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Abstract

We present a classical algorithm that, for any 3D geometrically-local, polylogarithmic-depth
quantum circuit C acting on n qubits, and any bit string x € {0,1}", can compute the quan-
tity | (x| C |0%") |? to within any inverse-polynomial additive error in quasi-polynomial time.

It is known that it is #P-hard to compute this same quantity to within 2~ additive error

[Mov20, KMM21]. The previous best known algorithm for this problem used O (2”1/3 poly(1/€))
time to compute probabilities to within additive error e [BGM20]. Notably, the [BGM20] paper
included an elegant polynomial time algorithm for this estimation task restricted to 2D circuits,
which makes a novel use of 1D Matrix Product States (MPS) carefully tailored to the 2D geom-
etry of the circuit in question. Surprisingly, it is not clear that it is possible to extend this use
of MPS to address the case of 3D circuits in polynomial time. This raises a natural question as
to whether the computational complexity of the 3D problem might be drastically higher than
that of the 2D problem. In this work we address this question by exhibiting a quasi-polynomial
time algorithm for the 3D case. In order to surpass the technical barriers encountered by pre-
viously known techniques we are forced to pursue a novel approach: instead of using MPS
techniques, we construct a recursive sub-division of the given 3D circuit using carefully de-
signed block-encodings. To our knowledge this is the first use of the block-encoding technique
in a purely classical algorithm.

Our algorithm has a Divide-and-Conquer structure, demonstrating how to approximate the
desired quantity via several instantiations of the same problem type, each involving 3D-local
circuits on about half the number of qubits as the original. This division step is then applied
recursively, expressing the original quantity as a weighted combination of smaller and smaller
3D-local quantum circuits. A central technical challenge is to control correlations arising from
entanglement that may exist between the different circuit “pieces” produced this way. We
believe that the division step, which makes use of block-encodings [GSLW19, LC16, AG19], to-
gether with an Inclusion-Exclusion argument to reduce error in each recursive approximation,
may be of independent interest.

*Authors are listed alphabetically.
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1 Introduction

Many schemes for obtaining a quantum computational advantage with near-term quantum hard-
ware are motivated by mathematical results proving the computational hardness of sampling from
near-term quantum circuits. In this work we consider quantum circuits which are geometrically
local and have polylogarithmic circuit-depth. It is known to be #P-hard to compute output prob-
abilities of n-qubit, geometrically-local, constant-depth quantum circuits to within 2~ additive
error [Mov20], a result which builds on an extensive line of research focusing on the hardness
of sampling from quantum circuits [AA11, BJS11, BMS17, NSC*17, BENV19]. It has even been
shown, under several computational assumptions, that there is no classical polynomial time algo-
rithm which, given a geometrically-local, constant-depth quantum circuit, K, can produce samples
whose distribution lies within a constant, in the ¢; distance, of the output distribution of K in the
computational basis [BVHS18].

On the other hand, a series of works on the classical complexity of sampling from near-
term quantum circuits, and related tasks, highlights the subtle nature of identifying an actual
quantum advantage based on these tasks [DHKLP20, HZN 20, NPD"20]. These results frame
the significance of the algorithm presented as Theorem 5 in [BGM20], which estimates output
probabilites of 2D-local constant depth circuits to inverse polynomial additive error in poly-
nomial time. In fact, the original algorithm in [BGM20], actually estimates quantities of the
form (09"|C* (®"_,P;) C|0®"), where each P; € {X,Y,Z, I} is a single-qubit Pauli observable
operator. However, it is straightforward to convert their algorithm to compute the quantity
(0% CT (@1 |x;) (x;]) C 0%y = | (x| C|0%™) |2, x € {0,1}", instead. Theorem 5 of [BGM20] con-
stitutes a pertinent observation. While it is hard to sample from constant-depth quantum circuits,
it is still unresolved whether it is hard to estimate any property of such a circuit which could have
been computed using a polynomial number of samples from the output of the quantum circuit
itself. In particular: A polynomial number of samples from a 2D-local, constant-depth quantum
circuit only allows one to estimate output probabilites of that circuit to inverse polynomial addi-
tive error. But, it is shown in Theorem 5 of [BGM20] that this same task can be done in classical
polynomial time! One might ask: Is there a well-defined Decision problem which can be solved
using only a polynomial number of samples from such a quantum circuit, together with classical
post-processing, and yet cannot also be efficiently solved using classical computing alone? This is
unknown.

We note, at this point, some basic facts about the task of computing the quantity
| (09| C]0®") |2 which explain why we can focus on this task WLOG, and may motivate our in-
terest in it:

* If there is an algorithm to estimate the quantity | (0%"| C |0®") |?, for any 3D-local depth-d
quantum circuit C, then that algorithm can be used to estimate | (x| C |0°") |2 for any x €
{0,1}". The reason is that | (x| C |0%") |> = | (0®"| G |0®") |?> where G is taken to be the 3D-
local circuit G = C (®!_;X*). Here X represents the single qubit Pauli operator cx. Note
that G is still a depth-O(d) quantum circuit.

* Any such algorithm can also estimate | (09"| CZ"C" |0%") |?, which is the magnitude of the
expected bias of the Parity of the output bits of C, when measured in the computational
basis. This is true by virtue of the fact that C ZnCt is, itself, a 3D local, depth-O(d) circuit. So,
this type of computational problem allows us to study the power of depth-d geometrically-
local, quantum circuits combined with certain limited types of classical post-processing, like
the Parity function.



¢ The algorithm we present in this work can easily be modified to approximate marginal prob-
abilities (e.g., the probability that x; = 1 for x € {0,1}" sampled from the given circuit, etc).
Consequently, it is straightforward to use this algorithm to search for all x € {0,1}" which
have probability at least J in the output distribution of a given depth-d geometrically-local
circuit C. That is, searching for all of the “d-heavy” strings of C. When § = 1/poly(n) there
can be at most poly(7) such strings and our algorithm can find them all in quasi-polynomial
time.

The algorithm for 2D circuits presented in Theorem 5 of [BGM20] makes a novel use of 1D
Matrix Product States, carefully tailored to the 2D geometry of the circuit in question. However,
the authors of [BGM20] point out that it is not clear that it is possible to extend this use of MPS to
address the case of 3D circuits in polynomial time. Instead they provide a sub-exponential time
algorithm for the 3D case, which has time complexity O(2""*poly(1/¢)) for computing the desired
quantity to within additive error €. In this work we introduce a new set of techniques culminating
in a divide-and-conquer algorithm which solves the 3D case in quasi-polynomial time.

Our algorithm has a divide-and-conquer structure with the goal being to divide the circuit
C into pieces, and reduce the original problem to a small number of new 3D-circuit problems
involving circuits on only a fraction of the number of qubits as the original. This division step re-
quires the ability to construct Schmidt vectors of the state C |0%"), across a given cut, via a depth-d
geometrically-local quantum circuit, so that the new subproblems can be expressed as smaller in-
stantiations of the original problem type. We accomplish this through the use of block-encodings,
a technique designed for quantum algorithms [GSLW19, LC16, AG19, LMR14, KLL*17], but used
here as a subroutine of a classical simulation algorithm instead. However, to date, we are only
able to construct, as a block-encoding circuit, the leading Schmidt vector across certain “heavy”
cuts. Due to this restriction we are forced to use a novel division step in our Divide-and-Conquer
approach. Instead of dividing about a single cut and constructing many of its Schmidt vectors
as depth-d geometrically-local block-encodings, we must divide across many cuts and construct
only their leading Schmidt vectors. Interestingly, this process can still lead to low approximation
error via an Inclusion-Exclusion style argument, as shown in Lemma 18.

These techniques culminate in a worst-case quasi-polynomial time algorithm for 3D circuits,
which is our main result:

Theorem 1. There exists a classical algorithm which, for any 3D geometrically-local, depth-d quantum
circuit C on n qubits, can compute the scalar quantity | (0%"| C|0%") |? to within 1/n'°8") additive error
in time
T(n) = 2d3po|y|og(n) (1)
See Algorithm 1 in Section 5 for a precise definition of this classical algorithm.

Note that our Theorem statement gives an inverse quasi-polynomial additive error approxima-
tion. This is, therefore, asymptotically better than an inverse polynomial additive approximation
for any polynomial. There is a more explicit trade-off between runtime and approximation error
given in Theorem 28, and in fact, Theorem 1 follows from Theorem 28 with § = 1/ n°8(" but we
use the above statement here for simplicity. Note also, when the depth, d, is polylogarithmic our
algorithm runs in quasi-polynomial time.

2 Dividing the Cube: Some Notation

Given a 3D-local, depth-d circuit C, we wish to estimate the quantity | (0"| C |0%") |2. To begin

our divide-and-conquer approach we will divide the circuit C in half via a cut through the center
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as shown in Figure 1. The width of the cut is dependent on d, and we will discuss how to select
this width below. To begin with, we make the width large enough to have the non-empty sets B,
M, and F defined below.
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Figure 1: Cutting the Cube: (left) 3D cube of qubits. (center) Choose a location to cut the qubits.
The qubits to the left and right of the cut are denoted by L and R, respectively. (right) Within the
cut there are three regions: a center region M and regions to the left and right of M, denoted by B
and F, respectively.

Definition 2 (M, B, F, R, and L (see Figure 1)). Let M be the set of all qubits in the “Middle of the
cut” (the middle part of the cut which is not in the lightcone of qubits from outside the cut). Let
B be the set of all qubits within the cut which are to the left of M. Let F be the set of all qubits
within the cut which are to the right of M. We will choose the width of M to be O(d) such that the
lightcones of B and F are disjoint. We will choose the widths of B and F to be O(d) such that the
lightcone of M is contained in BU M U F. For concreteness we set the width of each of B, M, F to be
10d. Since C is geometrically-local, this is sufficiently large width to satisfy the above conditions
on lightcones.

Let L be all qubits outside the cut which are to the left of the cut (that is, to the left of B). The
set L is colored blue. Let R be the set of all qubits outside to the right of the cut (that is, to the right
of F). The set R is colored red.

We will now define a 2D geometrically local, depth-d circuit Cpupur which can be thought of
as the sub-circuit of C which lies within the light-cone of M. Intuitively this circuit captures all of
the local information that must be accounted for in the division step across this particular slice in
our divide-and-conquer algorithm.

Definition 3 (Cpumur). Now, let us begin with the all zeroes state on all the qubits |0); 5 pmurur =
|0arr), and apply the minimum number of gates from the circuit C such that every gate on the
qubits within M has been applied. We will call this unitary Cgypmur. Note that this unitary does
not act on any qubits outside of BU M U F. This is because the lightcone of M is contained in
B U M U F by Definition 2. Note that Cpupmur can be thought of as an approximately 2D (not



3D) geometrically-local, depth-d circuit, since the third dimension of the circuit is O(d) which for
d = polylog(n) grows asymptotically slower than O(n'/3).

We define Crr to be the unitary composed of the remainder of the gates of C not yet applied
in Cpumur, so that C = Crur o Cpumur. We define Cp, (resp. Cg) to be the unitaries composed of
the remainder of the gates of C not yet applied in Cp_pur and which lie to the left (resp. right) of
the M. Note that C; o Cr = Crur since none of the circuits Cr, Cg, Crur act non-trivially on M.
See Figure 2 for an illustration of these unitaries with a 1D geometrically-local circuit, and Figure
3 for an illustration in a 2D circuit.

Figure 2: Block depiction of the unitaries defined in Definition 3 and Definition 5 for the case of a
1D geometrically-local constant-depth circuit C. Here the vertical dimension represents the depth
of the circuit, so the rectangle has the same dimensions as the circuit diagram would. Cpypmur is
defined to be the unitary produced by the gates in the lightcone of M, which are colored magenta
in this diagram. The unitaries Cyrap, CL—wrap, CR—wrap, formally defined in Definition 5, are also
depicted here. Cyyp is the unitary consisting of all the gates in the diagram, and Cp_ 4
(resp. Cr—wrap) is the unitary consisting of all the gates acting on the left (resp. right) of
M. Furthermore, C; (resp. Cy ) denote the unitaries consisting of all the blue (resp. red) gates to
the left (resp. right) of M in the diagram. We also illustrate the 2D case in Figure 3 below.

The sub-normalized quantum state produced by Cgumur, defined below, is the state whose
Schmidt decomposition we consider in our division step.

Definition 4. Let |¢) 5 r = (0], Ceumur |0) g pur-

Note that, (0] z1, CLur [0),ur © |¥) pur = (0larL C10) arr-
(Throughout this document, the notation |0411) will refer to the zero state on all unmeasured
qubits for a given state. It's meaning will be clear from context.)

Definition 5 (Cyy;p ). Define a new unitary Cyy,, which consists of all the gates from C which are
in the reverse light-cone of BU M U F, but not in Cpumur itself. Thatis, let C;_w;qp (resp. Cr—wrap)
be the unitary consisting of all the of the gates in C which are in the reverse light-cone of B (resp.
F), but not in Cpumur itself, and let Cwyap = CL—wrap © CR—wrap- Therefore,

Clt\/mp oC= C/L o CpumuF © C}{ (2)

Where C] = CZ—me o Cy, (see Definition 3 for the definition of Cy) is a unitary acting only or
L (the remaining, untouched gates of C within L), and C; = C};_me o Cr (see Definition 3 for
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the definition of Cr) is a unitary acting only on R (the remaining, untouched gates of C within R).
Since C is depth-d it is clear that every qubit in the non-trivial support of Cy,qp lies within some
O(d) distance of M. Let RV (resp. L") be the subset of qubits in R (resp. L) that lie in the non-
trivial support of Cyyqp. In other words, RWrap (resp. L"P) is the non-trivial support of Cr_wrap
(resp. CL-wrap)- See Figure 2 for an illustration of these unitaries with a 1D geometrically-local
circuit, and Figure 3 for an illustration in a 2D circuit.
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Figure 3: Geometric depiction of the unitaries defined in Definition 3 and Definition 5 for the
case of a 2D grid of qubits. Here the vertical dimension represents the depth of the circuit, so
the rectangular prism has the same dimensions as the circuit diagram would. We do not have an
analogous figure for 3D circuits, which are the main focus of this work, because it would require
4 dimensions to illustrate. However, we believe the reader will gain sufficient intuition for the
definitions from the 1D and 2D diagrames.

