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Abstract

Driven by exploring the power of quantum computation with a limited number of qubits,
we present a novel complete characterization for space-bounded quantum computation,
which encompasses settings with one-sided error (unitary coRQL) and two-sided error (BQL),
approached from a quantum (mixed) state testing perspective:

e The first family of natural complete problems for unitary coRQL, namely space-bounded
quantum state certification for trace distance and Hilbert-Schmidt distance;

e A new family of (arguably simpler) natural complete problems for BQL, namely space-
bounded quantum state testing for trace distance, Hilbert-Schmidt distance, and (von
Neumann) entropy difference.

In the space-bounded quantum state testing problem, we consider two logarithmic-qubit
quantum circuits (devices) denoted as Qo and @1, which prepare quantum states pg and py,
respectively, with access to their “source code”. Our goal is to decide whether pq is €;-close
to or es-far from p; with respect to a specified distance-like measure. Interestingly, un-
like time-bounded state testing problems, which exhibit computational hardness depending
on the chosen distance-like measure (either QSZK-complete or BQP-complete), our results
reveal that the space-bounded state testing problems, considering all three measures, are
computationally as easy as preparing quantum states.

Our results primarily build upon a space-efficient variant of the quantum singular value
transformation (QSVT) introduced by Gilyén, Su, Low, and Wiebe (STOC 2019), which is
of independent interest. Our technique provides a unified approach for designing space-
bounded quantum algorithms. Specifically, we show that implementing QSVT for any
bounded polynomial that approximates a piecewise-smooth function incurs only a constant
overhead in terms of the space required for (special forms of)) the projected unitary encoding.
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1 Introduction

In recent years, exciting experimental advancements in quantum computing have been achieved,
but concerns about their scalability persist. It thus becomes essential to characterize the com-
putational power of feasible models of quantum computation that operate under restricted re-
sources, such as time (i.e., the number of gates in the circuit) and space (i.e., the number of
qubits on which the circuit acts). This paper specifically focuses on the latter aspect: what is
the computational power of quantum computation with a limited number of qubits?

Previous studies [Wat99, Wat03, vMW 12| on complete problems of space-bounded quantum
computation have primarily focused on well-conditioned versions of standard linear-algebraic
problems [TS13,FL18,FR21| and have been limited to the two-sided error scenario. In contrast,
we propose a novel family of complete problems that not only characterize the one-sided error
scenario (and extend to the two-sided scenario) but also arise from a quantum property testing
perspective. Our new complete problems are arguably more natural and simpler, driven by
recent intriguing challenges of verifying the intended functionality of quantum devices.

Consider the situation where a quantum device is designed to prepare a quantum (mixed)
state pg, but a possibly malicious party could provide another quantum device that outputs
a different n-qubit (mixed) state pj, claiming that pg =~ p1. The problem of testing whether
po is e1-close to or ex-far from p; with respect to a specified distance-like measure, given the
ability to produce copies of py and pq, is known as quantum state testing [MdW16, Section 4].
Quantum state testing (resp., distribution testing) typically involves utilizing sample accesses
to quantum states pp and p; (resp., distributions Dy and D;) and determining the number
of samples required to test the closeness between quantum states (resp., distributions). This
problem is a quantum (non-commutative) generalization of classical property testing, which
is a fundamental problem in theoretical computer science (see [Goll7]), specifically (tolerant)
distribution testing (see [Can20]). Moreover, this problem is an instance of the emerging field
of quantum property testing (see [MdW16]), which aims at designing quantum testers for the
properties of quantum objects.

In this paper, we investigate quantum state testing problems where quantum states pg and p;
are preparable by computationally constrained resources, specifically state-preparation circuits
(viewed as the “source code” of devices) that are (log)space-bounded. Our main result conveys a
conceptual message that testing quantum states prepared in bounded space is (computationally)
as easy as preparing these states in a space-bounded manner. Consequently, we can introduce
the first family of natural coRQuL-complete promise problems since Watrous [Wat01] introduced
unitary RQL and coRQL (known as RQuL and coRQuL, respectively) in 2001, as well as a new
family of natural BQL-complete promise problems.

Our main technique is a space-efficient variant of the quantum singular value transforma-
tion (QSVT) [GSLW19], distinguishing itself from prior works primarily focused on time-efficient
QSVT. As time-efficient QSVT provides a unified framework for designing time-efficient quantum
algorithms [GSLW19, MRTC21], we believe our work indicates a unified approach to designing
space-bounded quantum algorithms, potentially facilitating the discovery of new complete prob-
lems for BQL and its one-sided error variants. Subsequently, we will first state our main results
and then provide justifications for the significance of our results from various perspectives.

1.1 Main results

We will commence by providing definitions for time- and space-bounded quantum circuits.
We say that a quantum circuit @ is (poly)time-bounded if @) is polynomial-size and acts on
poly(n) qubits. Likewise, we say that a quantum circuit @ is (log)space-bounded if @ is
polynomial-size and acts on O(logn) qubits. It is worthwhile to note that primary complexity
classes, e.g., BQL, coRQuL, and BPL, mentioned in this paper correspond to promise problems.



Complete characterizations of quantum logspace from state testing. While prior
works [TS13,FL18, FR21] on BQL-complete problems have mainly focused on well-conditioned
versions of standard linear-algebraic problems (in DET™), our work takes a different perspective
by exploring quantum property testing. Specifically, we investigate the problem of space-bounded
quantum state testing, which aims to test the closeness between two quantum states that are
preparable by (log)space-bounded quantum circuits (devices), with access to the corresponding
“source code” of these devices.

We begin by considering a computational problem that serves as a “white-box” space-bounded
counterpart of quantum state certification [BOW19], equivalent to quantum state testing with
one-sided error. Our first main theorem (Theorem 1.1) demonstrates the first family of natural
coRQuL-complete problems in the context of space-bounded quantum state certification with
respect to the trace distance (td) and the squared Hilbert-Schmidt distance (HS?).

Theorem 1.1 (Informal of Theorem 4.5). The following (log)space-bounded quantum state cer-
tification problems are coRQuL-complete: for any a(n) > 1/ poly(n), decide whether

(1) CERTQSD)0e: po = p1 or td(po, p1) > a(n);
(2) CERTQHSlOg: po = p1 or HSz(vapl) > OZ(’I”L),‘

By extending the error requirement from one-sided to two-sided, we broaden the scope of
space-bounded quantum state testing to include two more distance-like measures: the quan-
tum entropy difference, denoted by S(pp) — S(p1), and the quantum Jensen-Shannon divergence
(QJS,). As a result, we establish our second main theorem, introducing a new family of natural
BQL-complete problems:

Theorem 1.2 (Informal of Theorem 4.6). The following (log)space-bounded quantum state test-
ing problems are BQL-complete: for any a(n) and f(n) such that a(n) — S(n) > 1/ poly(n), or
for any g(n) > 1/ poly(n), decide whether

(1) GAPQSDyy: td(s0, p1) > a(n) or td(po, p1) < Bl
(2) GAPQED,,: S(po) —S(p1) > g(n) or S(p1) — S(po) > g(n);
(3) GAPQJS)oq: QISs(po, p1) = a(n) or QJS,y(po, p1) < B(n);
(4) GAPQHS,,,: HS?(po, p1) > a(n) or HS?(po, p1) < B(n);

)’.
)

Y

Notably, Theorem 1.2(1) demonstrates that our algorithm for GAPQSDj,, exhibits a poly-
nomial advantage in space over the best-known classical algorithms [Wat02], since Watrous
implicitly showed in [Wat02, Proposition 21| that GAPQSD),, is contained in (classical) poly-
logarithmic space.’

Space-efficient quantum singular value transformation. Proving our main theorems
mentioned above poses a significant challenge: establishing the containment in the relevant
class (BQL or coRQuL), which is also the difficult direction for showing the known family of
BQL-complete problems [TS13, FL18, FR21].

