;) — DP(s)

A number of other integrals can be obtained in a similar
way. In exactly the same way, we have

f IR(s+,2)1* IR (s, 2) | |dz]
r'(s,1)

© dx
2
= fo [ — cos (A1 (5)/2))2 + sin (A1(8)/2)° 72
2
T 1—cos(A1(9)/2)

(D11)

The same bound holds for similar products of three terms.
Here, we write the integral as for the contour I'(s, 1). This
contour can be regarded as the limit as a — oo of the
contour I'(s, 1,a) but from now on we omit the explicit
procedure in taking the limit.

Now, we move on to the D@P. Since we are deal-
ing with the second-order difference, the contour should
be chosen to be I'(s,2), which passes through the eigen-
value gap for three consecutive steps. The above reasoning
for the contour integrals is unchanged, except that the gap
A1 (s) is changed to A;(s) for three consecutive steps. We
therefore have

1
——— &  [R(s11,2) DW(s;) R(sy,2) — R(s4,2)DW(s)R(s,2)] dz
2mi I'(s,2)
1 1
= -5 [R(s4+,2) — R(s4+,2)] DW (s1) R(s+,z)dz — — R(S+,Z)D(2) W(s)R(s+,2)dz
2mi I'(s,2) 2mi ['(s,2)
1
—— & R(s;,2)DW(s) [R(s4,2) — R(s,2)] dz
2mi I'(s,2)
1 1
= — ¢ R(s:1,2) DWSR(s+,2)DW (s4) R(s4,2)dz — =— @ R(s+,2)DP W(s)R(54,2)dz
271 Jrgso 270 Jriso)
- — R(s;,z2)DW(s)R(s+,z)DW(s)R(s,z)dz. (D12)
271 I'(s,2)
We can bound the first term as
1
‘ P % R(s41,2) DW(s)R(s+,2)DW (s4) R(s+,2)dz
278 Jrs)
1
< — IR (514, 2) 1 IDW(SI IR (s, 2 IDW (s ) |R(s+,2) || |dz]
2 I'(s,2)
ci1(s)ci(sy) 1
< ﬁ—f IR (54, DI 1R, 2) | R (5.4, 2) I 2]
T2 27 I'(s,2)
- ci1(s)cr(sy) 1 /oo dx
- 7 7 Jo [[x —cos(Ax(s)/2)]* + sin[Ay(s)]/2)?]3/2
_as)er(ss) 1 13)

aT? 1 —cos(Ax(s)/2)
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o op(s)
0 0q(s)
mop(s+1/T)
mog(s+1/T)

FIG. 8. The contour I'(s, 1, @) that passes through the two gaps
and has a closure of the contour via an arc at radius a + 1. The
centers of the two gaps are denoted g ;(s) and g, (s) and the
contour is taken to have two straight lines that are multiples of
these complex numbers.

For the second term, we have the upper bound

1

— % R(s4,2)D®PW(s)R(s4,2)dz
2mi I'(s,2)

=

7 IRCs5, 2l | DPW(s) || IR(s,2) || |dz]
T Jr(s,2)

1
CZ—T(QS)E ﬁ IR IR G2
c(s) [ dx
al? Jy [x —cos(Ax(s)/2)]? + sin(As(s)/2)?
e (s) T — Aa(s)/2
7 T2 sin(Ay(s)/2)
- 2c2(s) 1 .
2 Ax(s)

=

=

(D14)

For the third term, we have identical reasoning as for the
first term, except that DW (s ) is replaced with DW(s). This
gives an upper bound

2
ci(s) 1
77?2 1 —cos(As(s)/2)’ (D15)
The three bounds together give us
o )’ +a®ey) | 200
IDZEON = B0 = cosan )] T Paa(s)”
(D16)
|

Now, we move on to bounding the finite difference of the
kernel function and the adiabatic walk operator. The key

here is to express and bound the operator V, because it is
related to both the kernel and the adiabatic walk operator.
First, we reexpress V in terms of P.

Lemma 13: For a discrete time s, we have

V(s) = F(s) [ +DP(s)(2P(s) — )], (D17)

where

]71/2

F(s) == [I — (DP(s))? (D18)

Proof. By the definition of V'(s) in Eq. (23),

Vs) = [1 = (Pes) = Ps:))*] " S (s.9)
=[I - Ps) = P(s))*] 211 = P(s) — P (s1)
+2P (54) P(9)]
=[1 - Pes) =P )]+ (P (s0)
— P(s)) 2P(s) — )]
= F(s) [I + DP(s)(2P(s) — 1], (D19)

where in the second equality above we use the definition
of S(s,s") in Eq. (21) with O(s) = I — P(s). [ |

This enables us to bound the difference of V' from the
identity.

Lemma 14: For a discrete time s,

V() =1l < IF () = LI + IDPOIIF (). (D20)

Proof. From Lemma 13, we have
V(s) — I = F(s) + F(s)[DP(s)(2P(s) — )] — I. (D21)
Then, the triangle inequality gives
V() =1l < IF(s) — Il + IF () [DP(s)(2P(s) — D]I
= |F(s) — Il + IF )DP) I, (D22)

where in the second line we use the fact that 2P(s) — [ is a
unitary reflection operator. The inequality || F (s)DP(s)|| <
IF ()] |1DP(s)| then gives the required bound. |

Next, we bound the change in V.
Lemma 15: For a discrete time s,
IDV(s) < (1 + IDP(s)I) [DPPs) |
x D3 (max(||DP(s) I, [DP(s)1))

+ IF@ I (|DPPs)|| + 2IDP )%,
(D23)

with
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Ds(z) = (I_ZW (D24)

Proof. For the difference operator D, there is the product rule D[X (s)Y(s)] = DX (s)Y(s+) + X (s)DY(s) for any two
operators X (s) and Y(s). Then, from Eq. (D19), we have

DV(s) = DF (s)[I + DP(s)(2P(s;) — )] + F(s)D [DP(s)(2P(s) — I)]
= DF(s)[I + DP(s;:)(2P(s3) — D]+ F(s) [DPP(s)2P(s1) — )] + F(s)DP(s)D [2[P(s)] — I]
= DF(s)[I + DP(s;)(2P(s+) — D]+ F(s) [DPP(s)2P(s1) — I) + 2[DP(9)]*] . (D25)

By the triangle inequality and using the fact that the reflection operator is unitary, we obtain
IDV(s)|| < IDF ()| (1 + I1DPs ) + 1F )| (IDPPs) || + 21 DP$)II) - (D26)
Now, from the Taylor expansion of F,

=2 - D

F@=I+)_ T [DP(s)1%, (D27)
k=1 :

the bound of DF in terms of P can be computed, i.e.,

e, Qi—1

T L (0P - OPe)]

I
M2

IF () = F@

2k—1

Ik Qi—1 . ‘
=D % > " (DP(s;)Y [DP(sy) — DP(s)] (DP(s))*~'~
L&

=\ Ir, (2i =
<Y SR DR Y PRGN 1DPE)

k=1 : j=0
2
!D@P()HZ ”2(,(,; 2 @) [max(IDP(s 1L IDPD I
= |D®P(s) | D5 (max(|DP(s) |, IDPs)I)) , (D28)

where we use the Taylor expansion of the function Djs. Substituting this into Eq. (D26) gives the required bound. ]

Lemma 16: For any discrete time s with W(s) defined as in Eq. (24), we have

IDWAo)l = (D29)
Proof. According to the definition of W(s) as V(s) W(s),
DW4(s) = DV(s)W(sy) + V(s)DW(s). (D30)
Since W and V are unitary and using the triangle inequality, we have
IDW | < IDVS)II + IDW ()] -
Use of Eq. (9) with k£ = 1 for || DW(s)| then gives Eq. (D29). |
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Lemma 17: For any discrete time s, Q2 as defined in Eq. (27), and F defined as in Eq. (D18), we have the upper bound
on DQ(s),

DL < IF(s) =1 + IDPSHIF ()]l (D31)

Proof. Using the definition of the ripple operator ® (s) in Eq. (28), we have

DQ(s) = Q(s4) — Q2(s)
= (O(s) — DRA(s)
= Uy(s:)T(V(s) = DT U4 (s1)R2(5). (D32)

In the third line, we use Eq. (34) for ®(s). Since U, and 2 are unitary, we have
IDQs)| = [(V(s) =Dl = [1V(s) —11I. (D33)

Then, the desired bound follows from Lemma 14. |

Finally, we summarize the bounds for the operators related to the summation-by-parts formula.