3 Divide and Conquer: Schmidt Vectors and Block Encodings

In this section we will show how to construct a geometrically-local, shallow quantum circuit for
the largest Schmidt vector of the unnormalized state (Op1| C [04r1) across the cut M, in the case
that the largest Schmidt coefficient is very large. Let us begin, however, by outlining the intu-
ition behind our divide-and-conquer approach, which explains why we are interested in approx-
imating Schmidt vectors via shallow quantum circuits in the first place. Consider expanding the
quantity (0arz|C|0arr) = (O|arr CLur [0) g ® [¥) 5 r as a sum over the Schmidt decomposi-
tion of |¢) g across the cut M. Suppose, that |¢); , has almost all of its weight on the top
polynomially many Schmidt vectors (In Section 4 we will show that, in fact, we can restrict this
part of the analysis WLOG to cases where |¢) 5 ; has a large fraction of its weight on A1). Then

|Y) gur ~ )\ |vi) g ® |w;)p, and we have:
p(n)
(O] arr CLur [0)r R @ [¥) pur &~ Z (OlaLL CLur [0) LR @ [Vi)p ® |wi)p ©)
i=1
p(n)
Ai (0] Cr10); ® |vi)p - (O|p g Cr |0) g @ [wi)E, (4)
i=1




where ALL=LUBUFUR.

Suppose we could produce approximations for the Schmidt vectors |v;); and |w;); via 2D
geometrically-local, shallow quantum circuits. Then, the quantity in Equation 4 would be a sum
of polynomially many scalar quantities, each of which is the product of output probabilities of
two new 3D geometrically-local circuit problems (Cy, and Cgr). Furthermore, these new 3D cir-
cuit problems involve about half the number of qubits as the original problem we were trying to
solve. This leads to a divide-and-conquer recursion which can yield a more efficient runtime for
the original problem. The base case in this divide-and-conquer algorithm consists of estimating
output probabilities of 3D-local, depth-d quantum circuits which have small width (width at most
w = polylog(n)) in one of their dimensions. This base case can be solved efficiently using the
algorithm from Theorem 5 of [BGM20], as discussed in Remark 6 below.

Note that this divide-and-conquer approach only works if we can produce explicit approxima-
tions for the Schmidt vectors |v;)z and |w;) via 2D geometrically-local, shallow quantum circuits.
In the case when A; is sufficiently large, it turns out that we can at least produce the top Schmidt
vectors |v1)z and |w;)p in this way. (Note, we will also need to compute A; efficiently, and this
can also be done using Theorem 5 of [BGM?20], as described in Definition 25 and Remark 6.) How-
ever, we do not know how to construct 2D geometrically-local, shallow quantum circuits that
approximate |v;) ; and |w;) for i > 1, and so we cannot pursue the divide-and-conquer approach
described in Equation 4 verbatim. Nonetheless, we will see in Section 4 that just approximating
the top Schmidt vectors |v1) and |wy) is already sufficient to produce a (more involved) divide-
and-conquer algorithm for the whole estimation problem. The complete algorithm is explicitly
written out in Section 5 (see Algorithms 1 and 2). The key additional insight is to combine the
intuition from Equation 4 above, with an additional expansion trick, expressed in Lemma 18.

Remark 6. Theorem 5 of [BGM20] shows that the output probabilities of 2D constant-depth cir-
cuits can be computed to inverse polynomial additive error in polynomial time. Technically, this
does not exactly cover the base case of our divide-and-conquer approach because our base case
will consist of circuits which are 3D, but have a small width in the third dimension. One might
say that the base case circuits have a 2D structure with small “thickness” in the third dimension.
Fortunately, this extended case is also covered by additional analysis from the [BGM20] paper,
in which the authors show, on pages 25 and 26 (of the arXiv version), that a slightly modified
version of their algorithm can, in fact, compute output probabilities of 3D-local, depth-d circuits
to additive error € in time ne*22o(d2'w), where w is the width of the third dimension of the cir-
cuit. For convenience, throughout the remainder of this paper every reference to Theorem 5 of
[BGM20] will refer instead to this modified algorithm which can handle these “small-width” 3D-
local, depth-d circuits. Additionally, when we refer to 2D-local circuits we are including, within
that definition, 3D-local circuits where the width in the third dimension is w = polylog(n). The
reason that this is a reasonable use of terminology in the context of this paper is that Theorem 5 of
[BGM20], and the subsequent discussion, can handle these small-width 3D-local circuits in time
exponential in the size of w (which, for w = polylog(n), is quasi-polynomial).

Our approach for explicitly constructing |w; ) is based on a tool called a “block-encoding”,
which aims to generate a unitary whose top left corner contains the Hermitian matrix pr =
trg(|¢) (|5 r), or the integer powers pX for K = polylog(n). In fact, under an assumption that
A1 is sufficiently large, /S—fplf is already very close to a projector onto |w; ) (see Lemma 15 for the

explicit scaling).

Lemma 7 (Lemma 45 of [GSLW19]). The following is a 2D-local (see Remark 6), depth-d circuit which
gives a block encoding for pr = trg(|¢) (Y|55):



(CEomur @ Ie) (Ipum © SWAPEp ) (Cpumur @ Irr)

Proof. From Lemma 45 of [GSLW19] it follows that the circuit (CL ;@ Ir)(Ipum ®
SWAPrr ) (Cpumur ® Ip) is a block-encoding of pr. Here F’ is a fresh register which is identi-
cal in size to F. Note that SWAP is not geometrically local a priori, but if we interleave the qubits
of F and F’ in the geometrically appropriate way, which we are free to do, then the SWAPpp can
be implemented in a geometrically local, depth-1 manner. Thus the entire block-encoding is still
given by a depth-d 2D-local circuit.

One additional subtlety: We are neglecting to measure the M register in the |0) basis here,
but this is still a block-encoding for pr nonetheless. The reason is that that measurement can be
absorbed into the definition of block-encoding. ]

Following Lemma 53 of [GSLW19], we can now create a block encoding for the K power of
pr by creating K distinct F registers Fi, ...., Fx (interwoven in the geometrically appropriate way
just as in the proof of Lemma 7), and multiplying K different block encodings for pr, each using a
different one of the registers F;, as so:

K

[ T(Chumur ® In,,.. ) (Ium ® SWAPEE, ) (Caumur © IR, 5 ) (5)
i=1

We therefore have the following Lemma.

Lemma 8 (Lemma 53 of [GSLW19]). For any constant integer K > 0, the following is a 2D-local (see
Remark 6) quantum circuit which gives a block encoding for p¥X, and has depth O(dK?):

K

TT(Chomur ® I,,...5 ) (Isum @ SWAPEE) (Cpumur @ I, 5 ) (6)
i1

Proof. The fact that Equation 6 gives a block encoding of pX follows by repeated application of
Lemma 53 of [GSLW19]. The circuit in Equation 6, disregarding geometric locality, has depth
O(dK) because it is a composition of 3K circuits each having depth O(d). The circuit can be made
2D-local if we choose, WLOG, for the F; registers to be interleaved with the other qubits in a
manner that matches the 2D geometry. Since there are now K different F; registers, this can increase
the depth of our circuit by another factor of K (adding nearest-neighbor SWAP gates to ensure that
every gate is exactly 2D-local at each step). So the depth of the geometrically-local version of the
circuit is O(dK?).

For brevity we do not include a more explicit description of this process for interleaving regis-
ters in order to make the circuit geometrically local because we believe that the reader will under-
stand this process from the above description. We note that, in any case, the scaling of the depth
of the circuit in Equation 6 could be any polynomial in K and our final result in Theorem 1 would
still hold. O

Stated concretely, the fact that the circuit in Equation (6) is a block encoding for pX simply
means that, if we define |04ciina) = |OF,,..F,M,B), then:

K
0F = Ouncittal [ [(Chumur @ Ir,...r) (Ium ® SWAPEE) (Coumur @ I, 5 ) [Oancitta) - 7)
i=1



4 Divide and Conquer: Splitting Over Heavy Slices

In this section we will prove a set of results which will allow us to precisely define and analyze the
division step in our divide-and-conquer algorithm. The process begins by identifying slices of the
depth-d circuit C which are appropriate division points. Those are the slices which have “heavy
weight” as defined below.

Consider a set of O(d)-width 2D slices K = {K;} of the qubits of C, where each slice K; is par-
allel to the cut BU M U F shown in Figure 1, and is made up of three analogous sections B;, M;, F;
(see Figure 4). Let the the slices in K be evenly spaced at an O(d) distance apart, where this value
is chosen to be large enough that the light cones of K; and K; are disjoint when i # j. For con-
creteness we will say that the distance between slices K; is equal to 10d. We will also set the width
of each of the sections B;, M;, F; to be 104, just as discussed in Definition 2. This ensures that the

properties stipulated by Definition 2 are satisfied by B;, M;, F;.

/

{K:} K;

Figure 4: Set of slices {K;}

Definition 9. Let I[M; = 0] be the indicator random variable for the event that all of the qubits in
M; collapse to 0 when measured in the computational basis. Here joint probabilities are defined
according the probability distribution p;y, produced by measuring C |0") in the computational
basis. Let pa—o := Ep, ., [I[M; = 0]] be the probability that all of the bits in K; evaluate to 0
according to the distribution p;y4.

Lemma 10. The I[M; = 0] are independent random variables. Therefore,

Ptotal(Mi =0 VZ) = Hptotul(Mi = O)

1

Proof. The I[M; = 0] are independent random variables because the cuts K; are light-cone sepa-
rated by definition. The desired results follows. O

Note that the variables I[M; = 0] may well be conditionally dependent when conditioned on
the outcomes of measuring the qubits in between the K; slices. Indeed, that’s what makes the
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global problem non-trivial in the first place. But, when measuring the K; slices alone we see that
the I[M; = 0] are independent as stated in Lemma 10.

Lemma 11. If | (0®"| C|0°") | > |1/q(n)|, then, for any 0 < h < 1, h|K] of the slices K; in K have the
property that:

1

Protal(Mj = 0) > (|1/q(n)|) THIK (®)
We will let Kyeqoy be the subset of K consisting of those K; satisfying Equation (8).

Proof. The proof of Lemma 11 is given in Appendix A. O

Definition 12. We define any particular slice K; as K; = B; U M; U F,., where B;, M;, F; are the
analogous regions to B, M, F (respectively) in Figure 1. These slices are depicted in Figure 4. Let
[¥) 5., be analogous to [¢) 5 ;r = (0], Ceumur [0) g pur- Let Li and R; be sets of qubits analogous
to the sets L and R. We define the unitaries Cp,um,ur, Cuwrap;s CIL,- = CZ_mei o Cr,, and C%i =
C;{*W’ﬂiﬂi o Cpg, exactly as given in Definition 5 for the case of a single cut.

Lemma 13. For any slice K; € Kjeqoy satisfying:

ptotal(Mi = 0) >1- 6(1’1), (9)

the top Schmidt coefficient of |¢) g . satisfies Al >1—0(e(n)). (Where the Schmidt decomposition
is taken across the partition B;, F;.)

Proof. The proof of Lemma 13 is given in Appendix A. O

The proof of Lemma 13 (See Appendix A) suggests a way to perform a division step, dividing
the original computational problem into the product of two new problems, but at the cost of an
additive error that scales like ®(e(n)). But, note that, if we want, say, 1/ n? additive error ford > 2,
then this additive error term is way too large (in some cases e(n) scales like 1/ log(n)). This means
that, a priori, we cannot even afford to make use of Lemma 13 one single time! However, Lemma
20 below shows how we can use this type of division step to divide the circuit at A different,

light-cone separated cuts, K;, simultaneously, and thereby achieve additive error that scales like
e(n)®.

Definition 14. For any K; define the following two operators inspired by the block-encoding ap-
proach in Section 3:

1 .M. E! Fk K M. Fl  fk
PK = = <OB,,M,,F[ T T(Chumur, ® Ipy, . x) (IBum; ® SWAPFiFf)(CBiUMiUFi ® Ipr . px) 0BiMi Fl,..F} >
1 j=1 !
and (10)

Pg _ 1K <0Fi,Mi,Bi1,...B,K
1
A

K
[ [(Chumur, ® Is:,.. 5¢) (Irun, © SWAP 1) (Caumur, © Igy, . px)
j=1 1

K
OFMi,B},...B! >

Here the first equation gives a linear operator on F;, and the second equation gives a linear
operator on B;. The registers F/ (resp. B}) are dummy registers that are used to create K block
encodings of the density matrix of the F; (resp. B;) register of the state Cpum,ur, ‘OF i-Mi,Bi > These
K block encodings are then composed (multiplied) with each other in such a manner that they
produce the block encoding of the K power of the density matrix, as described in Section 3.
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Lemma 15. For any K; € Kjeqpy,

1P — Jwi) (wrlg [l < g(n) (11)
and
1P, — [o1) (o1, 1 < g(n) (12)

i\ K

where g(n) = <1;A 1) ,and |wy) (w1|p, |v1) (v1|g, are the projectors onto the top Schmidt vectors of
1 1 1

[¥) p.r, in Fi and B; respectively.

Proof. The proof of Lemma 15 is given in Appendix A. O

Definition 16. Define HIFf_ = CWmPinC;\/mp;

Note that the operator I—IE is in tensor product with |0,) (it acts as the identity on the M;
register since Cyy,p, and P}f act trivially on that register).

Definition 17. Let o € P[A] \ @ where [A] = {1,...,A}. Define the unormalized states
[¥o) = DjeolIE, icia) (Om;] C [0are)

And,
[¥2) = ®ica) (Om;| C[0aLL)

Lemma 18. Consider a set Koy, of slices such that, for every K; € Kjeqoy, ) B,UF, satisfies )Ui >1—e(n),
and such that for any K;, K; € Kpeqoy, the operators Hﬁ and Hg are light-cone separated whenever i # j.
Then, for any set of A slices, {Ki}ie[A} C Kheaoy, we have that:

Y (DI (Yol | = H|‘I’@> (Yol — Y (DI ¥, (||| < (2e(n) +2g(n))",
oeP([A]) ceP([AD\D
(13)
Y K
where g(n) = (1A§1> .
Proof. The proof of Lemma 18 is given in Appendix A. O

Intuition for the statements of Lemmas 18 and 20: We will show, in Lemma 20 below, that each
of the states |¥y) (Y|, with o # @, is very close to a product state about at least one of the A slices.
Thus, Lemma 18 gives us a way to approximate |¥y) (Y| (which is the original state of interest)
by a linear combination of product states |¥,) (¥,|. Lemma 20 and Definition 14 then provide us
with a way of constructing the corresponding product states using low-depth quantum circuits
acting on approximately half as many qubits as the original circuit (this process is also further
formalized in Definition 23). This combined use of Lemmas 18 and 20 forms the backbone of our
divide-and-conquer approach.