Proving the containment for the one-sided error scenario is not an effortless task: such a task
is not only already relatively complicated for CERTQHS),g, but also additionally requires novel
techniques for CERTQSD)os. On the other hand, for two-sided error scenarios, while showing
the containment is straightforward for GAPQHS).g, it still demands sophisticated techniques for
all other problems, such as GAPQSDj,s, GAPQED),g, and GAPQJS),.

!Notably, our algorithm for GAPQSD).g provides an alternating proof for the original statement that (c, 8)-
QSD is in PSPACE when a(n) — 8(n) > exp(— poly(n)). In particular, Watrous [Wat02] provided an algorithm
in NC to solve the TRACE NORM APPROXIMATION problem on estimating || X||: with polynomial precision, given
that the polynomial-size matrix X enables evaluation of all entries in deterministic O(logn) space.



As explained in Section 1.4, our primary technical contribution and proof technique involve
developing a space-efficient variant of the quantum singular value transformation (QSVT), which
constitutes our third main theorem (Theorem 1.4).

1.2 Background on space-bounded quantum computation

Watrous |[Wat99, Wat03] initiated research on space-bounded quantum computation and
showed that fundamental properties, including closure under complement, hold for BQSPACE[s(n)]
with s(n) > Q(logn). Watrous also investigated classical simulations of space-bounded quantum
computation (with unbounded error), presenting deterministic simulations in O(s?(n)) space
and unbounded-error randomized simulations in O(s(n)) space. A decade later, van Melke-
beek and Watson [vMW12] provided a simultaneous O(¢(n)) time and O(s(n) + logt(n)) space
unbounded-error randomized simulation for a bounded-error quantum algorithm in #(n) time
and s(n) space. The complexity class corresponding to space-bounded quantum computation
with s(n) = O(log(n)) is known as BQL, or BQuL if only unitary gates are permitted.

Significantly, several developments over the past two decades have shown that BQL is well-
defined, independent of the following factors in chronological order:

e The choice of gateset. The Solovey-Kitaev theorem [Kit97| establishes that most quan-
tum classes are gateset-independent, given that the gateset is closed under adjoint and all
entries in gates have reasonable precision. The work of [vMW 12| presented a space-efficient
counterpart of the Solovay-Kitaev theorem, implying that BQL is also gateset-independent.

e Error reduction. Repeating BQuL sequentially necessitates reusing the workspace, mak-
ing it unclear how to reduce errors for BQyL as intermediate measurements are not allowed.
To address this issue, the work of [FKL."16] adapted the witness-preserving error reduction
for QMA [MWO05] with several other ideas to the space-efficient setting.

e Intermediate measurements. In the space-bounded scenario, the principle of deferred
measurement is not applicable since this approach leads to an exponential increase in space
complexity. Initially, BQL appeared to be seemingly more powerful than BQuL since we
cannot directly demonstrate that BPL C BQuL. Recently, Fefferman and Remscrim [FR21]
(as well as [GRZ21, GR22|) proved the equivalence between BQL and BQyL, indicating a
space-efficient approach to eliminating intermediate measurements.

BQL-complete problems. Identifying natural complete problems for the class BQL (or BQuL)
is a crucial and intriguing question. Ta-Shma [TS13] proposed the first candidate BQL-complete
problem, building upon the work of Harrow, Hassidim, and Lloyd [HHLO09] which established a
BQP-complete problem for inverting a (polynomial-size) well-conditioned matrix. Specifically,
Ta-Shma showed that inverting a well-conditioned matrix with polynomial precision is in BQL.
Similarly, computing eigenvalues of an Hermitian matrix is also in BQL. These algorithms offer
a quadratic space advantage over the best-known classical algorithms that saturate the classical
simulation bound [Wat99, Wat03, vMW12|. Fefferman and Lin [FL18| later improved upon this
result to obtain the first natural BQuL-complete problem by ingeniously utilizing amplitude
estimation to avoid intermediate measurements.

More recently, Fefferman and Remscrim [FR21] further extended this natural BQuL-complete
problem (or BQL-complete, equivalently) to a family of natural BQL-complete problems. They
showed that a well-conditioned version of standard DET*-complete problems is BQL-complete,
where DET* denotes the class of problems that are NC! (Turing) reducible to INTDET, including
well-conditioned integer determinant (DET), well-conditioned matrix powering (MATPOW),
and well-conditioned iterative matrix product (ITMATPROD), among others.

RQuL- and coRQulL-complete problems. Watrous [Wat01] introduced the one-sided error
counterpart of BQuL, namely RQuL and coRQyuL, and developed error reduction techniques.



Moreover, Watrous proved that the undirected graph connectivity problem (USTCON) is in
RQuL N coRQuL whereas Reingold [Rei08] demonstrated that USTCON is in L several years
later. Recently, Fefferman and Remscrim [FR21| proposed a “verification” version of the well-
conditioned iterative matrix product problem (VITMATPROD) as a candidate coRQL-complete
problem. However, although this problem is known to be coRQL-hard, its containment remains
unresolved. Specifically, VITMATPROD requires to decide whether a single entry in the product
of polynomially many well-conditioned matrices is equal to zero.

1.3 Time-bounded and space-bounded distribution and state testing

We summarize prior works and our main results for time-bounded? and space-bounded dis-
tribution and state testing with respect to £ norm, entropy difference, and #o norm in Table 1.

Interestingly, the sample complexity of testing the closeness of quantum states (resp., distri-
butions) depends on the choice of distance-like measures,” including the one-sided error coun-
terpart known as quantum state certification [BOW19]. In particular, for distance-like measures
such as the ¢; norm, called total variation distance in the case of distributions [CDVV14] and
trace distance in the case of states [BOW19], as well as classical entropy difference [JVHW15,
WY16] and its quantum analog [AISW20, OW21], the sample complexity of distribution and
state testing is polynomial in the dimension N. However, for distance-like measures such as the
¢ norm, called Euclidean distance in the case of distributions [CDVV 14| and Hilbert-Schmidt
distance in the case of states [BOW19], the sample complexity is independent of dimension N.

£1 norm {5 norm Entropy
Classical SZK-complete® BPP-complete SZK-complete
Time-bounded [SV03,GSV9Sg] Folklore [GV99,GSV98]
Quantum QSZK-complete’ BQP-complete QSZK-complete
Time-bounded [Wat02, Wat09] [BCWAWO01, RASW23] [BASTS10, Wat09]
Quantum BQL-complete BQL-complete BQL-complete
Space-bounded Theorem 1.2(1) [BCWdWO01] and Theorem 1.2(4) Theorem 1.2(2)

Table 1: Time- and space-bounded distribution or state testing.

As depicted in Table 1, this phenomenon that the required sample complexity for distribution
and state testing, with polynomial precision and exponential dimension, depends on the choice
of distance-like measure has reflections on time-bounded quantum state testing:

e For /1 norm and entropy difference, the time-bounded scenario is seemingly much harder
than preparing states or distributions since QSZK C BQP and SZK C BPP are unlikely.

e For /5 norm, the time-bounded scenario is as easy as preparing states or distributions.

However, interestingly, a similar phenomenon does not appear for space-bounded quan-
tum state testing. Although no direct classical counterpart has been investigated before in a
complexity-theoretic fashion, namely space-bounded distribution testing, there is another closely
related model (a version of streaming distribution testing) that does not demonstrate an analo-
gous phenomenon either, as we will discuss in Section 1.3.2.

“The problem of time-bounded distribution (resp., state) testing aims to test the closeness between two distribu-
tions (resp., states) that are preparable by (poly)time-bounded circuits (devices), with access to the corresponding
“source code” of these devices.

3Tt is noteworthy that the quantum entropy difference is not a distance.



1.3.1 Time-bounded distribution and state testing

We review prior works on time-bounded state (resp., distribution) testing, with a particular
focus on testing the closeness between states (resp., distributions) are preparable by (poly)time-
bounded quantum (resp., classical) circuits (device), with access to the “source code” of cor-
responding devices. For time-bounded distribution testing, we also recommend a brief sur-

vey [GV11] by Goldreich and Vadhan.