Lemma 18: For any discrete time s in X (s) as defined in Eq. (39) and any bounded operator X (s), we have

. 2
[X©)[ = Xl (D34)
and
¥ 2 2¢(s)
[DX© = 575 IPX O+ e a7 YOl (D35)

Proof. The bound for X follows directly from the definition in Eq. (39) and choosing an appropriate contour I'(s, 0). As
shown in Fig. 1, the contour passes in a straight line from the center through both gaps and has a circular arc of radius 2
between these two straight lines. That is, Eq. (39) gives

~ 1
XN < 2—% IR(s, 2) 1 X ()| |dz]
T JT(s,0)

4 2
= X @), (D36)

1
= - IX @l 2os) - Da(s)

where we use Eq. (D9) but replace A (s) with Ay(s) because we need only consider the eigenvalues for a single step of
the walk.
For DX (s), using I' (s, 1) (for two consecutive steps of the walk) and using Eq. (39), we have

DEW = (Rs02X (51)R(54.2) — R(5,2)X (5)R(s.2)) dz
2mi I(s,1)

1
= —— R(sy,z)DX (S)R(s4,z)dz
2mi I(s,1)

- L (% R(s,2)X (s)DR(s,z)dz + ?{ DR(S,Z)X(S)R(S+,Z)dZ> . (D37)
2mi I(s,1) I(s,1)

Using Eq. (D4), we have

DR(s,z) = —R(sy,z)DW(s)R(s, z), (D38)
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SO

IDR(s,2)|| < [|IR(s, 2) [ IDW(s) || IRCs, 2)
c (s)
< == IR 2) IR, 2)]l- (D39)
We can therefore write an upper bound as
5 DX (s) |
DX ()] < e IR(s4,2)II” |dz]|
v I'(s,1)
Cl (S) 2 2
IIX( | IR(s, 2)[I” IR(s+,2) Il |dz] + IRCs, DI IR (s, 2) I |dz] ) . (D40)
T(s.1) (1)

Using the bounds on the contour integrals given in Egs. (D9) and (D11), we then obtain

[DX )] < 5 IDX (@) == + —||X( e (s) 2
A < ) ~cos(A1(9)/2)
_ L IDX ()| + 201(5) Xl (D41)
e 2T —cos(A /217 O

Lemma 19: For a discrete time s in A(s), B(s) and Z(s) defined in Eqs. (40), (41), and (42), respectively, and any bounded
operator X (s), we have

MG < 1F6) — 11 + IDPSIIFS, (D42)
1B < —— DX ()] + 261(s) @]
A) AT = cos(A(5)/2)]
(D43)
2 cr(s-)
= (S)( + 1DVs. )||) X @I, (D44)

and

1Z&)| < AT (IF ) =11 + IDPOIIF ) D I1X )1 + 2 DX ()l
~ Ao(s) A1 (s)

+ 26) v+ —
[l —cos(Ai(s)/2)] Ao(s)

(c1(s=) + TIDV(sHID 11X (). (D45)

Proof. From the definition of 4 in Eq. (40), we have

1A = ||V =) wa)| < [(Ve" =D 1wl = (7T =1)] . (D46)

The bound for ||4]|| follows from Lemma 14.
For B, from Eq. (41), we have that

IB&)I < [DX W) + [DWats )X ()| < [DX®) | + I1DWatsI X )] - (D47)
By inserting the bounds previously computed for DX (in Lemma 18) and DW, (in Lemma 16), the desired bound for B is

established.
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Finally, for Z, the definition in Eq. (42) immediately gives

1Z&I < TRIAN X[ + 1B6I)- (D438)

The bounds previously computed in Egs. (D43), (D34) and (D42) then give the required upper bound.

APPENDIX E: DETAILS FOR THE PROOF OF THE DISCRETE ADIABATIC THEOREMS
1. Diagonal term

Here, we bound the “diagonal” term in Eq. (51). For this term (without loss of generality, we only consider the term
projected on Py), we have

i”oUL(?) (1 = V(%)) Us(2) Po2(%

n=1

< Z |P(7) (1 =V (F) P [2CF)]
sT
=2 PG =V () PH- (ET)
n=1
In the second line, we use Eq. (31). Using Lemma 13, we have
Z |P(7) (1= V(7)) P()]

= Z |P(3) (7 = F(57) + @P(%) - 1) DP(5) F (7)) P(7)]

<3175 1= 2R P+ X IP(5) o) - 1) 00 7))
< 311 F I+ 3 1) @) - or(y) ) ~1) ()
+ZHP% ~1)DP(7) P(4)| (E2)
From the sccond term i the st nequaliy, we have
> [P(5) @PL) 1) 0P (7C7) - U1 = 3 10P() () - )]
- S - # )l orth]. )
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Now, if we replace P(“=) = P(%) — DP("%) in the last term of Eq. (E2), then we obtain

[P(3) 2P(%5) = 1) DP(%5) P(3)] = |P(3) [2 (P(3) = DP(5)) — 1] DP(*F) P(3)]
< |P(3) 2P(3) = 1) DP(%) P(3)| +2 |P(3) DP(%)’ P(3)
= [P(3) DP(%7) P(3)] + 2| P(3) DP(%) P(3)

(E4)

In the last calculation above, we use the equality p(p — ¢)p = p(p — ¢)*p when we have p and g as any two projections.
Thus,

sT—1

ZHP% =P P = S - A 1+||DP<%>||>+3S;HP<%>DP<"7->2P<%>

sT—1

=2 =710+ 2P +3ZHP%<DP )’ P(2)

sT—1 sT—1

<ZHI F&)] 1+ [oP)]) +3Z||DP% - (ES)

To bound || F(s) — I||, we can use Lemma 12 and the definition of F(s) as follows:

oo

IFs) =11 < Z

k=

= M52 — 1) (2c1(s) )2"

me_ 2 — 1)

g IDPOI*

M

e TAL(s)
B dci(9* \ 7 |
a ( m1<s>2>
_ < 2¢1(s) ) (E6)
B TA(s) .

2. Off-diagonal term
For the “off-diagonal” term in Eq. (53) used for Theorem 7, we have

ZQoU* (3) (1 = V(%)) Ua(3) Po(%5)

sT—1

Z QU (3) X (3) Ua(3) Po¥ (%)

= + 2 ot ox o urre)|

—IIBII + —IISII + - IIX(S)II 1Y)l

T

1 sT—1 sT—

< IXOIOL+ 2 IF @ 1ol + 5 ZIIZ%H I+ 7 ZHX 1Y)+ 21X @ ¥
1 _ sT—1 sT—1

=;HX(%)H+ X©l+ ZHZ%!H ZHX ) D7( %)H+ X1 (E7)
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In the third line, we use the summation-by-parts result in Theorem 6 with / = sT — 1. In the fourth line, we use the product
rule for norms of products and the fact that the spectral norms of projectors and unitary operators are 1. In the last line, we
use the fact that the choice of Y is unitary. Next, we use the previously derived lemmas to provide bounds for the individual
operators, X (s), X (s), Z(s), and DY(s). Starting with X (s), we have, from Lemma 14 combined with Lemma 12, that

2¢y(s-)

X =TIV(-) =1 < TIF(-) ~ 1+ T

IF (sl (E8)

Now, we use the upper bound from Eq. (E6) to provide a bound on F(s_) as

© (27 = 1) [ 2e0(5.) \* dey(s)r
=1 1 _(,_ Fa
k=1
and, similarly,
Ao (s )2\ V2
[F(s-) =11 < (1 — %) —1. (E10)
That gives the following upper bound for X (s):
2¢1(s-) 4ei(s)? 7
ol = TR] i TAl(s>> (1 } TZAl(s)Z> -
1/2 —1/2
:TKH 2c1<s_)) (1_ 2c1<s_>> _1}
TA(s_) TA(s-)
_ 2¢1(5.)
=TD, (TAl(s_)> i (E11)
Now, for X (s), we can use the bound from Lemma 18, which gives
~ 2T 2c1(s2)
X = 257 (TAl(S_)). (E12)

For the bound on Z(s), we can use Eq. (D44) from Lemma 19, but first we need bounds for DX (s) and DV (s_), which
can be obtained using Lemma 15 in combination with Lemma 12 as follows:

IDX ()|l = TI1DV(s2)| (E13)
< T(1+ [DPs)|)) [DPP(s2)|| D3 (max(|IDP(s) |, IDP(s-) ) + TIF (sl (| DD P(so)|| + 21[DP(s)]I1%)

< (1 n 2c1(s) ) g (S—)D3 (max ( 2¢1(s) ’ 2c1(s-) >) 4D, ( 2¢q(s-) ) (g1(8—) n 8ci(s_)? )
TA((s) T TA((s) TA(s2) TA(s2) T TA(s_)?
(E14)

In the first line, we use X (s) = T[T/ — V'(s_)]; in the second line, we use Lemma 15; and at the end, we use Lemma 12 in
combination with the fact that the functions D; and D; are monotonically increasing. Now, the functions G, and G5 from
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Egs. (46) and (47) can be used in the last expression above, to give

2¢1(5) \ Gals-) 2¢i(s2) \ (Gis-) | Bei(so)’
DX ()|l < <1 + m) 7 +D (TAl(s_)> ( T + TAl(s_)z)
i)

T

. (E15)
Then, from Eq. (E13), we have

IDV(s ) <

Gs(s-)
2= (E16)

Now that we have these bounds, we proceed to bound Z(s) using Eq. (D44). Starting with the replacement of the bound
of DV(s_), we can make use of the function G, (s) as defined in Eq. (48):

4T 2T \
1Z&) = &5 IFE =TI+ IPPONIFOD IX 6+ 5= [ DX (5)]