In order to state Lemma 20 we now define three new states that are dependent on a particular
choice of K;.

11



Definition 19. Given a shallow, 3D geometrically local quantum circuit C, and given a slice K; of
C, define the states:

Q) = TI§ (O, | C [0aLL) (14)
Z1,) = PE (Om,| Cr,.Ca,umur, [0r,uBUMUE,) (15)
‘ER,‘> = Péf <OM1‘ CRI‘CBI'UM,'UFI' IORI'UB,'UMI'UF,‘> (16)

At this point it is pertinent to state Lemma 20:

Lemma 20. For any K; € Kpeapy (recall this means that |¢)p r satisfies Al > 1—e(n)), the state
|Q%) (Q| is within 6g(n) of an unnormalized product state about M;, described as follows:

100 (il = 1/A] trr, (1B1,) (B1,)) @ s, (1B} (Er,)|| < 63() (17)

i\ K K
Here g(n) = (1;?1> < <1f(e”(31)) just as in Lemma 15.

Proof. The proof of Lemma 20 is given in Appendix A. ]

Definition 21 (Synthesis). We say that an unnormalized quantum state ¢ is synthesized by a quan-
tum circuit I', if I has three registers of qubits L, M, N such that:

¢ = dprmn) = trrom((Om| T [0rumun) (Ocumun| TF[0m)). (18)

In this case we say that the circuit I' together with a specification of the registers L, M, N con-
stitutes a synthesis of ¢. When ¢ is implicit we will call this collection (T, L, M, N) a synthesis.

When I is a 3D geometrically-local, depth-d circuit, and the register N is one contiguous cubic
subset of the qubits that I acts on, with L, and M only containing qubits on the “edges”, we call
(T, L, M, N) a 3D geometrically-local, depth-d synthesis.

Definition 22. [The Circuits I';;, I'; ;, T'r ;] Recall, from Definition 3, that I'p,upm,ur, (k € {i,j}) is
defined to be the circuit containing the minimal number of gates of I" such that every gate acting
on M is included. Taking this definition for both k = i and k = j, we now define I';; to be a
sub-circuit of I' consisting of the minimal number of gates of I' such that I'; ; o I'g,upm,uF © I'pumur;
contains all of the gates of I that lie between M; and M;. Similarly define I';; (resp. er) to be
te sub-circuit of I' consisting of the minimal number of gates of I' such that I';, o I'p.um,ur, (resp.
I'r; o I'pumu pj) contains all of the gates of I that lie between M; (resp. M; )and the left-hand side
(resp. right-hand side) of the Cube.

Definition 23. Let S = (T, G, H, N) be a 3D local, depth-d synthesis, and let K;, K; (i < j) be
two slices on the register N, as described in Definition 12. Let M;, F;, B;, and Mj, Pj, Bj be the
subregisters of slices K; and K| respectively, as defined in Definition 12. Recall, from Definition 21,
that the state synthesized by S is:

¢s = traur (0| T |0curun) (Ocurun|TT |[0m)).

12



We define three new pure states as follows:

‘¢L;i> - (/\Zl)Kpl{f <OM;‘,H| rLjrB[UMjUF[ |OL1'UB,'UM1'UF,‘UGUH>
9jr) = (M)*P {;(], <0Mf'H‘ Tr,TBuM;UR,

i) = (A1A]) Py, o PE <0Mi,Mj,H‘ I'ij o T'gumur, © I'pumu

ORjUBjUMjUFjUGUH>

ONi,juBiuMl-uFiquuM,-uF]-uGuH> (19)

Here P}_f, ng are defined as in Definition 14. In the above the notation N;j; is defined to be the

sub-register of N containing all of the qubits between F; and B;.
From these, we define three new synthesized states (with corresponding syntheses) as follows:

¢ = trrumucun (o) (euil)
¢ir = trgumucun (|@jr) (@iR])
$ij = tre.uM,UM;UFUGUH (l@ij) (oijl) (20)

We can now write out the explicit synthesis for each of these synthesized states as follows:
Recalling, from Definition 14 that,

1 . .rl K K . . rl K
Plgf = (Ai )K <0B1/M1/Fi ~Fi H(rEiUMiUE ® IFil,...,Fi1<>(IBiUMi ® SWAPFipf)<rBiUMiUFi ® IF},.A.,FI.K) OB”M”Fi ~Fi >
1 j=1 :
(21)
We have that the explicit synthesis corresponding to ¢y ; is:
Sui= (Tpr 0 Tt, © Taumue, (FUG), (M; UM UB{UF!,.. UEK UH)
,(LiuBiuMiuPiuMguBfuGUHUF},...UFZ.K)),
where I'p is defined as
ot
Ipx = H(TB;UM;UF[ ® Ip pe) (g @ SWAPL L) (Tgunmior, ® Tpr | px), (22)
1 ]:1 1

where g/ ppr is the same as I'p,unm,ur, except that it does not act on registers B; or M; at all,
but instead, acts on dummy registers B! and M! in their place.
Symmetrically, for the explicit synthesis for |¢;r), recall that:

B,‘ ()\zl 4

pK = 1 <OF,-,M,-,B},...B{<
)X -
j

K
(Chumur, ® Igy . gx) (Irum, ® SWAP 1) (Crumur, © Iy px)
=1 !

OF,-,M,-,B},...B,-K>

(23)

and, therefore, we have that the explicit synthesis corresponding to |¢;r) is:

13



Sir = <rpgj oI'g, o Tpumur, (BjUG), (M;UM;UF UB},...UBfUH)
/ / 1 K
,(RjUB;UM;UF;UM/UF UGUHUB],..UBY)),

where I'p¢ is defined as
i

K
rpgj = E(C;rzjuMij’ ® IB},...,B]K)(IF]-’UM; ® SWAPB]»B;)(CBJ'UM]’-UF]-’ ® IB} ,,,,, BK)r (24)

where Ugumiur is the same as I'p,um,ur; except that it acts on new dummy registers F]-’ and M]’
177

instead of the original registers F; or M;.
Finally, reusing Equations 21, 22, 23, and 24, the explicit synthesis for ‘qbl-,]-> can be written as
(See Equation 19 for definition of ‘cpi,j>):

Sl‘,]‘ = <FP§i o] FP}% @) Fi,]’ o FB[UM,-UF,- o) rBjuM].Up]., (Bl U F] U G),

(M;iUM;UF/ UB},..UBfUM;UM;UB;UF},..UF‘UH)
,(N;jUFUB;UB;UF;UGUM,;UM/UF/ UB},..UBXUM;UM,UB,UF},.UFKUH)),
/] ] ] 1 1 1 1 ] ] ] ] ]

where N;; is defined in the same manner as before: the register containing all of the qubits
between K; and K;.

Definition 24. Define syntheses

T — 1 T
A = <rpgj oTgumur, (BjUE), (M; UM} UF]-’ UBj,..UB;)
! / 1 T
,(BjUM;UF;UM;UF/ UB],..UB])),
T / / 1 T
/ ! 1 T
,(BjUM/UF/UB,...UB )),

Note that these two objects are, in this case, scalars ( see Definition 21 to understand why). In
fact,

and =
T
A = tr(pgj ) (lpumur, ng) -

where

14



ok = <0F,v,Mi,Bi1,...BlK
1

1.
(C.umur, ® Ip

1 )
as in Lemma 8. '

We write the scalars Z]-T, AJI’T as 2D geometrically-local, shallow depth syntheses to emphasize
that they can be computed by any algorithm which computes the probability of zero being output
by a 2D geometrically-local, shallow depth synthesis. In the following analysis we will use the 2D
algorithm in Theorem 5 of [BGM20] to compute these quantities to inverse polynomial additive
error (see Remark 6).

Now we will give a definition of a scalar quantity KiT/ ¢, Which is meant to be an approximation
for the quantity A} that we can compute using the “base case” algorithm B described below. We
need this because we want to use A} to normalize terms in Algorithm 2 below. We will use its
approximation, KIT/ .,y asa substitute, since it is a quantity that we can compute in quasi-polynomial
time (even when T = log‘(n) and e; = O(1/n'°8("), see Definition 25). The quality of this
approximation is the subject of Lemma 26.

Definition 25.

L BATe)  t(oh 19) s ek ) e

k. = =
T,e2 B(Z}ZT, €2) tr (P%T) +e
i

Here the notation B (A{’T, €2) (resp. B(ZZT €2) ) denotes a use of algorithm B, which we define
to be the algorithm from Theorem 5 of [BGMZO] (applied according the prescription in Remark
6), to compute the scalar quantity A] (resp. ZJZT) to within additive error €,. We will elaborate
further on this computational task (tlme complexity, etc) in the analysis of Algorithm 2.

Lemma 26. If)U1 > 1—e(n) then |KT€ _/\z| < O(M)

( )2T+1

Proof. Starting with the definition:
L B(AT ey tr(oh 19 (Wlaomur oF) e
KT, = =
2 B(Z7,e) tr (p%T> +e

P O(e(n)T) + Oles) _ (T +OCTEER))
(AN HO0(e(n)?T) +0(e2)  (AL)2T(1 4 O(LHL ey

()\1] )ZT
e(n)*T+e
i (1 +O( ()\a)ZTJrlz)) ; g(n)2T+€2
=M ey - M\ LTO\ T
(1+O0(“r™)) (A1)
Y e(n)?T + e
_)\1+o<()\)ﬂ+1 (27)
The desired result follows. O
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Definition 27. For any natural number A, we define [A] = {1,...A}. We define P([A]) to be the set
of all subsets of [A], that is, the power set of [A]. For any set ¢ € P([A]), we let 04 denote the
largest element of . We let || denote the size of the set ¢, and for any 0 < i < |o| we let o (i)
denote the i*" smallest element of ¢.

5 Estimating Amplitudes in Quasi-polynomial Time

In this section we define and analyze our algorithm for computing | (0°"| C [0®") |2.

51 Run-Time and Error Analysis for Algorithm 1

Theorem 28. Let C be any depth-d, 3D geometrically local quantum circuit on n qubits. Algorithm 1,
A (C, B, 6), where B is the base case algorithm specified in Theorem 5 of [BGM20], will produce the

scalar quantity | (09" C |0%™) |? to within & error in time

T(n) = 6224 polylog(n)(1/0)"/ log? () (31)
Proof of Theorem 28: The proof proceeds in two parts, the first bounding the approximation error
obtained by the algorithm, and the second bounding the runtime. See Table 10 for a brief summary

of the parameters used throughout Algorithms 1 and 2.

Approximation Error: The analysis of the approximation error obtained by A¢,;;(C, B, ) can be
broken into four cases according to the IF statements on Lines 1, 3, 9, and 10 of Algorithm 1. The
first three cases are easy. If the condition in Line 1 is satisfied, then the specified additive error ¢
is so small that we can compute the desired quantity, | (0411 | C [0411) |?, exactly, by brute force, in
20(1) time, and this will still take less time than the guaranteed runtime:

1/log2(n)

T(Tl) — (5722d3po|y|og(n)(l/5)

So, if the condition in Line 1 is satisfied, then we are done. If not, we proceed.

Next, if the condition in Line 3 is satisfied, then § > 1/2, in which case, outputting 0 is clearly
a 6 additive approximation of | (0417 | C |0 ) | since 0 < | (0arr|C|0arr) [* < 1. So, if this is the
case, we are done, otherwise we proceed.

Next, if the condition in Line 9 is satisfied, then, either 6 > 1/2 (in which case, outputting 1/2
is clearly a 6 additive approximation of | (0a11| C|04rr) |% since 0 < | (0arz|C[0arr) |*> < 1), OR
there is a set of slices Kjjontweignt Of size at least h(n), such that every slice K; € Kiightweign: satisfies:

log(9)
40,1 € 10422) 2 = b ((Ong C10aLL) (Oare] C* 0w ) < 277

In this case, since, for all K, K; € Kijjgntweignt with K; # K; we know that K; is lightcone sepa-
rated from K;. It follows that:

o\ h(n)
log(d)
rmmqmmsmmwmmmmm@w) _ o025 (3)

So,

| (0arL| C10aLL) [* < 0. (33)
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Algorithm 1: Ag,;;(C, B, d): Quasi-Polynomial Time Additive Error Approximation for
| 0L Cl0aLL) [*

Input :3D Geometrically-Local, depth-d circuit C, base-case algorithm B, approximation

error &

Output: An approximation of | (0411 C|04Lr) |* to within additive error 4.

/* We begin by handling the case in which J is so small that it trivializes
our runtime, and the case in which J is so large that it causes
meaningless errors: */

1if 6 < 1/n'°8° ™" then
2 L return The value | (O471| C|0411) |* computed with zero error by a “brute force”

‘ 2

20(")_time algorithm.
3if6 > 1/2thenreturnl/2
/* Here begins the non-trivial part of the algorithm: */
4 Let N be the register containing all of the qubits on which C acts. Since these qubits are
arranged in a cubic lattice, one of the sides of the cube N must have length at most ns.
We will call the length of this side the “width” and will now describe how to “cut” the
cube N, and the circuit C, perpendicular to this particular side.
5 Select ﬁn% light-cone separated slices K; of 10d width in N, with at most 10d distance
between adjacent slices. Let /(1) = log’ (n). Use the base case algorithm B to check if at

least 14713 — h(n) of the slices obey:

log(d

’tr <<0M” C |0ALL> <0ALL’ C+ ‘0M1>> ’ 2 2 h(n)

7 OR, there are fewer than ﬁn% — h(n) slices that obey:

log(9)

‘tr (<0M,| Cl0aLr) (Oarr|Ct |oM,.>)\ > 20

/* See the runtime analysis in the proof of Theorem 28 for a detailed
explanation of how the base case algorithm B can efficiently distinguish
between the above two cases (via Remark 6). */

9 if Fewer than ﬁn% — h(n) of the slices obey Line 8 then return 0

10 if At least Hl)—dn% — h(n) of the slices obey Line 8 then

11 We will denote the set of these slices by Kj,qy. Note that the maximum amount of
width between any two adjacent slices in Ky is 10d - h(n). Furthermore, the
maximum amount of width collectively between A slices in Kjyy, is

10dA +10d - h(n). Now that the set Kj,., has been defined, we will use this fixed set
in the recursive algorithm, Algorithm 2.