/1 norm scenarios. Sahai and Vadhan [SV03] initiated the study of the time-bounded dis-
tribution testing problem, where distributions Dy and D; are efficiently samplable, and the
distance-like measure is the total variation distance. Their work named this problem STATISTI-
CAL DIFFERENCE (SD). In particular, the promise problem («, 3)-SD asks whether Dy is a-far
from or -close to Dy with respect to ||[Dy — D1||Tv. Although sampling from the distribution
is in BPP,* testing the closeness between these distributions is SZK-complete [SV03, GSV9S],
where SZK is the class of promise problems possessing statistical zero-knowledge proofs. It is
noteworthy that the SZK containment of («, 5)-SD for any a(n)—/5(n) > 1/ poly(n) is currently
unknown.” In addition, we note that SZK is contained in AM N coAM [For87, AHI1].

Following the pioneering work [SV03], Watrous [Wat02] introduced the time-bounded quan-
tum state testing problem, where two quantum states pg and p; that are preparable by time-
bounded quantum circuits Q¢ and ()1, respectively, as well as the distance-like measure is the
trace distance. This problem is known as the QUANTUM STATE DISTINGUISHABILITY (QSD),
specifically, (o, £)-QSD asks whether pg is a-far from or S-close to p; with respect to td(po, p1).
Analogous to its classical counterpart, QSD is QSZK-complete [Wat02, Wat09], whereas the
QSZK containment for any a(n) — 3(n) > 1/ poly(n) remains an open question.® Additionally,
it is worth noting that QIP(2) contains QSZK [Wat02, Wat09].

Entropy difference scenarios. Beyond ¢; norm, another distance-like measure commonly con-
sidered in time-bounded quantum state testing (or distribution testing) is the (quantum) entropy
difference, which also corresponds to the (quantum) Jensen-Shannon divergence. The promise
problem ENTROPY DIFFERENCE (ED), first introduced by Goldreich and Vadhan [GV99] fol-
lowing the work of [SV03|, asks whether efficiently samplable distributions Dy and D; satisfy
H(Dy) — H(D1) > g or H(D;) — H(Dy) > g for g = 1. They demonstrated that ED is SZK-
complete. Ben-Aroya, Schwartz, and Ta-Shma [BASTS10]| further investigated the promise
problem QUANTUM ENTROPY DIFFERENCE (QED), which asks whether S(po) — S(p1) > g or
S(p1) — S(po) > g, for efficiently preparable quantum states py and p; and g = 1/2. They
showed that QED is QSZK-complete. Moreover, the SZK (resp., QSZK) containment for ED
(resp., QED) automatically holds for any g(n) > 1/ poly(n).

Furthermore, Berman, Degwekar, Rothblum, and Vasudevan [BDRV19] demonstrated that
the Jensen-Shannon divergence problem (JSP), asking whether JS(Dy, D1) > a or JS(Dy, D;) <
0 for efficiently samplable distributions Dy and D1, is SZK-complete. Their work accomplished
this result by reducing the problem to ED, and this containment applies to a(n) — 5(n) >
1/ poly(n). Recently, Liu [Liu23| showed a quantum counterpart, referred to as the QUANTUM
JENSEN-SHANNON DIVERGENCE PROBLEM (QJSP), is QSZK-complete. Notably, the quantum

“Rigorously speaking, as an instance in SD, sample-generating circuits are not necessarily (poly)time-uniform.

®The works of [SV03, GSV98] demonstrated that (c,3)-SD is in SZK for any constant o® — 8 > 0. The
same technique works for the parameter regime a?(n) — 8(n) > 1/O(logn). However, further improvement of
the parameter regime requires new ideas, as clarified in [Gol19]. Recently, the work of [BDRV19] improved the
parameter regime to a®(n) — 3(n) > 1/ poly(n) by utilizing a series of tailor-made reductions. Currently, we only
know that (o, 8)-SD for a(n) — f(n) > 1/ poly(n) is also in AM N coAM [BL13].

SLike SD and SZK, the techniques in [Wat02, Wat09] show that (c, 8)-QSD is in QSZK for o?(n) — 8(n) >
1/O0(logn), and the same limitation also applies to the quantum settings. A recent result [Liu23] following the
line of work of [BDRV19] improved the parameter regime to a?(n) —v/21In28(n) > 1/ poly(n), but the differences
between classical and quantum distances make it challenging to push the bound further. In [Wat02, Proposition
21], Watrous implicitly proved a PSPACE upper bound for the parameter regime a(n) — 3(n) > exp(— poly(n)).



Jensen-Shannon divergence is a special instance of the Holevo x quantity [Hol73].”

f5 norm scenarios. For the quantum setting, it is straightforward that applying the SWAP
test [BCWAWO01]® to efficiently preparable quantum states pg and p; can lead to a BQP contain-
ment, in particular, additive-error estimations of Tr(p3), Tr(p?), and Tr(pop1) with polynomial
precision. Recently, the work of [RASW23| observed that time-bounded quantum state testing
with respect to the squared Hilbert-Schmidt distance is BQP-complete. For the classical setting,
namely the squared Euclidean distance, the BPP-completeness is relatively effortless.”

1.3.2 Space-bounded distribution and state testing

To the best of our knowledge, no prior work has specifically focused on space-bounded
distribution testing from a complexity-theoretic perspective. Instead, we will review prior works
that are (closely) related to this computational problem. Afterward, we will delve into space-
bounded quantum state testing, which constitutes the main contribution of our work.

Space-bounded distribution testing and related works. We focus on a computational
problem involving two poly(n)-size classical circuits Cy and C7, which generate samples from
the distributions Dy and D; respectively. Each circuit contains a read-once polynomial-length
random-coins tape.'’ The input length and output length of the circuits are O(logn). The task
is to decide whether Dy is a-far from or -close to D with respect to some distance-like measure.
Additionally, we can easily observe that space-bounded distribution testing with respect to the
squared Euclidean distance (¢2 norm) is BPL-complete, much like its time-bounded counterpart.

Several models related to space-bounded distribution testing have been investigated previ-
ously. Earlier streaming-algorithmic works [FKSV02, GMV06] utilize entries of the distribution
as the data stream, with entries given in different orders for different models. On the other
hand, a later work [CLM10] considered a data stream consisting of a sequence of i.i.d. samples
drawn from distributions and studied low-space streaming algorithms for distribution testing.

Regarding (Shannon) entropy estimation, previous streaming algorithms considered worst-
case ordered samples drawn from N-dimensional distributions and required poly log(N/¢) space,
where € is the additive error. Recently, Acharya, Bhadane, Indyk, and Sun [ABIS19] addressed
the entropy estimation problem with i.i.d. samples drawn from distributions as the data stream
and demonstrated the first O(log(NN/€)) space streaming algorithm. The sample complexity,
viewed as the time complexity, was subsequently improved in [AMNW22].

However, for the total variation distance (¢; norm), previous works focused on the trade-off
between the sample complexity and the space complexity (memory constraints), achieving only
a nearly-log-squared space streaming algorithm [DGKR19].

Notably, the main differences between the computational and streaming settings lie in how
we access the sampling devices.'! In the computational problem, we have access to the “source
code” of the devices and can potentially use them for purposes like “reverse engineering”. Con-
versely, the streaming setting utilizes the sampling devices in a “black-box” manner, obtaining
i.i.d. samples. As a result, a logspace streaming algorithm will result in a BPL containment.'?

"In particular, the quantum Jensen-Shannon divergence coincides with the Holevo x quantity on size-2 en-
sembles with a uniform distribution, which arises in the Holevo bound [Hol73]. See [NC02, Theorem 12.1].

8We note that the SWAP test also applies to mixed states, see Proposition 9 in [KMYO09].

9Specifically, we achieve BPP containment by following the approach in [BCHT19, Theorem 7.1]. On the
other hand, the BPP hardness owes to the fact that the squared Euclidean distance between the distribution
(Paces 1 — Pacc) from the output bit of any BPP algorithm and the distribution (1,0) is (1 — pacc)2.

10Tt is noteworthy that random coins are provided as input to classical circuits Co and C; for generating samples
from the corresponding distributions in the time-bounded scenario, such as SD and ED.