2¢1(s) 2G4(s-)

[l —cos(A(s)/2)] )+ Ag(s)

X )1 - (E17)

Our next step is the replacement of the bound of X (s),

2

Ao(s)

2c(s— 2T
I1Z&)1 = (IF(s) = 11 + IDP& I IF )1 D2 < Qs )> + DX (s)l

Ar(s-) A1(s)

2Tc(s) 2ci(s-) 2TG4(s-) 2ci(s-)
D, < ) + D, < ) .
[l — cos(Aq(s)/2)] TA(s2) Ao(s) TA(s2)

(E18)

Now, we use

2¢1(s)
| F(s) =11l + IDPS)I I F S < Dy <TA1(S)> (E19)

and the bound derived above for DX (s) to yield
4T? 2 2¢(s_ 2 _
1Z(s)| < Dz( CI(S)>,D2< ci(s ))+ Gs(s-)
Ao(s) Ay (s) Ay(s-) Aq(s)

2Tc,(s) D < 2¢(s-) > n 2TQ4(L)DZ ( 2¢1(s-) ) ‘
m[l —cos(Ai(s)/2)] TA(s-) Ao(s) TA(s-)

Finally, for the upper bound of DY (s), first note that Y(s) = Q(s_), so D2(s_) = DY(s). Therefore, using Lemma 17 and
our bound in Eq. (E19), we obtain

(E20)

2e1(s.
IDY(s)|| < D, ( Tle(ss ))> . (E21)

3. Proof of the second adiabatic theorem
Proof. We first bound the functions D with simpler expressions. Recall that the definitions of D, are

1+z z
= Dy(2) = =5 1, Ds(2) = A2

Di(2) = (E22)

Note that in Theorem 7, all the arguments in Dy are in the form of 2¢;/(TA1); then, under the assumption on 7, we are
only interested in the case 0 < z < 1/2. Therefore, we have

Di(z) <&, Dy (z) < &z, Ds(z) < &z, (E23)

with constants & = 2/+/3, & = 2+/3 — 2, and & = 8/(3+/3).
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Now, we move on to the functions G;. For any positive integer »n, from Theorem 7 we need to bound G3(n_/T) and
Ga(n_/T), which in turn depend on G (n_/T) and G,(n_/T). Using the inequality 1 — cos(6/2) = 2sin*(8/4) > 6% /x>
forall 0 < 6 < m, it is possible to show that (using s to indicate n/T)

ci(s2)? +ei(so)er(s)  2ea(so)
[l —cos(Ax(s-)/2)]  Aax(s-)
T (s2)? +mei(s_)ei(s)  2cx(s-)
- As(s-)? As(s-)
< 2781 (s)? + 2¢,(s)

Gi(so) =

= - . (E24)
A(s)? A(s)
Use of that and the assumption that 7 > max[4¢,(s)/ A(s)] gives the bound
Gols.) < £ 25} (s) (27TV@1 () L+ 2?2(S)> _ 471%“351 (s)? + 4535‘1V(S)5’2(S) ‘ (E25)
TA(s) \ A(s)? A(s) TA(s)3 TA(s)?

Note that the assumption 7 > max[4¢;(s)/ A(s)] is required for the function D;(z) used in G,(s_) to be appropriately
bounded. This is why there is a factor of 4 in this condition for the second discrete adiabatic theorem, whereas there is a
factor of 2 in the condition in the first discrete adiabatic theorem. For the remaining functions, we obtain the bounds

Ga(s) < > (477536’1@)3 n 45351V(S)52(S)) Le (2732’1@)2 + 2?2(S) + 8?1@)2)
TA(s)3 TA(s)? A(s)? A(s) A(s)?
< 3 (7T$V35‘1(S)2 n 53?2(5)) s ((27T -i:g)el(s)2 n 2532(S)>
2\ A2 A(s) As)? As)
¢1(s)? e2(s)
< (Br&/2 + Q2w + 8)&)) RGP + (383/2 + 2&)) A (E26)
s
and
1( )2 o(s) .
Ga(s-) < (Bmé&s/2 + 2w + 8)51) + (353/2 + 2&) ———— +c1(s). (E27)
5)? TA(s)

Inserting all these bounds back into Theorem 7 and using 1 — cos(9/2) > 6?/m? again, we have

1UGs) — Ua(s) |l
_8800) | 864() | 4600) i (2&@/7))2
= TA(0)? TA(s)2 TA(s) — A(n/T) TA(n/T)
sT—1 sT—1 ~ sT—1 A~ A~
( /T)2 ¢2(n/7) 4rci(n/T), 2¢1(n/T)
6 87 +32)8) = . E
+n21( T e Ry +Z(E P& (/D2+n§ rAG/m? " TAG/T)
sT—1 N N sT—1 N N
&1(n/T)? ( 2c1<n/T)> &2(n/T) ( 2c1(n/T)>
6 87 + 32 . . 663 + 8 = .
+;<nsg+(n+ 8 ety \E TR +;<53+ 8 ko \CTAw D
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sT—1 , A A sT—1 A~ sT—1 A
4ci(n/T) < 201("/D) 24¢,(n/T)? 8¢1(n/T)?

+ > = L Y Ly
— TA(n/T) & TAm/T)) = TPAM/T? = P2AM/T)

- 86201(0) | 85201(s) | 4601(s) +°§ 485{81(”/732
TA0)?2  TA(s)?  TAGs) = TPA@m/T)

—I—S:i;(&r& + (87 +32)&) % +ST2_:1(653 + 8¢, )% +S§ %
+ i‘l (1276285 + (167 + 64)E,5) % Té (126,85 + 16£,6) %
SO YL O
< 8526(10()02) + 8;26(;(;) + 4?:1((“;) + 21: 482 + 6mEs + (87 + 3208 + 876) YZIA(’Z?;
+ 2(6& + 851)—752(:;/ /%2 + 21 ek ;ZSZ%Z/W
+ S (12758 + (167 + 64)&1£,) ‘((Z; + f (1268 + 16£,£) % (E28)

n=1

Finally, for a clear representation in terms of the gap, we slightly modify some terms with 7° on the denominator to 72 by
using the bounds ¢, (s)/[TA(s)] < 1/4. Then,

860100 | 860() | 468() e &1(n) T
U@is) — U, = - 48 6 8 32 8 —_—
106~ Vsl < 2+ s Tk Zl § +6nks+ (B 4328 + 8] T

sT—1 A sT—1 A
&(n/T) (32 + 8£2)¢1 (n/T)?
6 8 & <
-1-"2:1:( & + SI)TQA(n/T)Z —i—; TR (/T
sT—1 sT—1
01(71/7)2 2("/77
3 47 + 16 — 3 4 Wi
+n21(nszsg+(n+ 88 X o +Z(€2§3+ 58 L /1y
_ 85,¢1(0)  8&,¢1(s) +4$201(S)
TA0)?  TA(s)? TA(s)
— &/’
2
+ [48¢5 +67T§3+(87T+32)§1+8ﬂ§2+3ﬂ§2§3+(4ﬂ+16)§1§];m
— &/’ — &7
32 + 8& 6 8 3 4
+(32+ s>2m( Ty 65 T8 30E slsz)z AT
- 12v?:1(0) n 12vcl(s) n 6cv1(s)
TA@)?  TA(s)2 TA(s)
— &/ 17 — &1/ 77 — &/T)
+ 305 + 44 +32) (E29)
; An/T)3 Z;: T2A A(n/T)? ; T2A(n/T)?
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where the last inequality is derived by inserting the con-
crete values of & into the bound and rounding the resulting
constants to the closest integers greater than or equal to
them. |

APPENDIX F: BLOCK ENCODING OF H (s)

Here, we describe how to perform the block encoding
of H(s) as given in Eq. (71). We denote the unitary for
the block encoding of 4 as Uy, which acts on an ancilla
denoted with subscript @ and the system such that

(01 Uy 10), = 4. (F1)

We also denote the unitary oracle for preparing |b) as U,
such that

Uy 10) = |b) . (F2)

As well as the ancilla system used for the block encoding

of A, we use four ancilla qubits. These ancilla qubits are
used as follows:

(1) The first selects between the blocks in A(f).

(2) The next is used for preparing the combination of
o, ® I and A.

(3) The third is used in implementing QOp,.

(4) The fourth selects between the blocks in H (s).