12 Define the geometrically-local, depth-d synthesis S = (C,L, M, N), where L = M = @,
are empty registers, and N is the entire input register for the circuit C.

13 return

A(S, 1 = %,A = log(n),e = 62~ 10log(m)logllog(n))) 1 (1) = 10g7(n),1<hmy,3)
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Algorithm 2: A(S, 7, A, €,h(1), Kyeaoy, B): Recursive Divide-and-Conquer Subroutine for
Algorithm 1.

[y

w

10

Input :3D Geometrically-Local, depth-d synthesis S, number of iterations #, number of

cuts A, positive base-case error bound € > 0, base-case algorithm B, a set of
heavy slices Ky

Output: An approximation of the quantity (On| ¢s |On) where ¢s is the un-normalized

mixed state specified by the 3D geometrically-local, depth-d synthesis S, and |Oy)
is the O state on the entire N register of that synthesis. The approximation error is
bounded in the analysis below.

Given the geometrically-local, depth-d synthesis S = (T, L, M, N, let us ignore the
registers L and M as they have already been measured or traced-out.

Let / be the width of the N register of the synthesis S. Define the stopping width
wo = 20d(A + h(n) + 2).

if { <wy=20d(A+h(n)+2)ORy <1 then

Use the base-case algorithm B to compute the quantity (On| ¢s |Oxn) to within error €.

| return B(S,¢€)

Ise

We will “slice” the 3D geometrically-local, depth-d synthesis S in A different locations,
as follows:

Since N is 3D we define a region Z C N to be the sub-cube of N which has width
10d(A + h(n) + 2), and is centered at the halfway point of N width-wise (about the
point £/2 of the way across N). Since the maximum amount of width collectively
between A slices in Kjqyy, is 104A + 104 - h(n) (see Algorithm 1), we are guaranteed
that the region Z will contain at least A slices, Ky, K5, . .., Ka, from Kheavy- For any two
slices K;, Kj € Kjeayy, let the un-normalized states |¢ ), |¢i;), |¢jr), and
corresponding sub-syntheses S| ;, S; j, Sjr be as defined in Definition 23, with

K = log’(n). We will use these to describe the result of our division step below.
For each K; € Kjeqpy pre-compute the quantity «y ., with T = log® (1), and
€, = 52~ 10log(n)log(log(n)))

return
A 1
). It )4K+1‘A(SL/i’]7 —1)-A(Sir, 1 —1) (28)
i= T,€2
A A 1
=Y Y o ASLin = 1) B(Sij €) - ASjr 1 — 1) (29)

.A(SL/i,ﬂ — 1) . .A(S]‘,R,ﬂ — 1)

(~1)B ((@reol 1 (O] ) 17 (@reo 10w TIE ), o5 ) ] (30)

[ae?({i+l,-~~,j—l})\®
/* In the above B ((@keal—llfk <0Mk|) ¢ij <®kEJ\OMk>HIF<k) ,2%> denotes an 5;

approximation of the quantity (<0ALL’ Qkeo Hﬁ) (PZ',]' (®k@HIF<k ‘OALL>)
obtained via base case Algorithm B. Note that for brevity it is

implied that A(S,n) = A(S,1,4A, € h(n), Kpegoy, B) - */
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Parameter

Value

Description

C

3D geometrically-local quantum circuit on n qubits. Re-
call that approximating | (0%""| C|09") |2 is the goal of Al-
gorithm 1.

Algorithm for 2D geometrically-local circuits to be used in
the base case of Algorithm 2. See Remark 6 and Theorem 5
of [BGM20] for the base case algorithm used in our analy-
sis.

Desired additive error for the approximation output by Al-
gorithm 1. Note that this is better than inverse polynomial
error, for any polynomial.

Helps control the overall width of the central region Z (see
Description of Z below).

Set of slices {K;} satisfying Line 8 of Algorithm 1. Exis-
tence of these slices follows from an application of Lemma
11.

Synthesis for a circuit I" as described in Definition 23. Dur-
ing the first run of Algorithm 2 this will correspond to a
synthesis for the circuit C.

log(n)
3log(4/3)

Maximum depth for the recursive calls to Algorithm 2.
7 = 0 is one stopping condition for using the base case
algorithm in Line 5 of Algorithm 2.

log(n)

Number of slices from Ky that will be used in the divi-
sion step for Algorithm 2.

52— 10log(n) log(log(n)))

Desired error for applications of the base-case algorithm in
the return statement of Algorithm 2.

Depth of the circuit C

Width of the N register of the synthesis S.

20d(A + h(n) +2)

Stopping width for Algorithm 2. ¢ < wy is one stopping
condition for using the base case algorithm in Line 5 of Al-
gorithm 2.

Subset of width 10d(A + h(n) + 2) in the center of the N
register, specified in Algorithm 2, from which A slices in
Kheawy Will be chosen. Note that any subproblems con-
tained within Z will, by definition, satisfy the stopping
condition ¢ < wp, and will consequently be handled by
the base-case algorithm B (see also Remark 6).

log ()

The number of repeated compositions of the block encod-
ing for pr, used to produce the approximation pﬁ for the
top Schmidt vector [wy) (w1 |

log ()

The number of repeated compositions of the block encod-
ing for pp, used to produce the approximation k7 ., for the

top Schmidt coefficient A as prescribed in Definition 25.

€2

52— 10log(n)log(log(n)))

Desired error for applications of the base-case algorithm
when computing the quantities k7 . in Line 9 of Algorithm
2.

Table 1: Parameters used within Algorithms 1 and 2
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Therefore, in this case, Algorithm 1 returns the quantity 0 as an answer , which is trivially a
d-additive error approximation of | (04| C [041.) |* by Equation 32.

On the other hand, if the IF statement on Line 9 of Algorithm 1 is not satisfied, then that means
that the IF statement of Line 10 must be satisfied, by definition. In that case Algorithm 1 returns
the quantity:

— log(n) _ _ sn—10log(n)log(log(n)) _ 7
A(S, 1 = 310g(4/3),A = log(n),e =62 Jh(n) = log” (1), Kheoy, B)

which we know is an f(S,7,A,€)-additive error approximation of | (07| C|04rL) |*. With

_ _log(n)

= 3logd/3)’ by Lemma 32 we know that:

(S, 1,M,€) < 5201 A% (Eg(}’l, K, T,e,€ A) + (2e(n) + Zg(n))A>

= 7207A¥0 <2A(Ze(n))K + 28K (e(n)ZT + 62) + e)
log(6)

log(n) log(n)
= 1/3log(4/3) - log(11)207%75 (log (1)) >384/ O (210%01) (2(1 — 2107 ) Ylo8™ ()

Zlog(n)l 3 n 1 _21:,(;%7(52) 210g3(n) e 5271010g(n)10g(10g(n))
+ og’(n) | ( ) +e )+

log(9)

< (log(n))2'8(") . poly(n) - <(2(1 — Dlog’(n) ))loga(”) + ey + 52 10log(n) IOg(log(ﬂ))>

log® (n)
< (log(n))zlog(n) . poly(n) . ((O <log41<n)>> 4+2. 521010g(n)10g(log(n)))

log® (n)
< p2log(m)log(log(m) . sonv(m) - O [ L 50—8log(n) log(log(n))
< poly () +
log*(n)

<o(1)-6+0(1)-6=0(1)-6 (34)

where the first inequality follows from Lemma 32 and the rest follows by calculation, noting
that E3(n,K, T,ez,€,A) > (2e(n) + 2¢(n))? for our specific choice of parameters (in particular
log(

og(0)
A = log(n)), recalling that e(n) < (1 — 2™ ) = O(1/log*(n)) (since § > pn—log’(n) — p—log(n)’
as verified in Algorithm 1), K = log®(n), T = log(n), and e; = §210108(n)log(log(n)) - The final

1 2
lnequallty, which claims 2210g(l’l) log(log(n)) . poly(n) . (O <log%(n))> o8 (") = 0(1) . 5, again follows

because § > n~198"(") as verified in the driver algorithm, Algorithm 1.

Runtime: The runtime analysis of Algorithm 1, Af,;(C, B, §), proceeds by considering the same
four cases in the IF statements on Lines 1, 3, 9, and 10, just as in the error analysis above. Just
as before, the first three cases are easy. If the IF statement Line 1 is satisfied, then the specified
additive error ¢ is so small that we can compute the desired quantity, | (04| C|04rr) |?, exactly,
by brute force, in 20(1) time, and this will still take less time than the guaranteed runtime:

1/log2(n)

T(Tl) — 5722d3po|y|og(n)(l/§)
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So, if the IF statement on Line 1 is satisfied, then we are done.

If the the IF statement in Line 3 is satisfied then the algorithm outputs 1/2, which is a constant
time operation, and we are done.

On the other hand, in the case that these first two IF statements are not satisfied, we must
bound the running time of Line 5. Line 5 can clearly be done in polynomial time, which is an
additive cost that is significantly less than our ultimate quasi-polynomial running time upper
bound, so we can absorb it into the O(-) notation, and continue without explicitly tracking it. Line
5 calls for the use of the base case algorithm B (which we have specified to be the algorithm from
Theorem 5 of [BGM20]) to estimate, for every slice K;, the quantity:

(02| €*10m,) (Ong| C10are) = tr ({0 € 042} (Oarel C*[0ns) ),

log(6)
In particular we use B to estimate this quantity to within additive error & = 22

log(d)
1 -2 h%n)
. . . . . log((j) ~
and we count only those slices for which the approximation output by B is at least 2 " + &. So,
5(0) log(6)

lo
all the slices accepted by this count will necessarily have weight at least 2 "0 + & — & = 2701,
log(é

Furthermore, any slice with weight at least 2% +2¢& = 2%") will certainly be counted by this
process. Therefore, this procedure is able to determine which of Line 5 or Line 7 is true. (As
noted in a comment in the Algorithm, one of these two must be the case.) It remains to bound the
running time cost of these uses of algorithm B. The key observation here is that the quantity:

—_

4

tr ((0n4] C10ae) 0ae| C*10m))

only depends on the part of the circuit C that lies in the lightcone of slice M;. By definition
the lightcone of M; is contained in K;, and K; is a 2D slice with thickness 30d = O(d) in third
dimension. By the discussion in Remark 6 it follows that the base case algorithm B can compute
the quantity:

tr (0] C10aL) (04121 C*0m)),
- s ~ o) g losl) 4. .

to within additive error & = 2%~ — 2% " in time O(poly(n)/&?) = O(poly(n)/(1 —
o1/2h(m))2) = O(2roMee(n)) where the final equality follows by straightforward calculation when-
ever § < 1/2 (recall that we previously established that 6 < 1/2 by checking that the IF statement
in Line 3 was not satisfied).

Next, if the IF statement in Line 9 is satisfied, then our Algorithm 1 returns the quantity 0 as
an answer, which is a constant time operation, and we are done.

On the other hand, if the IF statement on Line 9 of Algorithm 1 is not satisfied, then that means
that the IF statement of Line 10 must be satisfied, by definition. In that case Algorithm 1 returns
the quantity:

A(S, 1 =1/3log(n),A =log(n),e = 52~ 10log(m) IOg(IOg(”))),h(n) = logS(n),Kheavy,B)
which we know is an £ (S, 77, A, €)-additive error approximation of | (0477 | C|04rr) |2, and takes
T(n) <6 ~2pd’polylog(n) time to compute. This time bound follows directly from the runtime bound
on Algorithm 2, which is given in Theorem 33 of Subsection 5.3. All together, regardless of which

0 2 n
IF statements are true, no step of Algorithm 1 exceeds a running time of § 2 polylog(n)(1/6)!/ 196"

and so we are done.
O
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5.2 Error Analysis for Algorithm 2

In this subsection we will derive, by induction, an error bound on the estimate produced by Algo-
rithm 2, A(S, 7, A, €, B, Khmvy, r). We will only pursue an error analysis of A under the assumption
that the driver algorithm, Algorithm 1, has actually called Algorithm 2, and has thus constructed
the set Kju0y according to specification. This is because, if Algorithm 1 does not call Algorithm
2, that means that it has already found an easier approximation to the answer, and the output
of A (Algorithm 2) is not relevant. Recall that, given a synthesis S, the goal of Algorithm 2 is to
compute the quantity | (On|¢) (¢|0n) |> where |¢) is the state synthesized by synthesis S, and N
is the active register, as defined in Definition 21. The Algorithm A(S, 7, A, €, B, Kieavy, r) is a re-
cursive algorithm and, since the variables A, €, B, Kjeq0y, and r remain unchanged throughout, we
will use a simplification A(S,7,A, €, B, Kjeaoy, ) = A(S,17) throughout this analysis. The output
of Algorithm 2 is the scalar quantity:

T,
S
— , ‘ A(Spi,m—1)-B(S;i;,€) - A(Sir,n—1)
i ot (KZT,ezK]T,ez>4K+1 1 i,j ]
A A 1 (35)
Y Y ASLy—1)-A(Sjr i —1)
i=1j=i+2 (KZT,ezK]T 62)4K+1 l :

aefP({i+1,...,]'—1})\@(_1)U+lB <(®k€‘7nIF<k <0Mk|> bij <®k€¢7 \OMk> Hﬁ) , 2%) ]

Here the notation B(T, €) denotes the use of the “base case” algorithm to estimate the quantity
| (0aLL|¢T) (pT|04LL) |* to within a desired additive error €, for the specified synthesis T. For us
the “base case” algorithm will be defined to be the algorithm from Theorem 5 of [BGM20]. This al-
gorithm can be used for middle sections of the circuit since these sections have a 2D geometry with
a “thickness” of at most a polylogarithmic number of qubits in the third dimension. The algorithm
from Theorem 5 of [BGM20] can compute an e-additive-error approximation of output probabil-
ities of such syntheses in O(2p°'y'°g(”)poly(%)) time. Note this is not stated explicitly in [BGM20],
which technically only handles true 2D circuits (in other words, circuits with “thickness” exactly 1
in the third dimension), but their techniques can be extended to the case of polylogarithmic thick-
ness in a straightforward manner (to do so, increase the bond dimension of their Matrix Product
States to polylogarithmic size account for the added “thickness” of qubits).