1 Of course, not all distributions can be described as a polynomial-size circuit (i.e., a succinct description).

12T particular, the sample-generating circuits Cp and C) in space-bounded distribution testing can produce
the i.i.d. samples in the data stream.



Space-bounded quantum state testing. Among the prior works on streaming distribution
testing, particularly entropy estimation, the key takeaway is that the space complexity of the
corresponding computational problem is O(log(N/e)). This observation leads to a conjecture
that the computational hardness of space-bounded distribution and state testing is independent
of the choice of commonplace distance-like measures. Our work, in turn, provides a positive
answer for space-bounded quantum state testing.

Space-bounded state testing with respect to the squared Hilbert-Schmidt distance (2 norm)
is BQL-complete, as shown in Theorem 1.2(4). Specifically, the BQL containment follows from
the SWAP test [BCWdAWOI1], similar to the time-bounded scenario. Moreover, proving BQL
hardness, as well as coRQuL-hardness for state certification, are also straightforward.'?

Regarding space-bounded state testing with respect to the trace distance (¢; norm), we note
that [Wat02, Proposition 21| implicitly established an NC containment. The BQL-hardness, as
well as coRQuL-hardness for state certification, is adapted from [RASW23]. Similarly, we derive
the BQL-hardness for space-bounded state testing with respect to the quantum Jensen-Shannon
divergence and the quantum entropy difference from previous works [Liu23].

Finally, we devote the remainder of this section to our main technique (Theorem 1.4), and
consequently, we present BQL (resp., coRQuL) containment for state testing (resp., certification)
problems for other distance-like measures beyond the squared Hilbert-Schmidt distance.

1.4 Proof technique: Space-efficient quantum singular value transformation

The quantum singular value transformation (QSVT) [GSLW19] is a powerful and efficient
framework for manipulating the singular values {o;}; of a linear operator A, using a corre-
sponding projected unitary encoding U of A = TIUTI for projectors II and II. The sin-
gular value decomposition is A = 37, 0yth;) (1| where [¢h;) and [¢;) are left and right sin-
gular vectors, respectively. QSVT has numerous applications in quantum algorithm design,
and is even considered a grand unification of quantum algorithms [MRTC21]|. To implement
the transformation fGV)(A4) = fEVI(IIUI), we require a degree-d polynomial Py(z) that
satisfies two conditions. Firstly, Py well-approximates f on the interval of interest Z, with
mMax,e7\7; |Py(2) — f(2)] < €, where Z; C T C [—1,1] and typically Zs := (=4, 0). Secondly, Py
is bounded, with max,¢[_1 1] |P;(x)| < 1. The degree of P; depends on the precision parameters
§ and €, with d = O(6'loge™!), and all coefficients of Py can be computed efficiently.

According to [GSLW19], we can use an alternating phase modulation to implement PCESV) (ITUTI),
which requires a sequence of rotation angles ® € R%. For instance, consider Py(x) = Ty(x) where
Ty(x) is the d-th Chebyshev polynomial (of the first kind), then we know that ¢ = (1 — d)7/2
and ¢; = w/2 for all j € {2,3,--- ,d}. QSVT techniques, including classical pre-processing and
quantum circuit implementation, are generally time-efficient. Additionally, the quantum circuit
implementation of QSV'T is already space-efficient because implementing QSVT with a degree-
d bounded polynomial for any s(n)-qubit projected unitary encoding requires O(s(n)) qubits,
where s(n) > Q(logn). However, the classical pre-processing in the QSVT techniques is typi-
cally not space-efficient. Indeed, prior works on classical pre-processing for QSV'T, specifically
angle-finding algorithms in [Haal9, CDG 20, DMWIL21|, which have time complexity polyno-
mially dependent on the degree d, do not consider the space-efficiency. Therefore, the use of
previous angle-finding algorithms may lead to an ezponential increase in space complexity. This
raises a fundamental question on making the classical pre-processing space-efficient as well:

Problem 1.3 (Space-efficient QSVT). Can we implement a degree-d QSVT for any s(n)-qubit

131n particular, considering any BQL circuit C, that accepts with probability pacc = ||1><1|0ut01|()>|§, we can
construct a new circuit C% from C, such that C, accepts with probability ||0)(0|C%|0)|2? = pacc® = Tr(pop1) =
1 — HS?(po, p1), where pure states po = [0)(0] and p1 = C4|0)(0|C%". See Lemma 4.17 for details.

1 This procedure is a generalization of quantum signal processing, as explained in [MRTC21, Section II.A].



projected unitary encoding with d < 20(") using only O(s(n)) space in both classical pre-
processing and quantum circuit implementation?

QSVT via Chebyshev interpolation. Recently, Metger and Yuen [MY23| constructed
bounded polynomial approximations of the sign and square root functions with exponential pre-
cision in polynomial space by utilizing Chebyshev interpolation, which offers a partial solution
to Problem 1.3.'° The key ingredient behind their approach is the near-minimaz approzimation
by Chebyshev interpolation [Pow67]. More precisely, for any continuous function f: [—1,1] — R,
if there is a degree-d polynomial P satisfying max,c—11]|f(z) — Pd(x)| < €, then we have a
Chebyshev interpolation polynomial Py(z) := % + Zzzl ci Ty, where ¢ := %f_ll %\/%@dm
such that max,e_1 1 [Py(7) — f(x)] < O(elogd). As the angles for any Chebyshev polynomial
Ty (x) are explicitly known, the implementation involves applying a Chebyshev polynomial to
a bitstring indexed encoding, which additionally requires projectors II and II span on the cor-
responding subset of {|0),[1)}®* !0 and implementing the Chebyshev interpolation polynomial
by LCU techniques [BCCT15]. It is noteworthy that combining the aforementioned techniques
causes a super-quadratic dependence of the degree d in the query complexity to U.

A refined analysis indicates that applying a Chebyshev interpolation polynomial to a bitstring
indexed encoding for any d < 200() and e > 279((") yequires O(s(n)) qubits and determin-
istic O(s(n)) space, provided that an evaluation oracle Evalp, estimates coefficients {c}{_, of
the Chebyshev interpolation polynomial with O(log(e/d)) precision. This result leads to the
establishment of a space-efficient variant of QSVT:

Theorem 1.4 (Space-efficient QSVT, informal of Theorem 3.4). Let f: R — R be a continuous
function bounded on T C [—1,1]. If there exists a degree-d polynomial By that approximates
h: [=1,1] = R, where h approzimates f only on I, such that max,e|_ 1 |h(x)— Py(z)| < €, then
Chebyshev interpolation yields another degree-d polynomial Py satisfying the following conditions:
maxger | f(x) — Pa(z)| < O(elogd) and max ey gy |Pa(w)] < 1.

Furthermore, we have an algorithm Ay that computes any coefficient {ck}gzo of the Chebyshev
interpolation polynomial Py space-efficiently. The algorithm is deterministic for bounded f,
and bounded-error randomized for piecewise-smooth f. Additionally, for any s(n)-qubit bitstring
indezed encoding U of A = HUT with d < 206 we can implement the quantum singular
value transformation PCESV) (A) using O(d?||c||1) queries'” In addition, ||c||1 is generally upper-
bounded by O(d) for all piecewise-smooth functions. However, for specific functions, such as the
sign function, we can improve the upper bound to O(logd). to U with O(s(n)) qubits.

Our techniques in Theorem 1.4 offer two advantages over the techniques proposed by [MY23].
Firstly, our techniques can handle any piecewise-smooth function, such as the normalized loga-
rithmic function Ing(z) := ;ﬁf(lz/fg) on the interval Z = [, 1] for any g > 2-90() whereas the
techniques from [MY 23] are restricted to functions that are bounded on the interval Z = [—1,1].
Secondly, our technique is constant overhead in terms of the space complexity of the bitstring
indexed encoding U, while the techniques from [MY23] are only poly-logarithmic overhead.

In addition, it is noteworthy that applying the space-efficient QSV'T with the sign function

will imply a unified approach to error reduction for the classes BQuL, coRQuL and RQuL.