These four qubits are denoted with subscripts a;—aa.
First consider A(f), which can be written as

A(f) =1 =)o, &Iy +f (10)(1], ® 4

+11)(0ls, ® 4"). (F3)
Note that the first operators in the tensor products here,
o? and |0)(1] or |1)(0], act upon the ancilla denoted a;. To
block encode the operation using ancilla a;, we can use the
select operation

Uairy = 10)(0le, ® 0, @ In ® L + 1) {14,

® (10)(1ay ® Ug +11){0lg, @ U, (F4)
Here, we include /, to indicate that the operation is act-
ing as the identity on the ancilla system used for the block
encoding of 4. Note that we require the ability to apply the
oracle Uy in a selected way, where we either perform Uy,
U' or the identity.
Next consider Oy, which is given by

Ob = Iy ® Iy — [1)(1], ® [B) (D). (F5)
Here, we use the ancilla a; to account for using b, which
is encoded as |1),, ® |b). We can construct this projector

using

(L, ® U [Loy ® Iy = 11) (1], ® 10)(0ly ] (L ® Up),
(F6)

where we are using subscript N on |0) (0| to indicate that it
is on the system. We can block encode this projector using
the ancilla a;. We simply need to create this ancilla in an
equal superposition and use the unitary operation

Ugs = (ay ® Loy ® U} [10)(014, ® I, ® Iy + 1) (1]
® Loy ® Iy — 2|1)(1ls; ® 10){01)]

(Ua ® Loy ® Up). (F7)
That gives the projector as a linear combination of the iden-
tity and a reflection. Finally, we are prepared to describe
the unitary to block encode H (s), which can be written as

H(s) = 10)(1]a, @ A[f ()]OQb + 11)(0lay ® OpA[f (5)].
(F8)

In order to select between A[f(s)]0p and OpA[f (s)], we
apply Oy in a controlled way before and after A[f(s)].
We denote the controlled unitary for Oy, as controlled on
0 or 1, by CUgb or CUIQb, respectively. We may make
Oy controlled simply by making the reflection 21,, ® Iy —
[1)(1]4, ® [0)(0]y controlled and we do not need to make
the oracle U, controlled. We can therefore apply CUbb as

CUpy = 10)(0lay ® luy ® Iay @ Iy + [1)(1]4, ® Ugp
= Ly ® Ly ® U}) [Luy ®10){014; ® L, ® Iy
+10)(0l, ® 11)(1ay ® Loy ® Iy
+ 1) (Ha, ® 11)(1ay ® Uy ® Iy
— 2[1) (14, ® 10){01N)] Uy ® Ly ® Up)  (FI)

and similarly for C Ugb.

We also need to perform the rotation R(s) before or after
these operations controlled on the ancilla a4. That is, we
perform at the beginning

CR(s) =10)(0la, ® R(8)a, + [1){1]a, ® Hay,  (F10)
where H denotes the Hadamard operation. Then, at the
end, we perform the controlled operation

CR'(5) = |1)(1]4; ® R(s)a, +10)(0lay ® Hay,  (F11)
We are finally ready to provide the complete sequence
of operations to block encode H (s). In the following, we
use the various operations defined above on subsets of the

ancillas, with the convention that they act as the identity on
any ancillas on which their action has not been described:
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(1) Apply the Hadamard on a3 to provide the linear combination needed for Qy,.
(2) Next, apply C UIQb for controlled implementation of Oy, before A[f (s)].

(3) Apply CR%(s) to provide the rotation on ancilla a;.

(4) Apply Uy for the block encoding of A[f (s)].

(5) Apply CR!(s) to provide the symmetric form of the rotation on ancilla a;.
(6) Apply CUOQb for controlled implementation of Oy, after A[f (s)].

(7) Apply the Hadamard on a3 again.

(8) Finally, apply o* on a4 to flip that bit.

A further simplification can be made by noting that steps 2 and 3 can be made the same as steps 6 and 5 (respectively) by
placing the bit flip on a4 in between these operations. That is, we have CUp, 0., = 0, CUp, and CR' (s)a;;, = a5, CR(s).
Then, the complete circuit diagram can be given as in Fig. 9.

Now recall that we require the unitary operation in the block encoding to be self-inverse for the qubitization. This can
be seen fairly easily from Fig. 9 but it can also be shown explicitly using

[0, Hay CUQ, CRY() Uy CR(5) CUY, Hag | |7, Hay CURY, CR'(5) Uy CR(5) CU, Ha|
=0, Hay CUy, CR'(s) Usyr) CR(s) CUyp, o;s, CUY, CR'(s) Uary CR'(s) CUgy, Has
=0, Hay CUY, CR'(s) Usr) CR(s) 0, CUY, CUY, CR'(s) Uary CR(s) CUgy, Has
=0, Hay CUY, CR'(s) Usy) CR*(s) 0, CR'(s) Us(ry CR%(s) CUp, Ha,
=0, Hay CUY, CR'(s) Uyqs) 0y, CR'(s) CR'(s) Usry CR(s) CUp, Hay
=0y, Hay CUY, CR'(5) Uags) 0y, Ungry CR*(s) CUp, Ha,
= 0, Hay CUp, CR'(5) 07, Uairy Uagry CR*(s) CUpy, Ha,
=0, Hay CUY, CR'(s) 0, CR*(s) CUp, Hay
= 0,, Hay CUY, 0,5, CR*(s) CR*(s) CUp, Has
=0, Hay CUp, 07, CUp, Ha,
=0, Ha; 0, CUlQb CUlQb H,,
= 0y, Hay 0, Has

-1 (F12)

Here, we repeatedly commute o, through operators and use the property that operators are self-inverse to cancel them.
This shows that our sequence of operations is self-inverse as required.

In our block encoding, qubits a; and a4 are the two extra qubits used as part of the system upon which H(s) acts,
whereas ay, as, and a are used as the registers for the block encoding. For the walk step W(s) that is used in our algorithm,
the block encoding of H (s) needs to be supplemented with a reflection on the registers used for this block encoding, which
are ap, a3, and a.

APPENDIX G: UPPER BOUNDS OF THEOREM 3 WITH p = 3/2

We split the proof of Theorem 9 into three parts: the upper bounds for the three terms without sums, the sums with ¢,
and the summation term with ¢,. Before we proceed with each calculation, first we note that in Theorem 3 the three gaps
are replaced by the minimum one, Eq. (14), which is

A(s) = min A(s). (G1)
s'e€{s—1/T,s,s4+}N[0,1]
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as : R(s) @ T @ R(s) :
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jan|
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as — o o7 oo :

a | | : | | |

| | | |

| | : Ua Ul : | |
WJ)UJ_: 1t L :_Ubi'O'Uij_

CUL, — CR(s) Uagy) CRY(s)  CUY,

FIG. 9. The block encoding of the Hamiltonian H (s), where the target system is labeled as |4) and the ancillas are labeled a;—ay
and a (where « is the ancilla needed in the block encoding of 4). The dashed boxes show CUlQb and Uy, whereas the dotted boxes
show CR%(s). The o* on ancilla a4 has been moved to the middle, so the operations CU(éb and CR!(s) are implemented via CUIQ,) and
CR(s).

We have Eq. (70) using the fact that the gap is monotonically decreasing, so then the fact that /' is monotonically increasing
gives us

(G2)

Ry = |1 =/G+3/D+fs+3/Df), 0=s=1=3/T,
e s=1-2/T,1—1/T,1.

For simplicity of the analysis, we first analyze the A corresponding to the gap with a Hermitian and positive-definite A.
Later, we introduce a factor of 2 to account for the gap with general 4 and a block encoding.

Next, in Theorem 3, we have the functions ¢ (s) and ¢;(s) as defined in Eq. (10). Choices for the functions ¢ (s) and
c2(s) are given in Lemma 8. Using the monotonicity properties of the function /', we find that

a(s) = i;f /D, $=0, (G3)
[f(s)—fs—1/D], 1/T<s<1,
and
&) =221 O+ 1" 6)). (G4)

For ¢ (s), we use the fact that /'(s) is monotonically decreasing, so a larger difference will be obtained for a smaller value
of s. For ¢,(s), we also use the fact that | ”(s)| is monotonically decreasing, so again larger values will be obtained for
smaller values of s. The monotonicity properties of /* are easily checked by checking expressions for the derivatives; f''(s)
is positive, £/ (s) is negative, and f " (s) is positive.

In the block encoding, we need to account for how the gap in H (s) is translated to the gap in the walk operators. The
solution state has eigenvalue 0, which is translated to the eigenvalues +1 for the walk operator. The eigenvalues A of H
are generally translated to £¢*"°"* which means that the gap for the walk operator is increased to the arcsine of the
gap of the Hamiltonian. Since the arcsine can only increase the gap, the lower bounds on the gap for H (s) also apply to
the walk operator.
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1. Single components

Beginning with the first term from the bound in Theorem 3, using the expression for A(0) from Eq. (G2), for &(0)
from Eq. (G3), and using f'(s) from Eq. (69), we obtain

ao _, S /D)
TAOR (A —fG/D+f3/D/c)>
2k (Bk=3+T7) (Vk—1+27)
T k1 (VK —1+T)2
4 k(A4 2u)*A —0a1/2)
T T k1 (I —a)

4 k
4./k K
=5 +0(5)- (G@5)
where
_ k-1
o T a( k= 1) (G)

so a, = O(4/k/T) and we use T > . This result is given in Eq. (96) of the body.
We next show Eqgs. (97) and (98). This time, we use ¢;(s) and A(s) for s = 1; by Eq. (G3), we obtain ¢;(1) = 2[1 —
f (1 —=1/7)] and from Eq. (G2) we have A(1) = 1/«. Therefore,

ci(1) 2

= =l f(1—1

TR K [1—f1-1/D)]
—22[1+L<1— ! )} (G7)
LT T ark—va—-uyne) |

Now, we simplify the terms inside the square brackets to give
LK [1_ 72 ]_(1—K)(1+ﬁ(T—1))2+K(1+ﬁ(r—1))2—T2K
I —x [T+ (/= D(T—=DP] (1 =) (14 Jx(T = 1)’

(1+ V(T = 1) = T2
(1 —k) (1+ k(T =1)°
B JE@T—1)+1
T (e + DI+ /(T — DP
2 1-8)2
Tk + i) (1= B)?