Since we have assumed that Algorithm 1 has called Algorithm 2, we know that every slice K;
in the input set Kjes0y to A(S, 17,8, w0, €, B, Kyeaoy, 1) = A(S, 17) satisfies:

log(9) —log(1/4)
‘tr <<0M;| Cl0aLr) (Oars|CH |0Mi>)‘ > Q) = 2 k(n)
Equivalently, psoa(M; = 0) > 1 — e(n), where we define:
—log(1/4)
e(n)=(1-2 1w ). (36)

It follows from Lemma 13 that, VK; € Kjegoy, A} > 1—O(e(n)).
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We know, by Lemma 18 that,

Y (DY) (Yo < (2e(n) +2g(n))"

ceP([A])

ZHW@) (Yol = Y (DI ¥0) (Yol
reP(B)\0

(37)

i\ K K
where g(n) = (1_2‘1) < (#) , and the states |¥) are defined as:

o) = ®jeaH11§j ®ic(a] (Om;| C0aLL) ,

¥o) = ®icia) (Om;] C|0aLL) -

Note that, (0arr|¥o) (Y0|04Lr) is exactly the quantity that we wish for Algorithm 2 to output!
So, the error between the returned output of Algorithm 2, (defined on Line 10 of that algorithm),
which we will denote by A for short, and the desired output quantity (0arr.|¥e) (Yo|04Lr) is:

f(S,m,8,€) < || (Oael¥a) (¥Yoloa) — 4| (39)
< || (0arLl¥o) (¥ol0ar) — Y (D) 0411 ¥o) (¥olO0aLr) H (39)
oeP([A)\@
X D Al ¥e) (Feloan) — 4] (40)
oeP([A)\O
< (e(m) +2g(m)* 4| Y (DI O] ¥e) (FolOarr) — A
ceP([A)\@

) (=D 011 [¥o) (Fol0arr)
ceP([A)\@

A A 1 (41)
- — (SLivm—1) - B(Sij€) - A(Sjr, 1 —1)

A A 1
+ Z Z mA(SU,n — 1) . .A(S]',R,ﬂ — 1)

[y o (et oo ). )] )|

{i+1,..,j—1})\@

Grouping analogous terms and using triangle inequality gives:
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& 1
+{)X (i )4K+1~A(5L,ir77 —1)-A(Sir —1) = (Oar[¥g) (¥ IOALL>>
i=1 \ \KT¢,
- ﬁ: i < : ! ——A(S1i, 1 — 1) - B(Sij€) - A(Sjrm —1) — <OALL‘T{i,j}> <T{i,j}’OALL>>
i=1j=it1 (KIT,GZK]T,GZ)4K+1

+
gl
g2

1
“—A(SL,i/U — 1) . .A(S]"R,I’] — 1)
i=1 j=i+2 0eP({i+1,.j—1})\® ((KZT,QK]T,Q)‘”@rl

(=1 lol+1p ((@kegﬂﬁ <0Mk‘> bij <®k€a IOMk> Hﬁ) ’ iA)

)

— <0ALL“F{1',]'}UU> <‘Y{iJ}U‘7

& 1

+) (W‘A(SU/W —1) - A(Sir, 1 = 1) = (OarL[¥giy) (¥ IOALL>> H
i=1 T,€2

ey (WA<5L,i,;7 1) B(5350) - A~ 1)~ (04t ) <xy{l,].}\oALL>> H
i=1j=i+1 (KlT,ez K]T,ez )4K+1

1
(—1 lol+1 (w.A(SL,i,I’] — 1) . ‘A(S]',R,ﬂ — 1)
i=1j=i+2 || ceP({i+1,...j—1})\@ (KlT,eZK]T,eZ>4K+1

-B <<®kegnﬁ <0Mk’) ¢ij (®k€a |0Mk> Hﬁ) ’ 2%)

- <0ALL“{’{1',]'}UU> <‘Y{iJ}U‘7

0aLL > ) ‘ ‘ (42)

The three summations in Equation 42 are written separately for notational convenience. The
first summation includes all the terms corresponding to the case when the input synthesis is
“sliced” at exactly one cut, and these terms are bounded in Lemma 29. The second summation in-
cludes all the terms involving “slices” at exactly 2 cuts, and these terms are bounded in Lemma 30.
The third summation includes all the remaining terms, which cover all the cases involving “slices”
at three or more of the A cuts. Each of these terms is bounded in Lemma 31. For a depiction of
these three cases see Figure 5.

where E1(n,K, T, e3) = 10K(e(n)?! + 6¢(n) + €2).

Lemma 29.

1
g AL = 1) - A(Sir, 1 = 1) = (OarL[¥piy) (¥ iy [0aLL)
(k7 e, )

K}'T,e‘z
< E1(n,K,T,e2) +2f(S, 1 —1,7,¢),

Proof. The proof of this Lemma is a simpler special case of the proof of Lemma 31 below. It is
simpler in that it follows by using Lemma 26, and Lemma 20, and does not require the use of
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Lemma 18 as the proof of Lemma 31 does. For succinctness, instead of writing out this entire
proof, we refer the reader to the proof of Lemma 31 in the Appendix, of which the proof of this
Lemma is a special case. O

Lemma 30.

1
H (W‘A(SLJ;U —1)-B(Sij€) - A(Sjr, — 1) = <0ALL"“P{1',]‘}> <‘P{i,j}‘0ALL>> H 3)

T2

S EZ(”/K/ T/ eZle) + Zf(slﬂ - 11 AI E),

where Ex(n,K, T, €3,€) = 10K(e(n)?T + 6g(n) + €2) + €

Proof. The proof of this Lemma is a simpler special case of the proof of Lemma 31 below. It is
simpler in that it follows by using Lemma 26, and Lemma 20, and does not require the use of
Lemma 18 as the proof of Lemma 31 does. For succinctness, instead of writing out this entire
proof, we refer the reader to the proof of Lemma 31 in the Appendix, of which the proof of this

Lemma is a special case. O
Lemma 31.
Yo (cne (ﬁﬂwu,n 1) A1)
ceP{i+1,j—1})\@ (K, K ¢, ) KT

B (((@reo TS (Ou,| )1 rew (01) TIE ), 2%) - <0ALL\‘I’{1‘4}U0> (Ftij1ue

< E3(n,K,T,e2,€,A)+16f(S, 1 —1,A,¢€),

0ALL> > H (44)

where

Es(n,K,T,e2,6,A) = O <2A(6g(n)) + 28K <e(n)2T + 62) + e)

Proof. The proof follows by two uses Lemma 20, Lemma 26, AND (unlike the previous two Lem-
mas) Lemma 18. See Appendix A for a full proof. O

Returning to where we left off in Equation 42, using all three of the above Lemmas, we have

f(S,n,0,€) < (2e(n) + Zg(n))A +A(E1(n, K, T,e2,€)+2f(S,1—1,A,¢€))
+ A% (Ea(n, K, T, e2,€) +2f(S,1 —1,A,€)) + A% (E3(n,K, T, e2,€,8) + 16f(S, 7 — 1,A,€))

< (2e(n) +2g(n))™ +3A%E3(n, K, T, €2,€,A) +20A%£(S, 57 — 1, A, €),
(45)

where the final inequality follows because E3(n,K,T,ep,€,A) > Ex(n K, T,e,€) >
Ei(n,K, T, ey, €).

We note that, when 7 = 0 we have f(S,7,A,e) = f(S5,0,A,¢) < e. This is because, in the
definition of Algorithm 2, if # < 1 the algorithm the calls subroutine B(S, €) and computes the
final desired quantity with error €. This gives us the base case that we need to bound f(S,7, A, €)
via standard recursive analysis:
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@ 7 g

K,
Ki- A(Spin—1) - A(Sir,n = 1) ~(0ars|¥qy) (Yiay|0ars)

® N 1 f

K, K,
Kiyj- A(SLin—1)-B(Si;.€) - A(Sjr,m — 1) = (0aLL|¥s5y) (Piiy|0aLe)

(© N [ 1 g
K % K
Xij;-A(Spi,n—1)-B <(®keanlp(k (0r1,]) ¢4, (Rkeo [00,) TIE,) 2%) - A(Sj,r,n — 1)

~ (0arc|¥iisi00) (Yiisiuo|0ars)

Figure 5: Depiction of the types of terms that appear in Equation 42: (a) those involving exactly
one cut, {i}, (b) those involving exactly two cuts, {7,j}, and (c) those involved three or more of

the A cuts, {i,j} Uc, foroc € P({i+1,...,j —1}) \ @. For brevity we have denoted X; = W
and X;; = (o

Lemma 32. The error function f(S,n, A, €) obeys the following bound:

£(S,11,A,€) < 720121 (Eg(n, K, T, e, eA) + (2e(n) —I—Zg(n))A) (46)

Proof. The Lemma follows by using standard analysis of the recursion in Equation 45, and with
the base case f(S,0,A,¢€) < e < E3(n,K, T, ez, €). O

5.3 Run-Time Analysis for Algorithm 2

In this section we will derive a bound on the run-time for Algorithm 2. Recall that, given a syn-
thesis S, the goal of Algorithm 2 is to compute the quantity | (On| ¢s |On) |*> where ¢s is the state
synthesized by synthesis S, and N is the active register, as defined in Definition 21. Recall that / is
defined, in Algorithm 2, to be the width of the N register for our input synthesis S. We use T (¢)
to denote the run-time bound for our algorithm on a synthesis with an N register of width /.

The main time cost for Algorithm 2 is accrued by the return line of the algorithm, which makes
recursive calls to Algorithm 2 on a variety of smaller subproblems, as well as calls to the base case
algorithm B, and computing the KiT,ez quantities. All of the steps performed in Algorithm 2 before
the return line (selecting the region Z, etc), can easily be done in (lesser) polynomial time, and
their total cost will be absorbed into the term y(+) in our calculations below.

Note that the return line of Algorithm 2 makes 2A distinct recursive calls to itself, which each
only need to be computed once, even though they are reused multiple times in Equations 28, 29,
and 30. Furthermore, the width of the active register of the synthesis input to each of the recursive
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calls to Algorithm 2 is at most HT‘Z‘ < 2/ (where the inequality follows because, in the context of

Algorithm 2, the relationship |Z| < g is enforced by lines 3 and 8). Therefore, we know that our
recursive time analysis will have the form:

T(¢) < 2AT <i£> + G1(n)

Where {7 (n) absorbs the time cost of all steps in Algorithm 2 other than the 2A recursive calls.
We will now explicitly bound the term () in order to obtain a complete runtime bound. The
main time cost in {1(n) comes from executing the calls to the base case algorithm B in lines 29,
and 30 of Algorithm 2, as well as computing the values KiT,ez that appear throughout the return
line of Algorithm 2. We will analyze the time cost of these two tasks separately in the two corre-
sponding paragraphs below. The only remaining time cost then comes from the steps performed
in Algorithm 2 before the return line (selecting the region Z, etc), and can easily be done with (less
significant) polynomial time cost, which we will denote by u(n).

Uses of B in the return line of Algorithm 2:  There are at most 2A? calls to the base case al-
gorithm B in the return line of Algorithm 2, which all occur in Equations 29 and 30 of the re-
turn line. The terms in Equation 29 have the form B(S;;,€), and the terms in Equation 30 have

the form B ((@keaﬂﬁ (Om, |) ¢i (®keg |0a1, ) Hﬁ) , 2%) By Remark 6 we know that, for any 3D
geometrically-local, depth-D synthesis S (on n qubits, total) we can use the algorithm from Theo-
rem 5 of [BGM20] to compute the quantity B(S,e) = | (041 | Ps [04r) |2 £ € in time ne=220(D*w),
where w is the width of the “active register”, N, of the synthesis S in the third dimension (see Def-
inition 21 for the definitions of syntheses S, and the register N). Using Remark 6 in this way, we
see that the quantities B(S;;,€) = | (0arr| $ij [0arr) |* = € from Equation 29 can each be computed
in time ne~220((@K*)*10d(A+h(n)+2)) pecause the synthesis S; ; has depth at most O(dK?) !, and has
an active region of width at most 10d(A + h(n) + 2) in the third dimension (this width is enforced
by line 8 of Algorithm 2, where §; ; is explicitly specified in conjunction with Definition 23).
Similarly, using Remark 6 in the same way, we see that the quantities:

B <<®keanlp<k <0Mk|) ¢ij (®kea 10,) Hﬁ) , 2%) = [ (0aLL| (®keanl1§k <0Mk|) ¢ij (®kea 0,) Hﬁ) 0arL) >+ 2%,

can be computed in time n22A¢~220((dK*+2dK:)210d(A+h(n)+2)),

because the synthesis
(®k€gH§k <0Mk\> Pij (®ka—, 0, ) Hﬁ ) has an active region that is a subset of the active region
of the synthesis S;; for ¢; ;, and therefore still has width as most 10d(A + h(n) +2)) in the third
dimension. Additionally, the depth of the synthesis (®keaHIF<k <0Mk\) ¢ij (@keg |0, ) TIE, ) is at
most O(2dK?) higher than the depth of the synthesis S; ; for ¢; j, because the depth of the operator
®kegl—lll§k is at most the maximum depth of the operator ka for any k, which is at most O(dK?),
by Lemma 8 and Definitions 14 and 16. Note that we are making a slight abuse of notation in that

we have always referred to the state (®k€aHI§k (OMk\> $ij <®k€g [Jy™) Hﬁ > as a synthesis, since

IThe reason that the depth of the synthesis Sij is bounded by O(dK?) is that Si,j is constructed using the original
depth-d circuit C, acted on by a number of operators Hlfk . However, it is important to note that each Hﬁ is always
acts in tensor product with HIFi on any other cut K; for j # k. Also, each cut is only acted on at most once this way.

It follows that these additive depths do not pile up during the course of Algorithm 2, and thus the total depth never
exceeds O(dK?).
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it’s first appearance in the return line of Algorithm 2, even though we never wrote out the ex-
plicit synthesis structure for this state according to Definition 21. This was done in order to keep
the statement of Algorithm 2 and the subsequent discussion succinct. We leave to the reader the

exercise of expressing the state (®k€0HIF<k (O, |) i (@k@ |0, ) TIE ) as a synthesis according to
Definition 21, which is accomplished by a straightforward modification of the (already defined)
synthesis S; ; for ¢;j, in order to include the operators and projections (®k@1—I§k (Om, |) into the
synthesis (this is something that the definition of a synthesis was designed to do in the first place).