Computing the coefficients. We will implement the evaluation oracle Evalp, to prove The-
orem 1.4. To estimate the coeflicients {ck}gzo resulting from Chebyshev interpolation for any

5To clarify, we can see from [MY23] that directly adapting their construction shows that implementing QSVT
for any s(n)-qubit block-encoding with O(s(n))-bit precision requires poly(s(n)) classical and quantum space for
any s(n) > Q(logn). However, Problem 1.3 (space-efficient QSVT) seeks to reduce the dependence of s(n) in the
space complexity from polynomial to linear.

16To ensure that IIUI admits a matrix representation, we require the basis of projectors II and II to have a
well-defined order, leading us to focus exclusively on bitstring indexed encoding. Additionally, for simplicity, we
assume no ancillary qubits are used here, and refer to Definition 3.1 for a formal definition.

'"The dependence of ||c||; arises from renormalizing the bitstring indexed encoding via amplitude amplification.



function f that is bounded on the interval Z = [—1, 1], we can use standard numerical integral
techniques,'® given that the integrand’s second derivative in {c;}¢_ is bounded by poly(d).

However, implementing the evaluation oracle for piecewise-smooth functions f on an interval
Z ¢ [-1,1] is relatively convoluted. We cannot simply apply Chebyshev interpolation to f.
Instead, we consider a low-degree Fourier approximation g resulting from implementing smooth
functions to Hamiltonians [vAGGdW20, Appendix B|. We then make the error vanish outside
Z by multiplying with a Gaussian error function, resulting in A which approximates f only on
Z. Therefore, we can apply Chebyshev interpolation and our algorithm for bounded functions
to h through a somewhat complicated calculation.

Finally, we need to compute the coefficients of the low-degree Fourier approximation g.
Interestingly, this step involves the stochastic matriz powering problem, which lies at the heart
of space-bounded derandomization, e.g., [SZ99, CDSTS23, PP23]. We utilize space-bounded
random walks on a directed graph to estimate the power of a stochastic matrix. Consequently,
we can only develop a bounded-error randomized algorithm Ay for piecewise-smooth functions.'”

1.5 Proof overview: A general framework for quantum state testing

Our framework enables space-bounded quantum state testing, specifically for proving The-
orem 1.1 and Theorem 1.2, and is based on the one-bit precision phase estimation [Kit95],
also known as the Hadamard test [AJL09]. Prior works [T'S13, FL18| have employed (one-bit
precision) phase estimation in space-bounded quantum computation.

To address quantum state testing problems, we reduce them to estimating Tr(P;(A)p), where
p is a (mixed) quantum state prepared by a quantum circuit @,, A is an Hermitian operator
block-encoded in a unitary operator Uy, and P, is a space-efficiently computable degree-d poly-
nomial. This approach has been applied in time-bounded quantum state testing, including fidelity
estimation [GP22] and subsequently trace distance estimation [WZ23a].

0) — ] H
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Up,(4)
10) = —
Qp
0) =

Figure 1: General framework for quantum state testing 7(Q,, U4, Py).

To implement a unitary operator Up,(4) that (approximately) block-encodes Py(A) in a
space-efficient manner, we require P; to meet the conditions specified in Theorem 1.4. As
illustrated in Figure 1, we denote the quantum circuit as 7(Qp, Ua, Py), where we exclude the
precision for simplicity. The measurement outcome of 7(Q,,Ua, Py) will be 0 with a probability
close to w. This property allows us to estimate Tr(Py(A)p) within an additive error €
using O(1/€%) sequential repetitions, resulting in a BQL containment.

As an example of the application, T(Qi, Upo—py , P;¥") is utilized in GAPQSD, where Upy—,
2 2

is a block-encoding of 252 and P}*" is a space-efficient polynomial approximation of the

'8We remark that using a more efficient numerical integral technique, such as the exponentially convergent
trapezoidal rule, may improve the required space complexity for computing coefficients by a constant factor.

19The classical pre-processing in space-efficient QSVT is not part of the deterministic Turing machine producing
the quantum circuit description in the BQL model (Definition 2.6). Instead, we treat it as a component of quantum
computation, allowing the use of randomized algorithms since BPL C BQL [FR21].



sign function. Similarly, 7(Q;, U,,, Pclln) is utilized in GAPQED, where U,, is a block-encoding
of p; for i € {0,1}, and Pcllrl is a space-efficient polynomial approximation of the normalized
logarithmic function. Both P;gn and Pén can be obtained by employing Theorem 1.4.%"

Making the error one-sided. The main challenge is constructing a unitary U of interest, such
as T(Q,,Ua, Py), that accepts with a certain fixed probability p for yes instances (po = p1),
while having a probability that polynomially deviates from p for no instances. As an example,
we consider CERTQHS)o, and express HS?(pg, p1) as a linear combination of Tr(p2), Tr(p?), and
Tr(pop1). We thus design a unitary quantum algorithm employing the LCU technique, which
accepts with probability (% + iHS2(p0,p1))2, equal 1/4 for yes instances. Applying the exact
amplitude amplification [BBHT98, BHMT02], we achieve perfect completeness, and the analysis
demonstrates that the acceptance probability polynomially deviates from 1 for no instances. By
applying error reduction for coRQyuL, the resulting algorithm is indeed in coRQuL.

Moving on to CERTQSDj,,, we consider the quantum circuit U; = T(Q;, U% , ngn) fori €

{0,1}. Let p; be the probability that the measurement outcome of U;|0) in Figure 1 is 0. Since our
space-efficient QSV'T preserves parity, specifically the approximation polynomial Psgn satisfies
P3"(0) = 0,%! we obtain py = p1 = 1/2 for yes instances (pp = p1). With a simple modification,
Uy and Uy enable algorithm A to meet the condition of exact amplitude amplification for yes
instances. Further analysis shows that A accepts with probability polynomially away from 1 for
no instances. We thus can conclude a coRQuL containment similar to CERTQHS)q,.

1.6 Discussion and open problems

Since space-efficient quantum singular value transformation (QSVT) offers a unified frame-
work for designing quantum logspace algorithms, it suggests a new direction to find applications
of space-bounded quantum computation. An intriguing candidate is solving positive semidefi-
nite programming (SDP) programs with constant precision [JY11,AZLO16|. A major challenge
in achieving a BQL containment for this problem is that iteratively applying the space-efficient
QSVT super-constantly many times may lead to a bitstring indexed encoding requiring w(logn)
ancillary qubits, raising the question:

(i) Is it possible to have an approximation scheme (possibly under certain conditions) that
introduces merely O(1) additional ancillary qubits in the bitstring indexed encoding per
iteration, such that applying space-efficient QSVT log n times results in a bitstring indexed
encoding with at most O(logn) ancillary qubits?

Furthermore, as quantum distances investigated in this work are all instances of a quantum
analog of symmetric f-divergence, there is a natural question on other instances:

(ii) Can we demonstrate that space-bounded quantum state testing problems with respect
to other quantum distances are also BQL-complete, such as quantum analogs of squared
Hellinger distance or quantum analogs of triangular discrimination [Liu23]|?

In addition, there is a question on improving the efficiency of the space-efficient QSVT:

(iii) Can we improve the query complexity of U and UT in the space-efficient QSVT implemen-
tation (e.g., for the sign function) from O(d?logd) to O(d)?

Notably, classical pre-processing in QSVT techniques usually involves finding the sequence
of z-axis rotation angles, while our approach instead uses Chebyshev interpolation and the
LCU technique. A solution thus involves developing a space-efficient angle-finding algorithm.
An interesting direction from a recent work [MW23], which investigated QSVT with SU(2)
rotations, may shed light on Question (iii) since finding SU(2) rotation angles appears easier.

20Tn particular, P;#" is given in Corollary 3.7, as well as P" is given in Corollary 3.10.
21Let f be any odd function such that space-efficient QSVT associated with f can be implemented by Theo-
rem 1.4. It follows that the corresponding approximation polynomial PCEf ) is also odd. See Remark 3.12.
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1.7 Related works: more on quantum state testing problems

Testing the spectrum of quantum states was studied in [OW21]: for example, whether a
quantum state is maximally mixed or e-far away in trace distance from mixed states can be tested
using O(N/e?) samples. Later, it was generalized in [BOW19] to quantum state certification
with respect to fidelity and trace distance. Estimating distinguishability measures of quantum
states [RASW23] is another topic, including the estimation of fidelity [FL11, WZC"23, GP22]
and trace distance [WGL 22, WZ23a].