[1+ 0]

2
T(k + k)
_2 o ! G8
=24 (m) (G8)

with

1-1
p= oIV (G9)
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so B = O(1/T). Therefore, we can conclude that

c1(l) _4K+O<K>

)

TA()?: T

(G10)

This is the result given in Eq. (97). For the other upper bound, we have A(1) instead of A(1)2, so for the upper bound

shown in Eq. (98), we obtain

a1 (D 4 ( 1 )
—==+0|=).
TAQ) T 72
2. ¢1(s) summations
We start by considering the sum of & (s)2/(T2A(s)?) for 1/T < s < 1 — 3/T. In this range, we obtain

e1(n/T)? _4 [f (n/T) —f ((n— 1)/}
T2A(n/T)3 (I —=f((n+3)/T)+f ((n+3)/T)/x)?
e [GHnE =D +T] [ - 1/2)(Jk - 1) + 1]
Wk + DT [n(c =D+ T [ = D = 1)+ 17°
16k (14381 — ,/2)?
RS (1 — o)
_ 16x2
T (VK + DA

16k K3?

Now, for the last two elements of the sum, we have

[14+ O(ay)]

¢ (1—-2/7)° 3 2
——— =4 1-2/T)—f(1 -3
A1 =21 1< (f ( /T —f( /7))
B 16k2 [1—5/QT) +5/QRT/k)]?
P4 Vo) [14+6/T2 —5/T+ 6/(T%k) — 12/(T2/x) + 5/(T/x)]*
16k2 1
T (1 + Jo)? [HO(?)}
16k K
=5 +0(5)
and
a1 —1/1)? 3 2
——— =4 1-1/)—f(1=2
A 1Ty i (f ( /T —f( /7))

_ 16«2 [1—3/Q27) +3/Q2T/Kx)T?
C TP+ VO [+ 2/T? = 3/T+2/(T2k) — 4/(T2k) + 3/(T/)1

16k2 1
BEETENE [1 O (?ﬂ

o)
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Therefore, for all 7 in the sum, we have an upper bound of 16« /72 up to leading order. The total upper bound for the sum
of ¢1(n/T)?*/(T>A(n/T)) fromn = 1to T — 1 is therefore

-1 . 3/2
ST a ) =1+ 0 (). (G15)

n=1

which is given in Eq. (99).
Next, we show the upper bound for the sum of the elements ¢, (s)2/(T? A(s)?), which is given in Eq. (100) above. When
1/T <s <1-—23/T,we have

&1 (n/T) _4 [f (/D —f (n=1/DP
PAm/T? (A =f((n+3)/T)+f((n+3)/D/k)?

42 [BHmk - +T] @ - 1) (Vi - 1) +21]
W+ D [ak =)+ 1] [ = Dk = 1) + 17

B 165 (1 — /2 (1 + 3a)*
C[T+n(Jk — DRk +1)? (1 —a,)*
16x2
= 1 n
T+ ne — P+ 1 O @]
16k K32
<t @ (?) . (G16)

Because the sum starts from » = 0, we need the following upper bound:

ao? _, fQ/n?

2A0)2 (1 =fG/D)+f(G/D/k)?
4 (e —D+1) (r—1+21)°
- Wkt 1)? T (V& — 1+ 7)°
16 (L a/2)2(1 + 3ag)?
(Ve + 1212 (1 +ag)*
. 16«2
(WK 1)1

16 3/2
- ?K +0O (%) . (G17)

We also have to upper bound the cases where s = 1 — 1/T and s = 1 — 2/T. This upper bound is the same as we have in
Egs. (G13) and (G14) but now with 1/«? in the denominator rather than 1/«3, so we obtain

[1+ O(a0)]

&l =2/1) 2 »_ 16 <1>

LA g 1—2/T)—f(1-3 =—+0(= G18

R gy = U= YD—f =3 = 54+ 0( 5 (G18)
and

&1 —1/7)? 5 , 16 < 1 )

— - =4 1-1/D—-f(1-2 ==+4+0(=)- G19

A0 117 K= (f ( /T) = f( /D) =5 +0( 5 (G19)

There are T terms in the sum and each is upper bounded by 16/7 to leading order except that at n = 0.
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We therefore obtain

ﬁ)
. o) it
TPA(m/T)? — T e + < T

- o (%),

n=0

. - (G20)

This is the result given as Eq. (100) above.

So far, we have used A, which is the gap for the spe-
cial case of Hermitian and positive-definite 4, and we use
a factor of 2 to account for general 4 and the block encod-
ing, so the actual gap is A’ > A/2. This means that we
need T > 8¢1(n/T)/ A(n/ T) to use the second discrete adi-
abatic theorem. We show that choosing 7' > 39./k ensures
that inequality holds. The general principle is that ¢, (r/T)
involves a maximum over neighboring steps separated by
1/T and so will decrease with 7. The quantity A(n /T)
involves a minimum over neighboring steps and increases
with 7. As a result, the ratio ¢;(n/T)/ A(n/ T) decreases
with T and so to upper bound the ratio one can simply use
the lower bound on 7 to compute it. We then find that the
ratio approaches its upper bound for large «.

For the case 1 < n < T — 3, note that

(1 — ,/2)(1 + 3a,)*
(1 - an)z

(G21)

is monotonically increasing for «, € [0, 1]. Next, if we
require 7 > 39./k and n > 1, then the maximum value of
a, is for T = 39./k and n = 1, which gives a, = (/k —

we have
&) 4k
Am/T)  [1+n(x —D/TI(Vk + 1)
(1 — a/2)(1 + 3a,)?

(1 _Oln)2
_ 39«
8[1+n(vi — /TN + 1)

< %9& (G23)

Therefore, we can ensure that T > 8¢ (n/T)/ A(n/ T) for
1<n<T-3.
Next, for the case n = 0, we note that

(1 +a0/2)(1 + 3a)?
(1 + ap)?

(G24)

is monotonically increasing for «g € [0, 1]. Then, taking
T > 39./k, we have a maximum value for ag of (/k —
1)/(394/k), which gives

(14 a0/2)(1 +3a0)®>  3(14/kk — 1)*(79/k — 1)

(1 4 ag)? 26./k (40 /K — 1)2
(G25)

This is monotonically increasing with « for k > 1 and has
a limiting value of 11613/10400, which is less than 5/4.
That then gives

1)/(40/k — 1). If we take this value of «,, then we obtain ¢1(0/7) . 4k (14 ap/2)(1 4 3ap)?
AO/T) Vrk+1 (1 + a)?
(I — /(1 +3e,)* 43k — 479k — 1) 50
(1 —a)? O 30426(40/kk — 1) <
(G22) JE+1
< 5Jk. (G26)
This is monotonically increasing with « for ¥ > 1 and has
a limiting value of 146071/121680 < 39/32. Therefore, = Next, forn = T — 2, we obtain
|
&1 —2/T)
L2 e (1 —2/1) — £ (1 = 3/T))
Al =2/T)
2 & 2T —5)+3
K K[V ( ) +3] G27)

T+ Vo) (T = 2)(T = 3) + k(5T — 12) + 6]

This is monotonically decreasing with T, so we can maximize it by taking the minimum value 7 = 39./k, which

gives

a(1-2/n _ %

6591x3/2(78x — 5/k + 5)

Al —2/T) ~ (14 k) (13 — ik + D2(39% — 2/k +2)2

< 4.

(G28)
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The function of « is monotonically increasing and
approaches its supremum of 4 in the limit « — oo. Hence
T > 39./k guarantees T > 8¢,(1 —2/T)/A(l —2/T).

Next, forn = T — 1 and n = T, we obtain

&1 = 1/7)

——=2kT¢( A -1/ —f (1 -2 ,

X1, ~ 2T A= D=1 (1 =2D)
&)
< =2kT(f (1) —fA-1 . G29
Ry = XIC D=7 A=1D). (@)

However, it is easily shown that /' is a convex and mono-
tonically increasing function, so the derivative is decreas-
ing and the differences in f must be decreasing. That
s,

c1(1) - ci(1—1/T) - ci(1—-2/T) -
A() T AQ-1/T) T AQ—=2/T)

4. (G30)

Hence T > 39./k guarantees T > 8¢;(1 — n/T)/A(l —n/T)
for these two cases as well.

3. ¢;(s) summation

Next, we show the upper bound given in Eq. (101).
Using Egs. (G4) and (G2) for 1 <s <1 —3/T, we have

_ow/D 1 Af () TY? + |f " (n)T))|
PAm/T? TP —f((n+3)/D)+f((n+3)/D)/k)?