So, we are now ready to explicitly include, in our recursive time analysis, the time cost for the
use of the base case algorithm B in the return line of Algorithm 2. We now have:

T(¢) < 2AT <Z€> +Azne—zzo((dKZ)z,lod(A+h(n)+2)) +Aznzer—zzO((dz<2+2d[<2)2,10d(A+h(n)+2)) +0o(n) +y(n)

Where {»(n) denotes the time cost for computing the quantities KiT/ ., in the return line of Algo-
rithm 2 (discussed below), and p(n) denotes the (less significant) polynomial time cost that comes
from the steps performed in Algorithm 2 before the return line (selecting the region Z, etc), as
previously discussed.

Noting that, in Algorithm 2, the parameters are setas A = log(n), K = log®(n), h(n) = log’ (n),
e = 2~ 10log(n)log(log(n)) we have:

3

T(f) < 2AT <4£) + 72T PeMog(n) 1 7 () + p(n)

We now bound the remaining time cost, {»(n), in the following paragraph.

Computation of quantities K"T/E2 in the return line of Algorithm 2:  The task of computing the
KiT,ez values in the return line of Algorithm 2 requires using the base case algorithm B as specified
and discussed in Definition 25 (via the usual prescription in Remark 6). In particular, according to
Definition 25, we have that:

B(AT,e) T (ng ) ($lpumur, pé}) +te

KiT,e = 2T -
2 B(Zj 162) tr(p%?) + e

where the syntheses A/ ’T, and Z2T are explicitly specified as
y i P y sp

T _ 1 T
A = (rpgj o Tpumur;, (BjUF), (MjUM;UF UBj,...UB;)

,(BjUM;UF;UM;UF/ UB],..UB])),

T — / / 1 T

! / 1 T
,(BjUMj UL uB].,...qu)>,
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Note that this is a different way of using syntheses that in other parts of Algorithm 2 because
Ajl’T, and Z].ZT are scalars rather density matrices ( see Definition 21 to understand why). These
scalars can, nonetheless, be described, as above, by 3D geometrically-local, shallow depth synthe-
ses as described above. In fact,

T T

Z] = tr(PB/)’

and o
-

AT = tr(pgj ) (lpumur, ‘Ogj) o

where

K
(Chumur, ® Iy, px) (Iun, © SWAP 1) (Crumur, © Igs, . px)

PB — <OFM ,B},..BK
j=1

OPi,Mi,B},...B,-K>

as in Lemma 8.

So, applying Theorem 5 of [BGM20] according to Remark 6, as usual, we see that the
. . i, T . _ 2
time cost of computing B(A]",€2) = tr' (pgj lyp) <¢|BUM'UFJ» p£j> + e is at most ne, 2200w
ne, 220(@T*K*)30d pecause the synthesis Ajl’T has depth O(dTK?), and width at most 30d (the width
of the slice K;) in the third dimension. The same depth and width bounds apply to the syn-

thesis Z]-ZT, and so, the time cost of computing 3(Z]-2T, €) = tr (p%]T) + € is also bounded by

ne, 220(@T°K)30d - G, the total time cost of computing K%’Ez according to Definition 25 is at most

2n€_220(d2T2K4)30d + poly(n). Since there are A distinct KiT ., Values appearing in the return line of
Algorithm 2, the total time (»(n), for computing all of the KT ., values, is 2Ane, 220(@T?K*)30d .

Apoly(n). We an now update our recursive time analysis for Algorlthm 2 as follows

T(¢) < 2T (je) 152280 17, () 1 () (49)
= 2AT (Zﬁ) + 5208 pollog(n) | 9 Ay 200 TR0 L Apoly (1) + pu(n) (50)

Recalling that, in Algorithm 2, we specify parameter scalings A = log(n), K = T = log®(n),
€y = 62~ 10log(m)log(log(n)) thig gives

T(ﬁ) < 2AT (iﬁ) + (5722d3polylog(n) +5722d3polylog(n) + y(n) (51)
— OAT <Z£> + 52 pollog(n) 4 holy (1) (52)
= 2AT (ie) + 5~ 2P polylog(n) (53)

Note that Equation 53 is a recursive run-time whereby, at each level, we have at most 2A
subproblems, each with size at most 3 of the original problem. This is a common formula, and we
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can use the Master Theorem for divide-and-conquer algorithms to determine an upper bound for
our run-time as

T(n'/3) < 2A)T-T ((i)ﬂ n%) + i(ZA)i(s—sz%olylog(W) (54)
i=0
3\" 1 2A)T =1 5 Bpolylog(n)

[SSIEY

<(2A)’7~T<<i>”n

1
T(n'/3) < (2A)" [T <(i> n%) + 2 A2 polylog(n) (57)

) + (ZA)ﬂJrl . 5722d3p0|y|og(n) (56)

where 7 is the depth of our recursive calls. Note that the reason we start our recursion at n!/3
instead of at n is because of the technical definition of T(¢). Recall that, we use T(¢) to denote the
run-time bound for our algorithm on a synthesis with an N register of width ¢. The starting point
of our recursion is a cube of n qubits, which has side length N 173 in each dimension, and this is
the reason that the total runtime for the original problem is bounded by T(n'/3).

Theorem 33. Suppose 1 = 5 11;>gg((:/)3) and A = logn. Given these values, the run-time for Algorithm 2

will be bounded by

T(i’l) < 5722d3p0|ylog(n) (58)

Proof. Theorem 33 follows directly from the above calculations.
O
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Appendices

A Proofs of Lemma Statements

A.1 Statements from Section 4

Lemma (Restatement of Lemma 11). If | (09"| C [09") | > [1/q(n)|, then, for any 0 < h <1, h|K| of
the slices K; in K have the property that:

1

Protar (M = 0) = (1/q(n)]) 77 (59)
We will let Kpeqyy be the subset of K consisting of those K; satisfying Equation (59).

Proof. Using 10 we have that:

ptotul(Mi = OVI) = Hptotul(Mi = 0) > ‘ <0®n‘ C ‘0®n> | > ’1/‘7(”” (60)

So,

log (H Protal(M; = 0)) = Y108 (Ptota (M; = 0)) > log([1/4(n)]) (61)

Since every term on both sides of the equation is negative, it follows that at least 1|K| of the

slices K; in K must satisfy log(pyot(M; = 0)) > m log(|1/g(n)]).

So, at least K| of the slices K; in K must satisfy

1

pra (s = 0) = exp{ s tog((1/a0m)) | = (11/q(m)) T

Lemma (Restatement of Lemma 13). For any slice K; € Kieqyy satisfying:

Ptotal(Mi = 0) >1- 6(1’1), (62)

the top Schmidt coefficient of |¢) g . satisfies Al > 1—0(e(n)). (Where the Schmidt decomposition
is taken across the partition B;, F;.)

Proof. For any K; € Kjeqpy, recall that, by definition, the width of M; is chosen large enough that
B; and F; do not have any intersecting light cones (so the two halves of the circuit are lightcone
separated). It follows that,

trar, (Caum,ur, [08,umur) (Osumur| Chomur) =

trMiUFi(CBiUMiUFi ’OBiUMiUFi> <OB;'UM:'UF;'| CIEiUMiUF) ® trMiUBi(CBiUMiUFi |OBiUMiUFi> <OB;'UM;'UF1'| CJl:giUMqu)

But, from Equation 62, which is an assumption of the Lemma, we see that,
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tr (IOM,-> (O, | Coumur, [08,umuE) (Osumur| Cumur, [0m;) <0M,-|) (63)

= tr(19) (Plsr,) = Prorar (Mi = 0) > 1= e(n), (64)
and so,

HCB,-UM,-UF,- 05.umuE) (OBumUE | ChuMUF

— |0a,) (O, | Coumur, 108,uMUE) (OBunMUE | Chuaur [0a;) (On,|

<1 — protar(M; = 0) < e(n)
So,

) (¥l5.0r, = tras, (10m;) (Oa;| Coumur, [0B.umUE) (OBusMUE] Chumur [0m;) (Oam,|)
= trMi(CBiUMiUFi |OBiUMz’UFi> <OBiUMiUFi| CE,UMIUF,') + O(E(i’l))

= tramur (Caumur, [08.umur) Osumur] Chomor)

® trapus, (Caumur, [08umUr) (OB,umur | Chumur) + O(e(n))

= tragur (|0m;) (Oa; | Crum,ur, [0B.umuE,) (OBUM,UF| CZ;iuM,.Up, 10a1,) (O ])

® traus, (10m;) (O | Crumur, 0.umur) (Osumur | Chusur [0m;) (Om;|) + O(e(n))
= trr ([9) ([g.ur) @ tra ([9) ([p,ur) + Ole(n)) (65)

Now, by definition, the largest Schmidt coefficient A} of |¢) p,ur; is equal to the largest eigen-
value of the mixed state trr, (|¢) (| r.), which is equivalent to the largest eigenvalue of the mixed
state trp, (|¢) (¥[p, r) (since |¢) (|5, r is an unormalized pure state).

For notational brevity we define pp, = trr(|) (¢[pr) and pr, = trp (|[¢) (Y| r). By
Holder’s Inequality (with Holder parameters set top p = 1 and q = o) we have that:

03111 < [les, 11108, lo = [loB, loo = Al
and,

0%l < llorll1llerlleo = llorllee = A3,

where the second to last inequality follows because ||pp,||1 = tr(pp,) < 1 (resp. |lprl1 =
tr(or,) < 1), and the last equality follows by the definition of A]. So, we have:

(AD? > o I llof Il = tr(od,) (o) = tr(of, @ p}) = tr( (0w, @ pr)?)

=t (19) W) ") +Ote(m) = 1 Ofe(rn), (66)

Where the first three equalities follow by definition, the fourth equality follows by two uses of
Equation 65 (and the fact that || [¢) (|5 r 1 < 1), and the final inequality follows by Equation
64. It follows that:
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AL >1—-0(e(n)) (67)

O
Lemma (Restatement of Lemma 15). For any K; € Kyeaoy,
IP§ — Jwi) (wilg | < g(n) (68)
and
1Pg; = [o1) (o1, 11 < () (69)

i\ K
where g(n) = (1;?1> ,and |wy) (wq
1

[¥) .k, in Fi and B; respectively.

£+ [01) (01|, are the projectors onto the top Schmidt vectors of

Proof. Here we will write the proof for Equation 68, but the proof for Equation 69 is exactly anal-
ogous. In particular, by Lemma 8 we have that:
For any constant integer K > 0, the following is a 2D-local circuit which gives a block encoding

for pIFi :

K
[1(Chomor © Iy, ) (Ipom, @ SWAP_ /) (Coumur, © Ipy_ px)-
j=1 :

It follows, by the definition of a block encoding, that,

k
0Bi-Mi Fl,...F} >

plg _ <0Bi,Mi,Fi1,...FI?‘
1

K
H(CgiuMqui ® IF,.I,...,FiK) (IBiUMi ® SWAPFZ.FJ)(CB;'UM/'UF;' ® IF},...,FZ,K)
j=1 '

Recall the definition of Pg:

1 K
PPK <0Bi/Mi/F,'1/---F[

K
i . rl k
» H(CEiUMiUFi ® IFl.l,...,FiK)(IBiUMi ® SWAPFiFj)(CBiUMiUFi ® IF},...,FI.K) OB Mirki - F > .

T DK 1

And thus,

K
1 pp
PE=_——pk =10 .
T aD (M)

By the definition of Ali and the leading Schmidt coefficient we have that:

PF;
N |w1) (wi|g, + E,
1
where E = (’j\—f’ — |wy) (w1],) is a PSD operator with trace norm | E|| < 1;\? 1, and which is
1 ! 1

orthogonal to (w1 [r. (i.e. |w1) (w1|g, - E = 0). It follows that:
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K
(28)" = o o ) = o )+ g

So,

K
| P = feon) (ol | = (P> — [} (@il

-\ K
1— Al
z = IE¥] = |EII¥ < ( ) 7
1

Lemma (Restatement of Lemma 18). Consider a set Kjeqoy 0f slices such that, for every K; € Kieapy,
[¥) p.or, satisfies Ay > 1—e(n), and such that for any K;, K; € Kheavy, the operators HIFf_ and Hlé_ are
light-cone separated whenever i # j. Then, for any set of A slices, {Ki}ie[ A € Kieavy, we have that:

Y (DY) (Yol < (2e(n) +2g(n))%,

ceP([A])

ZH\‘Y@H‘Y@\— Y, (DY) (¥
oeP([A)\@

(72)

i\ K
h = (LAY
where g(n) ( 7 )
Proof. For the following, we use the shorthand pp(U) for the density matrix of the state pre-
pared by linear operator U acting on the all 0 state of the M register. For instance, par;(U) =
u |0ALL> <0ALL| Ut. Note that pM(VU) = VpM(U)V+.
Following the definition of |'¥;) in Definition 17, we are trying to upper bound the quantity

Y, (“D)Y¥e) (Yo

ceP([A])

L 0 e ((@jeeTTE)(@iea) (Om1)C)
(S

|. )

The proof proceeds in three parts. First, we consider Equation 73 without the post-selection
on ®je(a) (On;|, and give an equivalent formulation in terms of a product of similar quantities.
Second, we show this formulation holds under the post-selection. And lastly, we bound each term
in this product formulation.