Entropy estimation of quantum states has been widely studied in the literature. Given
quantum purified access, it was shown in [GL20| that the von Neumann entropy S(p) can be
estimated within additive error e with query complexity O(N/e!®). If we know the reciprocal
 of the minimum non-zero eigenvalue of p, then S(p) can be estimated with query complexity
O(k?/€) [CLW20]. We can estimate S(p) within multiplicative error e with query complexity

O(n%Jr%) [GHS21], provided that S(p) = Q(e + 1/n). If p is of rank r, then S(p) can be
estimated with query complexity O(r?/e?) [WGL*22|. Estimating the Rényi entropy S, (p)
given quantum purified access was first studied in [GHS21], and then was improved in [WGL 22,
LWZ22]. In addition, the work of [GH20] investigates the (conditional) hardness of GAPQED
with logarithmic depth or constant depth.

Paper organization. Our paper begins by introducing key concepts in Section 2, including
quantum distance and divergences, space-bounded quantum computation, Chebyshev polynomi-
als and interpolation, and a toolkit for space-bounded randomized and quantum computation.
In Section 3, we demonstrate our space-efficient variant of quantum singular value transforma-
tion (Theorem 1.4) and offer examples for bounded functions and piecewise-smooth functions.
We also provide a simple proof of space-efficient error reduction for unitary quantum computa-
tion. Then, in Section 4, we formally define space-bounded quantum state testing problems with
four distance-like measures, and present the first family of natural coRQuL-complete problems
(Theorem 1.1), as well as a novel family of natural BQL-complete problems (Theorem 1.2).

2 Preliminaries

We assume that the reader is familiar with quantum computation and the theory of quantum
information. For an introduction, the textbooks by [NC02] and [dW19] provide a good starting
point, while for a more comprehensive survey on quantum complexity theory, refer to [Wat08|.

In addition, we adopt the convention that the logarithmic function log has a base of 2,
denoted by log(z) := logy(x) for any # € R*. For the purpose of clarity, we will denote the
operator norm as ||A|| := ||Al|2—2. Moreover, for the sake of simplicity, we utilize the notation
|0) to represent |0)®® with a > 1.

2.1 Distances and divergences for quantum states

We will provide an overview of relevant quantum distances and divergences, along with
useful inequalities among different quantum distance-like measures. Additionally, we recom-
mend [BOW19, Section 3.1] for a nice survey on quantum distance and divergences.

Definition 2.1 (Quantum distances and divergences). For any quantum states pg and p;, we
define several distance-like measures and relevant quantities:

e Trace distance. td(po, p1) := 3Tr|po — p1| = Tr(((po — p1)T(po — p1))Y?).

¢ (Uhlmann) Fidelity. F(po, p1) := Tr|\/po/p1l-
¢ Squared Hilbert-Schmidt distance. HS?(p, p1) := %Tr(pg —p1)%
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e von Neumann entropy. S(p) := —Tr(plnp) for any quantum state p.

e Quantum Jensen-Shannon divergence. QJS(po, p1) := S(2252L) — S(po)gs(pl).

The trace distance and the squared Hilbert-Schmidt distance reach the minimum of 0 when
po equals p1, while the fidelity attains a maximum value of 1. Additionally, there are two
equalities when at least one of the two states is a pure state:

e For a pure state pp and a mixed state p1, F?(po, p1) = Tr(pop1)-
e For two pure states po and p1, Tr(pop1) = 1 — HS?(po, p1).

Moreover, we have HS?(po, p1) = 1 (Tr(p3) + Tr(p})) — Tr(pop1). Additionally, Fuchs and van
de Graaf [FvdG99| showed a well-known inequality between the trace distance and the fidelity:

Lemma 2.2 (Trace distance vs. fidelity, adapted from [FvdG99]). For any states py and p1,
1 —F(po, p1) < td(po, p1) < V1 —F2(po, p1).

The joint entropy theorem (Lemma 2.3) enhances our understanding of entropy in classical-
quantum states and is necessary for our usages of the von Neumann entropy.

Lemma 2.3 (Joint entropy theorem, adapted from Theorem 11.8(5) in [NC02]). Suppose p; are
probabilities corresponding to a distribution D, |i) are orthogonal state of a system A, and {p;}; is
any set of density operators for another system B. Then S( Y-, pili)(i|®p;) = H(D)+>",; piS(ps).

Let us now turn our attention to the quantum Jensen-Shannon divergence, which is defined
in [MLPO5]. For simplicity, we define QJS,(po, p1) := QJS(po, p1)/ In 2 using the base-2 (matrix)
logarithmic function. Notably, when considering size-2 ensembles with a uniform distribution,
the renowned Holevo bound [Hol73| (see Theorem 12.1 in [NC02]) indicates that the quantum
Shannon distinguishability studied in [FvdG99] is at most the quantum Jensen-Shannon diver-
gence. Consequently, this observation yields inequalities between the trace distance and the
quantum Jensen-Shannon divergence.??

Lemma 2.4 (Trace distance vs. quantum Jensen-Shannon divergence, adapted from [FvdG99,
Hol73,BH09]). For any quantum states po and p1, we have

1 —Hy (%) < QJSy(po, p1) < td(po, p1)-

Here, the binary entropy Ha(p) := —plog(p) — (1 — p)log(1 — p).

2.2 Space-bounded quantum computation

We say that a function s(n) is space-constructible if there exists a deterministic space s(n)
Turing machine that takes 1™ as an input and output s(n) in the unary encoding. Moreover, we
say that a function f(n) is s(n)-space computable if there exists a deterministic space s(n) Turing
machine that takes 1™ as an input and output f(n). Our definitions of space-bounded quantum
computation are formulated in terms of quantum circuits, whereas many prior works focused on
quantum Turing machines [Wat09, Wat03,vMW12]. For a discussion on the equivalence between
space-bounded quantum computation using quantum circuits and quantum Turing machines, we
refer readers to [FL18, Appendix A] and [FR21, Section 2.2].

We begin by defining time-bounded and space-bounded quantum circuit families, and then
proceed to the corresponding complexity class BQuSPACE[s(n)]. It is worth noting that we use
the abbreviated notation C; to denote that the circuit ), takes input z.

22For a detailed proof of these inequalities, please refer to [Liu23, Appendix BJ.
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Definition 2.5 (Time- and space-bounded quantum circuit families). A (unitary) quantum
circuit is a sequence of quantum gates, each of which belongs to some fixed gateset that is
universal for quantum computation, such as {HADAMARD, CNOT, T'}. For a promise problem
L = (Lyes; Lno), we say that a family of quantum circuits {C, : € L} is t(n)-time-bounded if
there is a deterministic Turing machine that, on any input « € £, runs in time O(t(|z|)), and
outputs a description of C, such that C, accepts (resp., rejects) if & € Lyes (vesp., & € Lyo).
Similarly, we say that a family of quantum circuits {C,, : © € L} is s(n)-space-bounded if there
is a deterministic Turing machine that, on any input = € £, runs in space O(s(|x|)) (and hence
time 2O(S(|x‘))), and outputs a description of C, such that C, accepts (resp., rejects) if € Lyes
(resp., € Lno), as well as C, is acting on O(s(|z])) qubits and has 206(#) gates..

Definition 2.6 (BQuSPACE[s(n), a(n), b(n)], adapted from Definition 5 in [FR21]). Let s: N —
N be a space-constructible function such that s(n) > Q(logn). Let a(n) and b(n) be func-
tions that are computable in deterministic space s(n). A promise problem (Lyes,Lno) is in
BQuSPACE[s(n),a(n),b(n)] if there exists a family of s(n)-space-bounded (unitary) quantum
circuits {C; },er, where n = |z|, satisfying the following:

e The output qubit is measured in the computational basis after applying C,. We say that
C, accepts x if the measurement outcome is 1, whereas C;. rejects x if the outcome is 0.

o Pr[C, accepts z] > a(|z|) if © € Lyes, whereas Pr[C, accepts z] < b(|z|) if z € L,,,.