K (143a)* (G + 8y - 3)
= e+ 1) a, YK
< 2 (143
= T2(Jk + 1) n
22k K3?
where
T

We need to separately consider the case s=1—1/7,
which gives

(1 —=1/T) K2 ) 5 .
— 77— (4f'1-1 1—1
TPA(1 —1/T)? IQ(V( /DF+1"a=1/D])

. 27243
W+ DAK(T =1 + D
x (3k + 5+ 168 + 88%)

6k 1
= +o(7)

(G33)

where

5= k-1
k(T —=1)+1

Similarly, we obtain

= O(1/T). (G34)

HA—=2/T) «?

m — @r'a=2/DPF+ "1 -2/DI)

=7
2723
T (e DT -2) +2)
x (3 + 5+ 328 +328%)

6K 1
= el + O (ﬁ) , (G3)5)
where this time
R, _
s = Je(T=2) 12 =00/7). (G36)

Finally, since there are 7' — 1 terms in the sum and each is
upper bounded by 22« /T? to leading order, we obtain

-1 .
¢ (n/7) 22k (K3/2>
———<—+0(—=). G37
;TQA(n/T)ZS —+0( 7 (G37)

This is the bound given in Eq. (101).

APPENDIX H: PHASE FACTORS IN THE
ADIABATIC EVOLUTION

One would normally consider the eigenspace of interest
in a single group for the adiabatic theorem. In contrast, here
the eigenspace of interest is separated in two parts, corre-
sponding to 1, and the remaining eigenspace is separated
by a gap in two parts in the upper and lower halves of the
complex plane. In order to address this, one can instead
consider just the eigenvalue 1 as the eigenspace of interest,
which is then in a single group. Then, the discrete adiabatic
theorem can be applied unchanged to show that the state is
correctly mapped to the final eigenstate. Similarly, one can
just consider the adiabatic theorem with —1. Since using
the adiabatic theorem separately on each eigenstate shows
that it properly evolves to the final state, the superposition
of the two eigenstates must also do so.

To be more specific, as discussed in Egs. (10)+13) of
Ref. [24], the eigenvectors of the walk operator are of the
form (correcting a missing i in the reference)

1
75 (10), 1k}, £ 1710k ) 4)

where |0), is the zero state on the ancilla, |k), is the
eigenstate of H of energy E; on the system, and |0k%),

(HT)

040303-43



PEDRO C. S. COSTA et al.

PRX QUANTUM 3, 040303 (2022)

is a state orthogonal to |0), on the ancilla. In our case,
the target eigenvalue of the Hamiltonian is £; = 0, which
yields eigenvalues of =1 of the walk operator with these
two eigenstates. When we have a positive superposition
of the two eigenstates, then the resulting state is the solu-
tion given by |0), |k),. In contrast, if we have a negative
superposition of the two eigenstates, then the result is the
nonsolution state |0k1),,. In the adiabatic evolution, we
start with the positive superposition and we must maintain
that positive superposition at the end in order to obtain the
solution. Therefore, we should show that there is no phase
factor introduced by the adiabatic evolution.

To show this, it is again sufficient to consider the evolu-
tion of each eigenvalue on its own. To obtain the phase fac-
tor, it is sufficient to consider the exact adiabatic evolution
given by the adiabatic walk operators

Wa(s) = V(s)W(s)
= V(s',5)7'S(s, s)W(s)
= [S(s',)S (s, )17 /2S (s, 5) W (s)

= [P(sP(s)P(s") + O(s)Q(s)O(s)] /2

x [P(s)P(s) + Q) Q()]W(s), (H2)

where s’ = 5. (We are swapping the s’ and s from the way
S and V were given originally.) For the case in which we
are interested, there may be multiple states within the spec-
trum of interest but they are orthogonal. More specifically,
J

there is the solution state (ground state of the Hamiltonian)

Af(17'b
O b

as well as a nonsolution state of the form

0
(b) . (H4)

In that case, the product of projectors is of the form

(H3)

P(s)P(s) = Z 127 (N) (4 ()14 (9)) (A ()]

Ji’

=Y Oy () (D) (A 9], (HS)
j

and, similarly,

PPEPE) = Y | ()12 )) 212765 (g ()]
J
(H6)

We use |A; (s)) to indicate eigenstates, including for degen-

erate eigenvalues. What this means is that we cannot flip
between orthogonal eigenstates in the spectrum of interest

during the (exact) adiabatic evolution and we do not have
the solution state leaking into the nonsolution state.

For the eigenstate |, (s)) in the spectrum of interest for
W(s), we have

[P(s)P(s)P(s) + Q) Q) Q)] [P(s)P(s) + Q(sH Q)] (s) |2 (5))
= 1 ()[PPE)P(s) + Q) Q) Q)] /[P(s)P(s) + Q) O(9)] 14 (5))
= 2 () (& ()% (5)) [PsP($)P(s) + Q)OS O] [ (s))
= 25 (8) (& ()27 () [ Oy ()12 () 1P 125 (D) (4 (D172 145 ()

(A ()12 (9))

T ey o) |

|2 (s)) -

In the second line, applying W(s) gives the eigen-
value. If this eigenstate is |A;(s)), then applying
P(s")P(s) + O(s)O(s) gives the updated state |A;(s"))
times (A; (s')|; (s)). Then, applying V(s,s)~! cancels the
magnitude of (A, (s")|A; (s)) and we only have its phase.

For our application, the eigenvalues of W(s) are =1 but
provided that the total number of steps of the walk is even,
then this sign flip cancels out. Ideally, we would show
that (A; (s")|A; (s)) is real in order to show that there are
no spurious phase factors. However, it is sufficient to just
show that any phase factor from (A; (s')|2; (s)) is the same

(H7)

(

between the £1 eigenvectors of W(s). The eigenstates of
W(s) are given as in Eq. (H1). In order to describe the inner
products between the eigenstates at successive time steps,
let us use k; and k,. Then, the inner product of eigenstates
at successive steps is

1

5 (al01 stk F das{OKF) (10), Ika), £ 110k ),,)
1

= (S(kl |k2>s + dS(Okll|0k2L)as) .

5 (H8)
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Here, we use =+ to indicate that we are using +1 for both
steps or —1 for both steps. The crucial result here is that the
inner product does not depend on whether we are consid-
ering the +1 or —1 eigenstates. This means that there may
be a phase factor but it will be the same between the +1
eigenstates. The one caveat is that we need to use an even
number of steps to avoid a —1 factor but it is always pos-
sible to slightly adjust the schedule so that there is an even
number of steps and that does not change the asymptotic
scaling of the number of steps needed.

The net result of this is that the adiabatic walk with
the qubitized walk operator still works, despite there being
separated eigenvalues at £1. Here, we do not need to use
any special properties of the Hamiltonian other than that
the eigenvalue of interest (for the Hamiltonian) is 0, so this
result may be used for applications other than solving lin-
ear equations. If there was a nonzero eigenvalue that was
known, then it would be possible to add a multiple of the
identity to rezero that eigenvalue and the above method
would again work.

APPENDIX I: UPPER BOUNDS OF THEOREM 10
WITH1 <p <2

In this appendix, we prove Theorem 10 for general pos-
sibly non-Hermitian matrix 4. We use consistent notation,
as follows. The time-dependent Hamiltonian H (s) is given
in Eq. (71), where the schedule function f'(s) follows from
the definition in Eq. (68). The spectral gaps of H(s) are
lower bounded by A/ (s) as defined in Eq. (82). We remark
that in the proof we also use the notation Ay(s) defined in
Eq. (67) but this is only for the quantities related to the
schedule function f'(s) and the spectral gap of H(s) in the
general non-Hermitian case should be A (s).

In order to show the linear dependence in 7 on «, we use
Theorem 3 and calculate the scaling of each term. There
are two main difficulties: estimates of finite differences of
the walk operator and different discrete time points used in
Theorem 3. To overcome the first difficulty, we establish
a connection between the discrete finite-difference coeffi-
cients ¢;(s) and the corresponding continuous derivatives
of the schedule function. Then, according to the definition
of the schedule function in Eq. (68), this can be directly
related to the spectrum gap and canceled with the denom-
inators in the error bound. For the second difficulty, we
use the continuity and monotonicity of the spectrum gap in
the linear-systems problem to unify the time points, at the
sacrifice of larger preconstants.

We first reformulate the coefficients ¢; and ¢, which
were previously given in Lemma 8. Here, we use a slightly
different version with continuous time values, that

ci(s) =2 max

T€ls,s+1/T]N[0,1

]If’(f)l 1)

and

c(s) =2 max

12
Tels,s+2/T]N[0,1 ( )

](2lf’(r)|2 + I ().

Note that the choices of ¢; and ¢, here are even larger
than those in Lemma 8. Then, we can use the definition of
the schedule function to establish the connection between
cr(s) and the spectrum gap.