From the definition of C we have

ceP([A])
Yo (—D)oars ((®jeanlp<].)(CL,al ° ®jeflr|-1]Coj0341 © Co R © ®je[\o\]CBg/UMUjUng)) , (79)
ceP([A])
and by the definitions of Hfj and Cyyrqp, we have
= Y (=D"oar (CLJ 6 @icity]_11Corcrs © Cor R 0 Ricpion PKC . (76)
01 = Ejello]=1]~05,041 = =010, R = Fje[|o]]TF B, UMy, UEy;
ceP([a])
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We can rewrite this by expanding the summation and regrouping terms in tensor product
= H (CL1© ®jeja-1)Coo;41 © CopR) © jea] (PB]-UMlef]-(CB]-UMjUF]-> - PB]-UM]-UF]-(PECB/-UM]-UI—“]-)> (77)
®PALL\U e BUMUE (1) © (CL1 0 ®jea-1Cor741 © Copr)' H - (78)

Lastly, by standard properties of the trace norm and noting that C; ; o ® je[A—l]CUj
a unitary operator, we have

oCy, R 1s

(79)
Now, since the terms ®;c(] |Onm;), ®ie|a] (Onm;| commute with the terms ®]~@H§j , P{é for all i, j,

Wj+1

Y, (1)L <(®jegﬂlp<j)c)

ceP([A])

‘ =11 HPB]-UM]-UF]-(CB]-UM/-UF]-) —PB]-UM]-UF]-(PECB]UM]-UQ)
i€lA

and o, the form of Equation 79 holds even under post-selection:

C)

Y. (=1)pars ((®jegl’IIl§j <0M].

ceP([A])
I HPB]-UMquj (< j) — PB,UM,UF, (P§< ]-) (80)
jela]

We now bound each term of this product. By adding and subtracting

j> (where |wy) (w1 r, i the projector onto the top Schmidt

©B;UM,UF; (|w1> <w1|pj <
vector of |¥) B,UE; ) and using the triangle inequality we have

HPBjqutu (<OM] j> — PB,UM,UF, (P11:f< ]-) (81)
HPBjquuP]- << ]-) — PBUM;UF; (|w1> (w1l < j>
HPBjququ (]w1> (w1, < j> — PB,UM,UF, (P§< j> (82)

i\ K
1-Ad
X ) . By as-
sumption in the lemma statement we have that the top Schmidt coefficient of W)Bquj satisfies

By using Lemma 15 (twice) we can bound the right summand by 2g(n) = 2 <

A]i > 1—e(n) (for every j), and so (applying this bound twice) the left summand is bounded by

2¢(n). Thus, we have
j) ~ PBUMUE (Pl{”f< f)

[E—

Combining Equations 80 with Equation 83 we have the desired

)

| <2(e)+2f(m).  (83)

Y (=)L <(®jeang<

ceP([A])

< TT@2(e) +28(n) = (2(e) +2g(n))*.  (84)

j€la]

O]

Lemma (Restatement of Lemma 20). For any K; € Kieqyy (recall this means that [¢)p r satisfies

AL > 1—e(n)), the state |Q);) (Q| is within 6g(n) of an unnormalized product state about M;, described
as follows:

100 404 = 1/ A% trs (1BL,) (B1,) © tra, (1Ex) (Ex,])| < 62(n) (85)
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H = < (-4 )" just as in Lemma 15. Recall the definitions:
ereg(n):( 3 ) < (17‘3(”)) just as in Lemma 15. Recall the definitions:

Q) = IT§ (Oa,| C[0aLL)
’ELi> = PI{"f <0Mi’ CLiCBiUMiUFi |OLiUBiUMiUFi>

|ER1'>

Pg (O, | Cr,Cumur, [ORUBUMUF,)
Proof. The proof proceeds in two parts. First, we demonstrate that the quantity

Qi) (] = 1/ trg, (|BL) (B, |) @ trg, (|Er,) (Ew, )

1

is equal to the sum of three error terms, E, Hy, and Hp. We then bound the trace norm of each of
these quantities using applications of Lemma 15. By definition of |();) we have

Q) (| = TTE (O, C|0arr) (Oarr| CT |On;) TTE. (86)

Now, recall by Definition 16, HIE_ = CWMPI.PEC;S\,MPI,. So,

LT, (Owg,| C|0aLL) (Oarr| C* |Oa,) TTE = (O, | TTEC [0arr) (Oarr| C'ITE [Oa,)
= <0Mi‘ erﬂpipgclt\/rapic IOALL> <OALL‘ CJrCWmPinCIJ;\/mpi ’0Mi>
= <0M1‘ erapi o Plgf o Ci, © CBiUMiUFi © CEQI |0ALL> <OALL’ (C,)zl © CE,‘UMI'UF,' ° (CI)E, ° PE ° C;Vmpi |OM1>
= Cwrap,Pr; (<0Mf| o Cf, © Cumur, © Cr, [0are) (Oarr| (C), o Chumur © (C)E, |0Mf>> P Clrap,
= CWmPiPE (C/Li ’0Li> <0Li’ (CI)L ® <0Mi’ CBiUMiUFi IOBiUMz’UFi> <OBiUMz’UFi‘ C;r},-UMl-UF,- IOMI'>
®C;€, |0R,'> <0Ri| (C/)E,) Pllffc+Wrupi
= Cwrap Pfy (C1, [0L,) (On,| (C)], @ [9) (15,0, ® Ck, Or,) (Or,| (C")E, ) PECY
Wrap;tF; L; IVL; L; L; 4) llb B;UF; R; IVR; R; R; F, ~Wrap;
= CWWP:‘ (Cii ‘OLI‘> <0Li‘ (C/)L & Pg |¢> <¢‘BiUFi Pg & C%i ‘ORi> <0Ri‘ (C/)}-%l) C?/-Vmpi (87)

Here the first equality holds because the HE_ operators only act on register F;, which is disjoint

from register M;. The second equality holds by the the definition of HKi , see Definition 16. The
third equality holds by Equation 2, repeated below for the convenience of the reader.

t ! /
CWrapi oC= CLi ° CBiUMiUFi © CR,»

The fourth equality holds because neither the operator Cyy,p,, nor the operator P};f act (non-
trivially) on the register M;. The fifth equality holds because the operators C; , Cy , and Cg,um,uF,
all act on disjoint registers and are therefore in tensor product by definition. The sixth equal-
ity holds by the definition of [¢) - . The seventh equality follows because P}f only acts (non-
trivially) on the register F;, by definition.

Now, define:
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E = Covrap, (L, 100,) (00, (C')F, @ [wn) (wnlg 1) (#1505, [01) (1], @ Ch, |08, (Or,| (C')E, ) Clhvap,
— Cwrap, (1, 108,) {00, (C)E, ® PE [9) (15,5, PE ® Ch, 08,) (Or| (C)E, ) Cliny
= Cwrap, (€1, 101,) (01, (€)F, @ ([0} aonl g, 1) (@, lw01) (w1l — PE 19) (9lr, PE)
@Ck, |0r,) (Ox| (C')k )cwml (88)

This error term quantifies the difference between using our block-encoding construction PX

versus using the true projector onto the top Schmidt vector, [w1) (w1, which is PE is meant to

approximate. We will show below, using Lemma 15, that the trace norm of E is small. We have,
from Equation 87, that:

Hﬁ (Oa;| C|0aLL) (Oarr| CT [On,) HK
= Cweap, (C1, 10) (01,] (€)1, @ PE 1) (95,05, PE © Ch, [08) (Ox,| (C)k, ) Clhvap,
= Crnap, (L 100,) 00, (C)E, @ o) (aonl g, [9) (¥l 1) (w015, ® Ch, 10k,) (Ox,| (C')k, ) Chivay, + E
= Cwraps (1, 100,) 0, (C)], @ (A4 [0n) g, [wn) s, (011, (1], ) © Ch, [O0R,) (OR,| (C')E,) Chivap, + E
= NCwiap, (€L, 00,) (0, (C)F, ® (Jon) (vl ® 1) (i, ) @ C, 0,) (Ox,| (C)E, ) Clivap, + E
= MCewrap, (L, 101 (0, (C)], @ [o1) (0113, ) CL i,
@ Crowrap; (1) (1], @ Ck, |0g) (O] (C')k, ) Ch—prap, +E
= MCowrap, trr, (1, 101,) (01, (C)], @ [on) (15, @ 1) (1], ) CF sy,
® Crowrap, trs, ([o1) (0113, ® |w1) (w1p, @ Ck, |0g,) (Or,| (C')E,) Ch-wiap, + E (89)

Now that we have successfully approximated the starting state by a product state (plus an error
term E) we want to switch back from the true Schmidt vector projectors [v1) (v1[p., [w1) (w1, to

the original block encoding approximations of those projectors Péf, , P{;f, in order to complete the
proof. To do this we define two new error terms H;, and H; as follows:

Hy = MCrwrap, tre, (CF, 00,) (0] (C)], @ [o1) (0[5, @ [w1) (w15 ) CFwrap,
® Crwrap try, ([o1) (215, @ 1) (wr5, @ Ck, 10k,) (Or,| (C')k, ) Chwirap
- CL7mei trFi (Cii |0Li> <0Li| (C/)z,- ® Pllff |¢> <11’J|Bqui PIIS) CZ—mei

® CR—WTﬂPi tr, <|Z)1> <01|B,» ® |ZU1> <w1|F,» ® C%, |0Ri> <0Ri| (C/)}I-Q,> Cl‘ngmpi (90)
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and
Ha = Cowrap,tr, (C, 00,) (00, (C)F, @ PE 9) (15,0 PE ) C i,
® Crowiap, trs, ([o1) (015, @ [wn) (wilg, ® C, 0k,) (Ox,| (C)k, ) Chopra,
— 1/ MCowrap, tre, (CF, 01, (O, (C)F, @ P [) ($l5,05, PE) CF-virap
® Crowrap, trs, (P [9) (#15,0r, P ® C, 10,) (Ox,| (C)k, ) Chwra, ©1)

(we will later show that both error terms H; and H; are small in the trace norm) it follows from
Equation 89 that:

ITF (Oag,| C 0ars) (Oare| CT |On,) ITE

= MCL Wrap, tTE, <C/L,» 10L,) (Or, | (C)), ® |v1) (015 © [w01) (wllg) Cl—Wrap,

@ Cr-wiap; trs; ([01) (0115, ® [w01) (w15, @ Ck, 10k} (Or,| (€, ) Chopiray, + E

= CL—Wrap,; tTF, (C,Li 101,) (0L, | (C")], ® PE |9) (Wlpur pé) CLme,-

& Crwrap; trs, ([o1) (011, @ [w1) (w1p, @ Ck, |08,) (Or,| (C')E,) Ch-wiap, + E + Hi

= 1//\§CL_W”1P[ tr, (C/Li |0Li> <OL,-| (C/>L ® Pllff |l/’> <¢|B,-UF,- PE) CIt—Wrupl-

@ Crwrap; tra, (P 1) (9]g0r, P © Ck, 108) (Or| (C')},) Ch-wiap, + E + Hi + Hy
= 1/ trg, (PECLwrap, (CF, 00} (O] (C)], @ [9) (915, ) CF—wrap, PE )

® trp, (pg,cR_Wm,,i (|¢> (15,0 © Ch, [Or,) (O] (c’)}zi) c}{fwml_pg) Y E+Hy +Hs
=1/} trg, <P§ (Oa,| Cr,Cr,um,ur, [0r,uB.uMUFE,) (Or,uBUMUE] CZ;,UMI.UE.C{,. |0, PE)
® tr, (P{;f (Om,| Cr,Crumur, |0r,uB.UMUE) (OrUBUMUE | Chunur CR, 0M;) Pﬁf) +E+H +H
=1/Atre (|21) (EL]) @ trp. (|2R.) (Er.|) + E + Hy + Hy

It follows, by triangle inequality, that:

T8 (00,1 € 1041) (Oar] € 0a) TT

_1/A§ tr, (Pg <0Mi‘ CLiCBiUMiUFi ’OLiUBiUMiUFi> <OLiUBiUMiUFi| CIJrSiUM,-UFl-CI: ‘OMi> Pg)

@ trp (Pg, <OM;'| Cr,CBumUF, |ORiUBiUMiUFi> <ORiUBiUMiUFi| CEiUMiUFi C1+2i IOM;'> PLI3<1> H (92)
= [[100) (ul = 1/} b, (2,) (B ) @ tra, (2R, (Ex))| 93)
= |E+ Hi + Hal| < [[E]| + [ Ha + || 94)

It remains to bound the norms (in this case the trace norm) of E, H1, H,. We will start with E:
From the definition of E (Equation 88) we see that:
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@Ck, [0x,) (Or,| (C)k )CWW |
= ICL, 101,) (O, (C)LII - Il [w1) (wrl . [9) (Plg o, [w01) (wrly, = PE [9) (], PR

- [ICk; 0R,) (Or,| (CN)& I

= [1102,) Or;| I - [ fewr) (wr |, [#) (Dlp,o [01) (wilg, = PE ) (bl PRI - 110R,) Ok

VI = || Cwraps (€L, 100,) (00, (C)E, @ (Jaon) Gaonl g, [9) @l 1) (@il — P [9) ($lr, PE)
(
)

1Al
= [[wr) (wilg, [9) Wlp,ur, [w1) (wily, = PE19) (Wlgor PEIN < 2g(n) =2 ( FY:i 1)
1

Here the first equality follows by definition of E (Equation 88), the second equality follows
because Cyy,p, is unitary and by using the tensor product structure after Cyyyp, is removed,
the third equality follows because C;. and Cy are unitary, the fourth equality follows because
110z,) (Or,| | = || 10g,) (Ox,|]| = 1, and the 1nequahty follows by two sequential applications of
Lemma 15.

Next we will bound ||Hj ||. From the definition of H; in Equation 90 we have that:
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|F = {| A Cowrap, e (CE, 101,) (01, (€],  [or) (011, @ [w01) (1], ) CF -y,
® Crwrap, 15, ([01) (0115, ® 1) (w15,  Ck, 10%,) (O,| (€, ) Ch_wi,
— Cowrap,trr, (CL100,) (O, (C)E, & P 1) (95,0, PE) €1 v
@Cr-wrap, x5, ([01) (015, @ [wn) (wi]; @ Ck, 10%,) O] (C)E, ) Ch-wrap,
= || (MCL-wrap tre (€, 101,) 011 (), @ o) (o115, @ [e01) (1], ) CF-saray
—CL Wrap, tTF, (CIL, 102,) (O, (C")], ® PE |9) (¥]5, PI{"?) CZ—me,)
@CR-wrap trs, ([01) (1], @ [w01) (w15, ® Ck, 0r,) (O, | (C), ) Ch iy,
= || (M CLwraps e, (L, 10) (O] (C)F, @ [or) (0115, @ 1) (1], ) CF -y,
~Crwrap,trr, (L, 100) {01 ()], @ PE 1) Wlsor PE) Chowiap, )|
| w5, (Jo) (115, @ aon) o]y, © Chy 108} (O] (€, ) Chvr
= || (A4 5 (10w (0wl (€, & fov) (ol @ fawn) {5,
—trr, (C, 105 00,1 ()], © PE 1) (@gor, PK) ) |
1) (w15, @ Ck, 108} (OR ()|
= Jere (ct, 100 4011 (€)1, @ (A for) {ouls, @ ) (only, — BE 19) (9l PE) )|
) aonly, © fox) (x|

< || M 10 (o1l @ 1) {aonls, — PE 1) (15,0, PE|

.\ K
< 2{g(n) < 2g(m) =2 (1 ;-“)
1

Here the first equality follows by definition (Equation 90), the second equality follows by re-
grouping terms, and the third equality follows by the tensor product structure.