We remark that Definition 2.6 is gateset-independent, given that the gateset is closed under
adjoint and all entries in chosen gates have reasonable precision. This property is due to the
space-efficient Solovay-Kitaev theorem presented in [vMW12]. Moreover, we can achieve error
reduction for BQuSPACE[s(n),a(n),b(n)] as long as a(n) — b(n) > 27960 which follows
from [FKL"16] or our space-efficient QSVT-based construction in Section 3.4. We thereby define
BQuSPACE[s(n)] := BQuSPACE[s(n),2/3,1/3] to represent (two-sided) bounded-error unitary
quantum space, and BQuL := BQuSPACE[O(log n)] to denote unitary quantum logspace.

We next consider general space-bounded quantum computation, which allows intermediate
quantum measurements. As indicated in [AKNO9S8, Section 4.1], for any quantum channel ®
mapping from density matrices on ki qubits to density matrices on ko qubits, we can exactly
simulate this quantum channel ® by a unitary quantum circuit acting on 2k; + ko qubits.
Therefore, we extend Definition 2.5 to general quantum circuits, which allows local operations,
such as intermediate measurements in the computational basis, resetting qubits to their initial
states, and tracing out qubits. Now we proceed with a definition on BQSPACE[s(n)].

Definition 2.7 (BQSPACE[s(n),a(n), b(n)], adapted from Definition 7 in [FR21]). Let s: N — N
be a space-constructible function such that s(n) > Q(logn). Let a(n) and b(n) be func-
tions that are computable in deterministic space s(n). A promise problem (Lyes,Lno) is in
BQSPACE[s(n),a(n),b(n)] if there exists a family of s(n)-space-bounded general quantum cir-
cuits {®, },cr, where n = |z|, satisfying the following holds:

e The output qubit is measured in the computational basis after applying ®,. We say that
®,. accepts x if the measurement outcome is 1, whereas @, rejects x if the outcome is 0.

o Pr[®, accepts x| > a(|z|) if v € Lyes, whereas Pr[®, accepts x] < b(|z]) if x € L.

It is noteworthy that unitary quantum circuits, which correspond to unitary channels, are
a specific instance of general quantum circuits that correspond to quantum channels. we thus
infer that BQuSPACE[s(n)] € BQSPACE[s(n)] for any s(n) > Q(logn). However, the opposite
direction was a long-standing open problem. Recently, Fefferman and Remscrim [FR21] demon-
strated a remarkable result that BQSPACE[s(n)] € BQuSPACE[O(s(n))]. In addition, it is evi-
dent that BQSPACE[s(n)] can achieve error reduction since it admits sequential repetition simply
by resetting working qubits. Therefore, we define BQSPACE[s(n)] := BQSPACE[s(n),2/3,1/3]
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to represent (two-sided) bounded-error general quantum space, and denote general quantum
logspace by BQL := BQSPACE[O(logn)].

We now turn our attention to one-sided bounded-error unitary quantum space RQuSPACE[s(n)]
and coRQuSPACE[s(n)] for s(n) > Q(logn). These complexity classes were first introduced by
Watrous [Wat01] and have been further discussed in [FR21]. We proceed with the definitions:

o RQuSPACE[s(n),a(n)] :== BQuSPACE][s(n), a(n),0];
e coRQuSPACE[s(n), b(n)] := BQUuSPACE][s(n), 1, b(n)].

Note that RQuSPACE[s(n), a(n)] and coRQuSPACE[s(n),b(n)] can achieve error reduction, as
shown in [Wat01] or our space-efficient QSVT-based construction in Section 3.4. We define

RQUSPACE[s(n)] := BQUSPACE[s(n), 3,0] and coRQuSPACE[s(n)] := BQuSPACE[s(n), 1, 1]

to represent one-sided bounded-error unitary quantum space, as well as logspace counterparts
RQuL := RQuSPACE[O(logn)] and coRQyuL := coRQuySPACE[O(logn)].

Remark 2.8 (RQuL and coRQuL are gateset-dependent). We observe that changing the gate-
set in space-efficient Solovay-Kitaev theorem [vMW12| can cause errors, revealing the gateset-
dependence of unitary quantum space classes with one-sided bounded-error. To address this
issue, we adopt a larger gateset G for RQuSPACE[s(n)] and coRQuSPACE[s(n)], which includes
any single-qubit gates whose amplitudes can be computed in deterministic O(s(n)) space.

2.3 Near-minimax approximation by Chebyshev interpolation

We will define Chebyshev polynomials and introduce Chebyshev interpolation, which is no-
table for providing near-minimaz approximations. These concepts are essential to our space-
efficient quantum singular value transformation techniques (Section 3).

Definition 2.9 (Chebyshev polynomials). The Chebyshev polynomials (of the first kind) 7% (x)
are defined via the following recurrence relation: Ty(z) := 1, Ti(z) := =z, and Tkyq1(z) =
22Ty (x) — Ty—1(z). For z € [—1,1], an equivalent definition is Ty (cos #) = cos(k6).

In order to use Chebyshev polynomials for interpolation, we first need to define an inner
product between two functions, f and g, as long as the following integral exists:

0

2 [ fz)g() 2
(f,9) = - /_1 ﬁdx = f(cos8)g(cosh)de.

—Tr
The Chebyshev polynomials form an orthonormal basis in this inner product space induced
by (-,-). As a result, any degree-d polynomial P; can be represented as a linear combination
of Chebyshev polynomials using a technique called Chebyshev interpolation, see [MH02, Section
6.5] for the details. In particular, Py = 3(Tp, Py) + ZZ:1<Tk,Pd>Tk. It is noteworthy that
Lemma 2.10 is first proven in [Pow67].

Lemma 2.10 (Near-minimax approximation by Chebyshev interpolation, adapted from The-
orem 6.13 in [MHO02]|). For any continuous function f: [—1,1] — R, if there exists an explicit

degree-d polynomial Py € Rz] such that max,e_1 1 |f(z) — Py(z)| < €, then we know that
Py = 3To, f) + 41 (Th, [)Tk satisfies max e 11| f(x) — Pa(z)| < O(elogd).
2.4 Tools for space-bounded randomized and quantum algorithms

Our convention assumes that for any algorithm A4 in bounded-error randomized time ¢(n)
and space s(n), A outputs the correct value with probability at least 2/3 (viewed as “success
probability”). We first proceed with space-efficient success probability estimation.

14



Lemma 2.11 (Space-efficient success probability estimation by sequential repetitions). Let A
be a randomized (resp., quantum) algorithm that outputs the correct value with probability p, has
time complezity t(n), and space complexity s(n). We can obtain an additive-error estimation
p such that |p — p| < €, where ¢ > 2-06(M)  Moreover, this estimation can be computed in
bounded-error randomized (resp., quantum) time O(e~2t(n)) and space O(s(n)).

Proof. Consider a m-time sequential repetition of the algorithm A, and let X; be a random
variable indicating whether the i-th repetition succeeds, then we obtain a random variable X =
% S, X, such that E[X] = p. Now let X = L 5™ X be the additive-error estimation, where
X is the outcome of A in the i-th repetition. By the Chernoff-Hoeffding bound (e.g., Theorem
4.12 in [MU17]), we know that Pr“X —pl > e} < 2exp(—2me?). By choosing m = 2¢72, this

choice of m ensures that each run of A succeeds with probability at least 2/3.
Furthermore, the space complexity of our algorithm is O(s(n)) since we can simply reuse the
workspace. Also, the time complexity is m - t(n) = O(e~2t(n)) as desired. O

Notably, when applying Lemma 2.11 to a quantum algorithm, we introduce intermediate
measurements to retain space complexity through reusing working qubits. While space-efficient
success probability estimation without intermediate measurements is possible,’® we will use
Lemma 2.11 for convenience, given that BQL = BQuL [FR21].