Lemma 20: Consider solving linear-systems problems
using discrete adiabatic evolution with the schedule func-
tion defined in Eq. (68). Then, the walk operators satisfy
the following:

(1) Forany0 <s <1—1/T, we have

ci1(s) = 2d, Ag(s). 13)

(2) Forany0 <s <1—2/T, we have

c2(s) = 4dy Ao(s)? +2dop (1 — 1/K) Ag()* .
(14)

Proof. According to Lemma 8, we only need to com-
pute the derivatives of the schedule function. The first-
order derivative directly comes from the definition of the
schedule function, according to which

f'(@) =dy Ao(T). 5)

For the second-order derivative, we have

d
fl@ = (d, (1 —f (@) +f @/K)F)
=dp (1 —f (@) +f @) /) (=14 1/K)f'(7)
=dop(—1+1/K)Ao(T)? 7" (16)

The proof is completed using the monotonicity of Ag. W

In the error estimate in Theorem 3, we encounter tak-
ing the maximum or minimum of several consequent time
steps, which poses a technical difficulty in calculating the
scaling of the error. In the following lemma, we show how
to resolve the different-time-point issue.

Lemma 21: Let A(s) denote the quantity defined in
Eq. (67) and let Aj(s) denote the spectral gap of the

Hamiltonian H (s). Assume that T > 16(y/2)? (%) =
OP~"). Then, for any s < s' < s+4/T, we have

4 4
Ap(s) < ng(S’), Agy(s) < gA’o(S’)- I7)
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Proof. Since Ay(s) = Ag(s)/2, it suffices only to prove that Ay(s) < %Ao(s’). We define Ajjpear(y) = 1 —y + y/k. Then,
Ag(s) = Ajinear(f (5)). Since A(s) is a monotonically decreasing function, it suffices to prove that Ag(s)/A¢(s +4/T) <
4/3. We first compute the derivative of the gap,

dAlinear (f(S))

d d

%AO(S) = (Atinear (f (5))) = df f'(s) = (=1 4+ 1/)d, Ao (s)’. (I8)
Then, forany 0 <s < 1—-4/T,

4 , , 4

[Ao(s) — Ao(s +4/T)| < ?S’G[I;lsiﬁ/ﬂ |dAo(s")/ds'| = }(1 — 1/K)dy Ao ()’ (I9)

and thus
Ao(s) 14 Ao(s) — Ag(s +4/T)
Ao(s +4/T) Ao(s +4/T)
<1+ 41 = 1/K)dy Ao(s)P™" Ag(s)
T Ao(s+4/T)

14 4(1 —1/x)d, Ao(s)

< . (110)
T Ao(s +4/T)

It has been computed in Ref. [15] that d, = ip# (kP! — 1). Together with the assumption that 7 > 16(V/2)? (&> ,

1 k-1 p—1
we have
4(1 — 1/k)d, 2P /2+2 1
U= 1ody _ W =) < - (111)
T T(p — 1) 4
and thus
A 1 A
0(s) < 1 0(s) ’ 112)
Ao(s+4/T) 4 Ao(s+4/T7)
which implies Ag(s)/Ao(s +4/T) < 4/3. |

Now we are ready to prove Theorem 10, the complexity estimate of using discrete adiabatic evolution to solve linear-
systems problems.

Proof of Theorem 10. Let A’(s) be the multistep gap of H(s), i.e.,

Aé(s)s 05S§1—2/T,
A=A, s=1-1UT, (113)
Ays), s=1,

and let A’ () be an adjustment for A’(s) at neighboring points:

A(s) = min A'(s). (114)
s'e{s—1/T,s,s+1/T}N[0,1]

The proof is organized as follows. First, to simplify further computation, we unify the time in the hat and check notations
by applying Lemma 21. Then, we verify that the assumptions in Theorem 3 are satisfied. This is followed by the majority
of the proof, in which we estimate each term in the error bound in Theorem 3.
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To simplify the computation, we first unify the time in the hat and check notations by applying Lemma 21. More
precisely,

R 2d, A (0)?, =0,
&i(s) = max o) = | 24200 y (115)
s'e{s—1/T,s,s+1/TIN[0,1—1/T] 2d,Ao(s — 1/T), 1/T<s=<1.
Applying Lemma 21 to change all the discrete times to s, we have, forall 0 <s < 1,
2p+1
c1(s) < ¥ dy Ao (). (I116)
Similarly,
R 4d% Ao (0)% + 2pd> (1 — 1/K) A (0) 71, s=0
cs) =19, 5 2 2 -1 (117)
4d,Ao(s — 1/D)¥ + 2pd,(1 — 1/k)Ao(s = 1/D)*F~", 1/T<s=<1-1/T,
and forall0 <s <1-—1/T,
4p+2 ) , 24p—1 ) 5
e2(9) = 5 di A0 + Ty (1= 1/ 8097 (118)
For the spectrum gap, by Eq. (G2) and Lemma 21, we have
<, 3, 3
A(s) = ZAO(S) = 2—3A0(S). (I19)
Note that, by Egs. (I16) and (I119),
A 22p+1 23 22p+6d A p—1
459 2 Ay _ r ‘f(s) < 384,. (120)
Ris) — 3 300(5) 3
Therefore, the assumption that 7 > 38d,, ensures that the assumption in Theorem 3 is satisfied.
Combining Egs. (116), (I18) and (119) and the fact that
op/2 2l+p/2
d, = L wr'-1< P (121)
p—lk—1 p—1

we are now ready to bound each term in the error bound in Theorem 3. The first three terms (i.e., the boundary terms) in
Theorem 3 can be bounded as follows:

¢ (O) 22p+1 26 22p+7d 28+5p/2 Kp—l
! Ao (0) = P , (122)
TA0)2 ~ 3¢ 7 32TAG(0)2 32T — 3p2(p—1) T
A 2p+1 6 2p+7 8+5p/2
ad _2 d, Ag(1)? r _ 24 2 © (123)
TA'(1)2 — 3 32TAG(1)2 3P2TAG(1)2» — 3p+2(p - 1) T
and
6i(1 22p+1 23 22p+4d 25+5p/2 1
alh 27 4 Ay . V() (124)
TA'(1) 3r 3TAH(1) 3p+lT pHp-1)T
Again by Egs. (I16), (I18) and (I119), the last three terms in Theorem 3 can be bounded as
g Yy Eq
T—1 4 -1 dp+11, 2 T—1
¢1(n/T)? 2% 2p 1 2° _ 2vTd, 2p-3
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= ¢ Gl 4p48 2 T—1
_aw/1y? e 1l 2 275 -2
; 2R/ (n) T)? < ZO 3 —5—d Ao(n/T) T2 Y hgG T~ 39772 ZAo(n/T) (126)

and

T-1 A -1
24p+2 1 26
PR I T

n=1 TzA/(”/T)Z n=1 3% 32A0(I’l/T)2
V24! 2 -1l 2°
+Z32,, Py (1= 1/ o/ D™ s
24p+8d2 -1 24p+5pd T—1
= e ZAO(”/ DY 4 S (1= 10 ) 8o/ DY (127)
n=1

To proceed, we need to bound the summations % Y"1 Ag(n/T)%~2 and £ 3"1—) A¢(n/T)* 3. Note that the summations
are in the Riemann-sum form. The idea is then to approximate the summations by corresponding integrals and to bound
both the integrals and the difference terms. More precisely, according to Ref. [28], for any continuously differentiable g(#)
on the interval [a, b], we have

b (b — a)?
/a gdt — (b —a)g(a)| < 7 max lg' )] . (128)
This implies that
-
[ eoa— S| < 5 e O )
If we further assume g(#) > O for all ¢, then
-1 | !
—Zg(n/n < f sirt 3 3 e 0. (130)

By taking the function g(#) to be A¢(£)*?~2 and A ()%’ 3, respectively, we can bound the desired summations.
We start with the summation of A(z)p -2, By change of variable x = f (), the integral can be computed as
1 1
/ Aoty 2dt = / (A =10 +f /)P dt
0 0

1
dp(L=f +f /1)

1
- / (U —f 41 /i) df
0

1 1
-~ [ a- =24
| a-s s

1 k27 kPl —1
= — _ 131
d,p—1 k-1 (31

The derivative can be computed as

d%Ao(t)z‘”_2 =2 = D=1+ 1/0)d,(1 =f @)+ 0/K)7 > = 2p =2 (=1 + 1/i)d, A1) . (132)
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Therefore, according to Eq. (I30) and the fact that Ay(?) is bounded by 1, we have

= 1 27 kPl =1 (p—Ddyk —

_ A 2]7 2 A 3p -3
Z s s I Z o(n/T)
1 k27 kPt =1 (p—1Dd,«k —
< — A 2p—2
“dyp—-1 k-1 + 12 Z o(n/T)
n=0
1 k2P Pl = ) = 5
< — —_—+ == P2 133
A R TT; Ao(n/T) (133)
By the assumption that 7' > 38d,, we have d, /T < 1/38 and thus
T—
1 1 Kz_” kP~ —1
) A < — —_— A »-2, 134
T; o/ D S e 38TZ o(n/T) (134)
Solving the summation from the above inequality leads to
-1
38 1 k277 Pt -1
— ZAO(H/sz 2 < Ko =2
37 dpp -1 k-1
< 38([; ) ! (I35
37 d,’

where the second inequality follows from x>~7 % <1

The summation of A(z)p ~* can be bounded similarly but requires some more delicate computations. We first assume that
p # 1.5 such that 2p — 3 # 0. Again, the integral and the derivative can be computed as