The proof for the bound on Hj is extremely similar to the bound on H;, and so we will not
repeat the argument.

O]
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A.2 Proofs for Statements in Section 5

Lemma (Restatement of Lemma 31).

1
) (1)l ( ' A(Sri,n—1) - A(Sjr,n — 1)
ceP{i+1,j—1})\@ (K ¢, K, ) K

B (( @reo 115 (O] )iy ( @rec 10w 11K ) 55 ) = (Oare[¥ o) (Frispoo

< E3(n,K,T,e2,€,A)+16f(S,1 —1,A¢€),

0ALL> > H (95)

where

E;(n,K, T,ez,€,A) =0 <2A(6g(n)) + 28K <e(n)2T + (—:2) + e)

Proof. The proof proceeds in two parts. First, we show by direct calculation that the desired error
quantity can be upper bounded by the sum of four error quantities Gy, G, G3, and Gu:

B (( Okec Hﬁ (O, | )¢i,j( Rkeo [0m;) Hﬁ), 2%) - <0ALL"I’{1',]'}UU> <‘Y{i,]’}ug 0ALL> ) H

< G+ Gy + Gs + Gy (96)

1
) (—1)le <_A(SL,1',77 —1)-A(Sjr, 1 — 1)
ceP({i+1,..j-1})\@ (KIT,eZK]T,ez)4K+l

We then bound these four terms individually. We begin by demonstrating Equation 96, and defin-
ing G1, G, G3, and Gy in the process.
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1

(—1)ll+1 (
ceP{i+1,j—1})\@ (K ¢ K7 ¢, ) 2KH

.A(SL,i,ﬂ — 1) . A(S]‘,R,ﬂ — 1)

"B ((®keaﬂﬁ <0Mk|) Pij (®k€o |0y ) Hﬁ) 2%) - <OALL“P{1'/1}U‘T> <‘1’{i,j}uv

1
(MADFF pep(ipt i1

-B <<®keanﬁ <0Mk’> bij (®kea |0y Hﬁ) ¢ 2%)

)

(1)l <A(5L,i/’7 —1)-A(Sjr,n — 1)
N\D

—(0arr| ¢, [0aLL) - (OarL| (®ke¢7n[1§k (OMk\) ¢ij (®ketr |0p,) Hﬁ) |04rr) - {Oarr| @R [04LL) ) H

+ 2

ceP({i+1,...j—1})\@

<0ALL “Y{i,j}w> <‘Y{i,f}U‘7 OALL>

1
- W (Oarr| ¢r,i0arr) - (OarLl <®keaHIF<k <0Mk|) Pij (®ke(r |0, Hﬁ) 0acL) - (Oare| @i [0aLL)

_|_
ceP({i+1,..j—1})\@

1 1 )
((AWO”‘K* U (i K o)A

“A(Spin—1) - A(Sjr,m—1)-B ((®kevnﬁ <0Mk’> i (®kea |0;) Hﬁ) ’ 2%) H

which is equal to

B ( (ko1 (On]) 017 (ke (00 TIX ), 5 )

1
(=)l (A(SLim — 1) - A(Sjr, 17 — 1)

(MADHH Gep((istmjm1N\0

— (0arr| ¢1,i [0arL) - (Oartl (®keaHII§k <0Mk|) ¢ij <®k€¢7 |0, ) Hﬁ) 10arr) - (OarL| @jr [0aLL) )

+G1+ G ©7)

where G; and G; are defined as the error quantities

G = Z

ceP({i+1,..,j—1})\@

1

— W <0ALL| oL IOALL> . <0ALL’ (@keanﬁ <0Mk’) 471',]' (®kea ‘OMk> Hﬁ) |0ALL> ’ <OALL’ 4)sz ‘OALL>

<OALL“F{i,j}Ua> <T{i,j}U(T 0ALL>
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and

Gy =
oeP({i+1,.j—1})\@

(MADAKAL (i i )AKH

A(Spim—1)-A(Sjr,—1)- B (<®keaHII§k <0Mk!) i (®kea |0 Hﬁ) 2%) H

Later we will bound the size of Gy and G using Lemmas 20, and 26 respectively. For now we
carry them along in our calculation. So, continuing where we left off in Equation 97:
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ceP{i+1,j—1})\@ (i ¢ K, )2KH

.A(SL,i,ﬂ — 1) . A(S]‘,R,ﬂ — 1)

"B ((®keaﬂﬁ <0Mk|) Pij (®k€ff |0y ) Hﬁ) 2%) - <0ALL“1’{1',]‘}U0> <‘I’{i,j}uv

S ‘

‘B ((@keanﬁ <0Mk’> i <®k€cf |0y Hﬁ) ! 2%>

o))

1
(=)l (A(Spim —1) - A(Sjroy — 1)

(MADFH cep(fini 1)@

—(0arr| @1, [0arr) - (Oarr| (®kevnlfk (OMk\) ¢ij <®kea [UY™) Hﬁ) 10aLL) - {OaLL| PR [0aLL) ) H

+ G+ G
S\l A(Spi,m—1) - A(Sjr, 1 — 1) Y (=1l
(AjA]) 3K+ eeP({i+1,,j~1})\@
€
‘B (<®keanﬁ <0Mk|) Pij (®kea 0m,.) Hﬁ) , 27)

—(0arLl (®keanlfk <0Mk|> ¢ij <®kea 0, Hﬁ) 104LL) > H
+ |

c€P({i+1,...j—1})\D

1
(A

(A(SL,i,H —1)-A(Sjr, 1 —1) = (Oarr| ¢ri10aLL) - (Oarr| @ [0arL) )

(=) (0L <®keaHIF<k <0Mk|) Pij (®k€a 10, Hﬁ) 0arL)

+ Gl + GZ
< L % . #‘A(SLJ/W — 1) .‘A(S].,R’,7 _ 1)
28 || (Ai ] yaK+

1

+ | W (-A(SL,Z'/U - 1) . .A(Sj,R/W — 1) — <0ALL| ¢ |0ALL> . <0ALL| ¢j,R ‘OALL> )
(=171 (0 p | <®keanﬁ <0Mk|) bij (®keg |0, ) ka) 10411) ‘
ceP({it+1,..,j—1})\@

+ Gl + G2
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<eoll—— a1 . R
<e Y /\])4K+1A(5Lm’7 1)-A(Sjr,m—1)
™M
1
+ ‘ <A7i A i (A(SL,M? —1)-A(Sjr,m —1) — (OarL| ¢r,i [0arL) - (Oarr| ¢jr IOALL>> {0arL| 1 |0aLL) ‘
™M
1
+ | W (-A(SL,i/U —1)-A(Sjr,m —1) = (0arL| ¢r,i |0arr) - (OarL| @jr [0aLL) )
™M
: (<0ALL| ¢ii10arL) — ) (=)l (0pr | <®keaHII§k <0Mk|) ¢ij (®kea 0, ) Hﬁ) 104rL) ) H
ceP({i+1mj-1})\@
+ G+ G
1
<G +Gy+Gs+ W (A(SL,Z»U —1)-A(Sjr, 1 —1) = (O0arr| ¢r,i [0arL) - (OarLL| $jR |0ALL) ) H
1™
( (Oarr|¢ijl0arrL) — ) (=)l (0| (®k€oHIJ§k <0Mk\> Pi j <®k€0 |0a,) Hﬁ) [0arrL) || + 1)
oeP({i+1,,j—1)\@

<G+ G+ G3+ Gy

Where
Gy=e-|— 0 A(SL,n—1)-ASip 5 —1)
3 =€ (/\QA]ll)4K+1 LiY ],R/’?
and
1
Gy = ‘ W (A(SL,i,U —1)-A(Sjr, 1 —1) = (Oarr| ¢ri [0arr) - (Oarr| ¢jr [04rL) ) H
(‘ (Oarr|¢ijl0arr) — ) (=) (041, (®keaHIF<k <0Mk\> ¢ij <®kezr [Y™ Hﬁ) |0arr) || + 1)
ceP({i+1,..j~1)\@

We will now prove the bounds: G; < 22(12¢(n)), G» < O (28K (e(n)*" +€3)), Gs < O(e),
Gy < 8(1+ (2e(n) +2¢(n))22)f(S,1 —1,A,€) <16- f(S, 7 —1,A,€). The desired result follows
from these bounds, so all that remains is to prove them, which we do below.

We begin by bounding G;. For any fixed subset o € P({j — 1, ...,i + 1} ) we know, by using two
applications of Lemma 20 that:
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OarL|¥ijyue ) (¥ iijiue |0ALL
| (o ee) (Fenfonc)

1
- ()\li)\]i)“(*l <0ALL| ¢L,i |0ALL> : <0ALL| <®k60HII§k <0Mk|) 4)1',]' (@kea |0Mk> Hﬁ) |0ALL> . <0ALL| (])le |OALL>

‘T{i,]‘}uO> <‘P{i,j}u(r -

<2-6g(n) =12¢g(n)

<

$Li ® (®keaHIl§k <0Mk|> ‘Pi,j (®k€0 ‘OMk> HI}S,{) ® 4)]'/1{

i\
(At

twice, once

This follows because we can use Lemma 20 to “cut” the state “I’{i,j}w> <‘I’ {i,j}uo

at cut 7 and once at cut j, which produces the above product state, incurring error 2 - 6f(n). It
follows that:

! <OALL‘ {i/f}U(T> < EIE{i,j}utf 0ALL>
ceP({i+1,..j-1})\O
- # (OarL| i l0arr) - (OarL] (@keolTF, (Om,|) @ij (©ker 0m,) TR ) [0aLL) - (OarL] ¢ [0aLL)
(AL AL yar+1 Brkerll

< 28(128(n)),

as desired. '

For the next three bounds we will repeatedly use the fact that (A})**!1 = ©(1) = (A])**1,

and thus, i Ajl)“m = ©O(1). The reason for this is that, we know, from the use of Lemma 13
17"1

in1 tg)e error analysis of Algorithm 2, that (A})*+1, (Aé)“*l > 1—-0(e(n)), where e(n) < (1—
og

208’00 ) = O(1/log*(n)) (since & > n~108"(") a5 verified in the check in the driver Algorithm 1).
Since K = O(log’ (1)), as specified in Algorithm 2, it follows that (A})*+1 = @(1) = (A))*+1.
We now bound G».
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Gz =
ceP({i+1,...j—1})\@

< l 1 )
(Ali)\ll)41<+1 (Ké",ezK]]",ez)4K+1
€

~A(Spi,m—1)-A(Sjr,n—1)-B (<®k€(7n§k <0Mk‘) i <®k€ff |0 Hﬁ) ’ 27A> H

IN

)3

ceP({i+1,...,j—1})\@

< 162 162 ) H
<()\)\]1) K - (K] ,EZK]]/EZ) ) H

(/\ZiA{l )4K+1 (KiT,eszT,€2 )4K+1

2A72

(Ag)\Jl)‘LK“ (KiT,ezKJI",ez)4K+1

(Azi/\]l)4l<+l _ (Ké",ezK]T,eZ)ALKJrl

<0 <2AK (W)) -0 (ZAK (e(n)ZT n ez>)

Where the first inequality follows because, by definition, A(Sp;#n — 1), A(Sjr, 7 —
1),B ((@kgal—lﬁ (Om, |) ¢ij (®keg |0at,) Hll_fk) , 2%) = O(1) (since each is a close approximation of
a quantum state amplitude squared, which is at most 1 by definition). The remaining steps follow
by using the fact that (A))*F1 = ©(1) = (A])*+! as discussed above (note that (A})*T = ©(1)
for the same reason, since T = O(log?(1))), and by using Lemma 26 which gives the error bound

for how well the x terms approximate the A terms.
We now bound Gs:

_ O(ZA) =0 (ZA(4K+ 1) (’/\11 - KiT,eJ + ’/\]1 - K]'T,ez|))

T =06)
(AA)HEF

Gy3=¢- A(Spi,n—1) ‘A(Sj,RrW —-1)

Where we have used that (A})*! = ©(1) = (AQ)‘LK“, and A(Sp;,n —1),A(Sjr, 1 —1) =
O(1), for the same reasons as in the bound of G,.
We now bound Gg:
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1

G4 = ‘ IYEVIVTT]
(AjA] )T

(

<4

(ﬂ(SL,M? —1)-A(Sjr,1 —1) = (Oarr| 1, 104rL) - (Oarr| P [0aLL) ) H

(Oarr| ¢ijl0arrL) — ) (=) (0 ap1| (®keaHIF<k <0Mk|> ¢i <®k€¢7 0, ) Hﬁ) |0arL)
oeP({i+1,.j—1})\@

Here the first inequality follows by our previous argument that o /\jl) w5 = 0O(1), as well
as Lemma 18. (In fact, since we find it desirable to have an explicit corl131tant for this particular
error term, we are using i /\1'1)4K+1 < 4, which the reader may verify, although we emphasize
that the value of this constant does not matter for the asymptotic scaling and is only used for
simplicity of presentation elsewhere in this paper.) Note that our use of Lemma 18, while simple,
was key here in order to avoid a factor of 22 appearing in the bound of G;. The second inequality
follows because the bound (2¢(n) + 2¢(n))%~2 = o(1) is immediate (in fact, since e(n), f(n) =
0(1), and A = ©(log(n)), this quantity actually quite small, but here we only need that it is 0(1)).
The final inequality follows by two uses of the definition of f(S,# —1,A,€), which, we recall, is
defined, recursively, to be the error bound on A(-, 7 —1),so that f(S,7 —1,A,€) > |A(SLi;, 1 —1) —
<OALL’ (PL,i ‘OALL> |, and f(S,ﬂ — 1, A,e) 2 |A(Sjj{,1’] — 1) — <OALL| (Pj,R ‘OALL> ’ by definition. (ThIS
final step also uses the triangle inequality, and the facts that A(S;;, 7 — 1), A(Sjr, 77 —1) = O(1),
etc).

Now that we have bounded Gy, G;, G3, and Gy, the proof is complete.

)

A(Spin—1)-A(Sjr, 1 —1) = (Oarr| ¢r,i [0arr) - (Oarr| ¢jr [0arr)

<<2e<n> +2g<n>>”+1)

<8||A(Sri,n —1) - A(Sjr, 1 —1) = (0arL| 1, |0arrL) - (OaLL| Pjr [0aLL)

<8-2-f(S,n—1,M,€) =16f(S,n —1,A,€)
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