1 1
f Ao(O¥3dt = f (I —fO+fO/)Pdt
0 0

1
dy(1 —x +x/K)P

1
:f (l—x—l—)c/fc)zi”_3
0

1 1
= —/ (1 —x +x/Kk)P3dx
dy, Jo

1 1
d2 p/c—l

«*¥P —1) (136)
and

%Ao(t)zp P=Qp =31+ 1/0)d, (= O+ /)P = Q2p =3 (=1 + 1/)d, Ag()P . (137)

According to Eq. (130), we have

11 2 —3|d, k —1
—ZAo(n/W“ L e TS g

- d 2—pKr—1 277 K A e/t )/ T)

1 1 o« 12p —3|d, i — 1 =2
< (7 -1 b A max  Ag()¥ 3. 138
“d,2—pk— I(K )+ 277 K ngte[n/t,(nj—(l)/T] o (138)

Since Ag(#)%*~ is always monotonic, max;efn/7,m+1y,1] Ao()% ~> becomes either Ag(n/T)% =2 or Ag((n + 1)/T)* 3. The
corresponding summation is then bounded by either 3"/ Ao(n/T)% =3 or 31— Ao((n + 1)/T)%~3, both of which can
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be bounded by Y"7_, A¢(n/T)%~3. Then,

= 11 o« 2p —3ldy k —
_ A 2p—3 - - 2—p 1 A 2p-3
§j e L R n§0 o(n/ T)
< i;L(KZ—P 1) _|_ Zr § Ao(n/T)% 3. (139)
Tdy2-pk—1

Again using the fact that d, /T < 1/38 and separating the term with » = 7 in the summation on the right-hand side, we
obtain

T—1
1
- A 2p— 3 2—p_1 i A 2p—3
n§0j /DY < s e >+38T§: o(n/T)
T—1
11 5 11 R WS
< T4+ ——> A s 140
_dpz_pK -k >+38TnZ; o(n/D¥ 7 4 o — (140)
Solving the summation gives
381 1« 1 k3%
— 2 :A -3 < 2=r _ 1 —
7 s AT
38 1 k3%
<2 ey (141)
37d,(2 — p) 37 T

where the second inequality follows from x?~! 2 pl L < 1. Note that the above estimate also holds for p = 1.5 since when
p = L.5, the left-hand side is a constant 1 and the right-hand side is always larger than 1.

We are now ready to bound the last three terms in Theorem 3. By inserting Eqs. (I35) and (I41) back into Egs.
(I125)«127) and using the representation of d, in Eq. (I121), we have

S e,lv(n/T)Z - 24p+lld 38 1 27p+24[’+11d127i1{3—2p
— RT3 ~ 3T 372-p 39437 37 T

24p+1219d 2 24p+11d2 3-2p
- - *P [
33370 — p) T 32P+337T T
- 2134219 € 2%+ K (142)
33T —p)p — )T 337 — 1)2 1%’
Tii am/n® 2082 38 e O (143)
N mT? T 3T 3 - Dd, ~ 3WH37(p -1 T
and
Ti &/ 20T 381 N 29pdl e —1 (381 1« 1y LK 3-2p
< - T K= E — P
— ATy " 3T 37 —1d,  3HT k. \37d,2—pi—1 37 T
o 2%719d, 29 H019pd, (1> — 1) 2% pdl i — 113
3% 237(p — DT 32+1372 — p)T 3%+H137T kT
210+9p/219 p—1 27+9p/219 25p+7
ad Ld £ P (144)

< — .
=337 12 T 3310 —pp - DT | 337 — 1)
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Finally, inserting Eqs. (I122)124) and Eqgs.(I42)«144) into the estimate in Theorem 3, the adiabatic error can be
bounded by

28+5p/2 Kp—l 28+5p/2 K 25+5p/2 1
12 + 12 = +6 -
pR2p—-1) T H2(p -1 T pHp—-1)T
213+9p/219 K 25p+13 K 210+9p/219 Kp71
305 — 0SS +4
+ 33372 —p)p — 1T + 3+337(p — 1)2 T2 + 3w+237(p — 1) T
210+9p/219 Pt 27+9p/219p K 25p+7p K
32 32 — 22—
+ 3w+237(p — 1)2 T + 3H372—p)p— 1T + 32+137(p — 1)2 T2
1
< (ﬂl)K sz)K = K (j4> 145
%7 -+ T )
where
W 28+5p/2 213+9p/219 27+9p/219p
C’ =12 + 305 + 32 , (146)
’ 3p+2(p — 1) 33372 —p)(p — 1) 3H1372 —p)(p — 1)
C(Z) D 28+5p/2 Y 210+9p/219 Y 210+9p/219 (147)
r 3p+2(p — 1) 32+237(p — 1)2 32+237(p — 1)2’
25p+13 25p+7p
CP =305 32 , 148
P 32p+337(p _ 1)2 + 32p+137(p _ 1)2 ( )
@ 25+5p/2
This completes the proof of the first part by defining C, to be the largest constant factor in Eq. (I45):
Cp :=max CY’. (150)

J

The second part of Theorem 10, which is T = O (k/¢€), follows directly from this bound by noting that each term of the
adiabatic error in the first part can be bounded by O(x/T). |

APPENDIX J: ADDITIONAL DETAILS FOR FILTERING

Here, we give a proof of the upper bound on the norm of the difference of states for filtering. We are assuming that
w(¢) = 0 for the desired part of the spectrum and that the initial probability for the desired part of the spectrum is at least
1/2. Then, the squared norm for the undesired part of the state is

< (max w(ask)) (wau ) (&1)

kel

2
P(L) =

> (v k)

kel

where we are using L to denote the set of undesired states. Recall that this is part of a state that is not normalized. The
squared norm for the desired part of the spectrum is

P(L) = il (J2)
ket

where [ indicates the desired part of the spectrum. As a result, the normalized probability for the desired part is lower
bounded by

P D key 1Vl - 1
P+ P ™ 3, Wl + (maxeer W) (Xpey 1Wel?) — 1+ (maxeer w(ge)®

(J3)
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where the second inequality comes from assuming that the initial probability for the desired part of the spectrum is at least
1/2. Given this probability, the norm of the difference from the desired state is

1+ (maxges W(gn))> kel

\/2 2 5 < max w(¢y). J4)

Next, we give a more explicit description of the sequence of rotations needed for the filtering. The first rotation prepares

the state
1
W l0)+ D w1y ] (J5)
Zj Wi Jj>0

1> wi 110) > wr [10) + > wy [11). J6)
Jj>0 j>1

In general, the controlled rotation with qubit & as control and & + 1 as target maps

1> w110y = wi [10) + [Y wy [11). a7
j>k J>k

If one were to perform the rotations for the preparation in the reverse order, one would use a rotation on the last qubit to
take zero to

The first controlled rotation gives

£—1
D oW 10) +vwe D) | (I18)
Zj Wi Jj=0

Then, the controlled rotation would take

£—1 =2
D w110y > [ " wy [00) + /wey [10). (9)
j=0 j=0

Inverting this rotation gives

-1 -2
D Wi 100) > | " wy [10) — w1 [00), (J10)
\ /=0 j=0
-1
D wi 110) > wer [10) + (J11)
\i=
More generally, the rotation with qubit £ + 1 as control and & as target gives
k-1
> " w; [10) = /wy |00) (J12)
j=0
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k
D wi 110) > we [10) + (J13)
j=0

This means that the sequence of two controlled rotations gives

> w1 b 10y + D wy 1)
Jj=k Jj>k

\/W— k—1
o 2 (104 | Y 100) |+ 3w 1) (J14)
ijoWj j=0 J>k

and

k—1
D wi 110) — we [00) | . J15)
j=0

Projecting onto |1) on the first qubit then gives the mapping

1 Wi
1) 0)+ [ wiI) J16)
\/ 2=k Wi \/ oW j>k

k-1
Zj =0 W

k
Zj:O Wi

To see the effect of this, let us consider £ = 1, so that we are considering the operation immediately after the qubit rotation
and controlled ¥ on the target system. Assuming that the target system is in an eigenstate with eigenvalue e’ the state at

this point will be
1 )
e l0)+ D w1y | (J18)
Zj wj >0

Wo

! 0) + € | ————100+ > wii|]. (J19)
\/ZJWJ \/Z;:owj NOIST j=1

1 wo + e®w ‘
0 - L0y + € D w1y | (120)
\/Zi Wj \/ijowj j>1

Thus we can see that we have the desired weights w(y and w; on the |0) state and that the |1) state is flagging the remainder
of the linear combination still to be obtained. More generally, after performing the controlled rotations between qubits k&
and £ + 1 and the projection onto |1) on the ancilla qubit, the state will be of the form

.
Zf—ok 210y + & > win . (J21)
Vo \JSw =k
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