The SWAP test was originally proposed for pure states in [BCWdAWO01|. Subsequently,
in [KMY09], it was demonstrated that the SWAP test can also be applied to mixed states.

Lemma 2.12 (SWAP test for mixed states, adapted from [KMY09, Proposition 9]). Suppose
po and p1 are two n-qubit mized quantum states. There is a (2n + 1)-qubit quantum circuit
that outputs 0 with probability %, using 1 sample of each py and p; and O(n) one- and

two-qubit quantum gates.

A matrix B is said to be sub-stochastic if all its entries are non-negative and the sum of entries
in each row (respectively, column) is strictly less than 1. Moreover, a matrix B is row-stochastic
if all its entries are non-negative and the sum of entries in each row is equal to 1.

Lemma 2.13 (Sub-stochastic matrix powering in bounded space). Let B be an | x | sub-
stochastic matrix, where each entry of B requires at most £-bit precision. Then, there exists
an explicit randomized algorithm that computes the matriz power B¥[s,t] in log(l+1) space and
O(lk) time. Specifically, the algorithm accepts with probability B*[s,t].

Proof. Our randomized algorithm leverages the equivalence between space-bounded randomized
computation and Markov chains, see [Sak96, Section 2.4] for a detailed introduction.

First, we construct a row-stochastic matrix B from B by adding an additional column and
row. Let B [i, 7] denote the entry at the i-th column and the j-th row of B. Specifically,

Bli, jl, if 1<i,j<I;
Bli,j] =1 -6 ifi=14land 1<) <U+ 1
0, ifl1<i<landj=1+1.

Next, we view B as a transition matrix of a Markov chain since B is row-stochastic. We
consequently have a random walk on the directed graph G = (V, E) where V = {1,2,--- [ [}JU{ L}
and (u,v) € E iff B (u,v) > 0. In particular, the probability that a k-step random walk starting
at node s and ending at node ¢t is exactly B¥[s,t] = B¥[s,t]. This is because the walker who
visits the dummy node | will not reach other nodes.

23Fefferman and Lin [FL18] noticed that one can achieve space-efficient success probability estimation for
quantum algorithms without intermediate measurements via quantum amplitude estimation [BHMT02].
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Finally, note that B is a (I+1) x (I+1) matrix, the matrix powering of B¥ can be computed
in log(l) space. In addition, the overall time complexity is O(¢k) since we simulate the dyadic
rationals (with £-bit precision) of a single transition exactly by ¢ coin flips. O

3 Space-efficient quantum singular value transformations

We begin by defining the projected unitary encoding and its special forms, viz. the bitstring
indexed encoding and the block-encoding, as well as notations on singular value decomposition
and singular value transformation.

Definition 3.1 (Projected unitary encoding and its special forms, adapted from [GSLW19]).
Let U be an (o, a, €)-projected unitary encoding of a linear operator A if ||A — AIUTI|| < e,
where U and orthogonal projectors II and II act on s+ a qubits, and both rank(IT) and rank(IT)
are at least 2% (a is viewed as the number of ancillary qubits). Furthermore, we are interested
in two special forms of the projected unitary encoding;:

e Bitstring indexed encoding. We say that a projected unitary encoding is a bztstrmg
indezed encoding if both orthogonal projectors II and II span on S, S C {|0),[1)}®(@F9),
respectively.’* In particular, for any |;) € S and |s;) € S, we have a matrix representatlon
Agﬁ(i,j) = <§Z‘U|S]> of A.

e Block-encoding. We say that a projected unitary encoding is a block-encoding if both
orthogonal projectors are of the form IT = II = |0)(0|®** @ I,. We use the shorthand
= ((0] ® I,)U(]0) ® I) for convenience.

Definition 3.2 (Singular value decomposition of a projected unitary, adapted from Definition
7 in [GSLW19]). Given a projected unitary encoding of A, denoted by U, associated with
orthogonal projectors II and II on a finite-dimensional Hilbert space Hy. Namely7 A = TIUTL.
Then there exists orthonormal bases of II and II such that H Ali) i €[d]}, where d :

rank(II), of a subspace Img(II) = span {|¢;)}; II: {Wz : [d]}, where d := rank(H), of

a subspace Img(Il) = span{wi)}. These bases ensure that the singular value decomposition

UL = me{d 4 oil1i) (1b;] where singular values o; > o for any i < j € [min{d, d}].

Definition 3.3 (Singular value transformation by even or odd functions, adapted from Definition
9 in [GSLW19]). Let f: R — C be an even or odd function. We consider a linear operator

A € C9%d gatisfying the singular value decomposition A = me{d a oili) (¢hi|. We define the

singular value transformation corresponding to f as follows:

FEV(A) = {Zm‘“{d B F (o)) (i, for odd f,
21'21 foi) i) (il for even f.

Here, for i € {min{d,d} +1,--- ,d — 1,d}, we define o; := 0.
It is worth noting that f(SV)(A) = f(A) when A is an Hermitian matrix.

With these definitions in place, we present the main (informal) theorem in this section:

Theorem 3.4 (Space-efficient QSVT). Let f: R — R be a continuous function bounded on the
closed interval of interest T C [—1,1]. If there exists a degree-d polynomial Py that approzimates
h: [=1,1] = R, where h approzimates f only on I, such that max,¢|_ 1 |h(a:)—]5d(x)| <, then
Chebyshev interpolation yields another degree-d polynomial Py satisfying the following conditions:
max,ez |f(z) — Pa(z)| < Olelogd) and max,c( 1y |Pa(x)] < 1.

24Typically, to ensure these orthogonal projectors coincide with space-bounded quantum computation, we
additionally require the corresponding subsets S and S admit space-efficient set membership, namely deciding
the membership of these subsets is in deterministic O(s + a) space.
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Moreover, we have space-efficient classical algorithms for computing any entry in the coefficient
vector ¢ of the Chebyshev interpolation polynomial P,:

o If f is a bounded function,”® then any entry in the coefficient vector ¢ can be computed in
deterministic O(logd) space;

o If f is a piecewise-smooth function, then any entry in the coefficient vector ¢ can be com-
puted in bounded-error randomized O(logd) space.

Furthermore, for any (1, a,0)-bitstring indexed encoding U of A = UL, acting on s + a qubits
where a(n) < s(n), and any Py with d < 2°06M) we can implement the quantum singular value

transformation PCESV) (A) that acts on O(s(n)) qubits by using O(d?||c||1) queries to U.

We remark that we can apply Theorem 3.4 to general forms of the projected unitary encoding
U with orthogonal projectors II and I, as long as such an encoding meets the conditions: (1)
The basis of IT and IT admits a well-defined order; (2) Both controlled-II and controlled-IT admit
computationally efficient implementation. We note that bitstring indexed encoding defined
in Definition 3.1 trivially meets the first condition, and a sufficient condition for the second
condition is that the corresponding subsets S and S have space-efficient set membership.

Specifically, we elaborate on three main technical contributions that culminate in our space-
efficient quantum singular value transformations (Theorem 3.4):

e We provide deterministic space-efficient polynomial approximations for bounded functions
(Lemma 3.5), including the sign function (Corollary 3.7). Our approach leads to a simple
proof of space-efficient error reduction for unitary quantum computations (Section 3.4).

e We present bounded-error randomized space-efficient polynomial approximations for piecewise-
smooth functions (Theorem 3.8), such as the normalized logarithmic function (Corollary 3.10).

e We propose QSVT implementations using Chebyshev interpolation polynomials (Theo-
rem 3.11), including those for the sign function (Corollary 3.16) and the normalized loga-
rithmic function (Corollary 3.17).

3.1 Space-efficient bounded polynomial approximations

We provide a systematic approach for constructing space-efficient polynomial approximations
of real-valued piecewise-smooth functions, which is a space-efficient counterpart of Corollary 23
in [GSLW19]. It is worth mentioning that our algorithm (Lemma 3.5) is deterministic for contin-
uous functions that are bounded on the interval [—1,1]. However, for general piecewise-smooth
functions, we only introduce a randomized algorithm (Theorem 3.8). In addition, please refer
to Section 2.3 as a brief introduction to Chebyshev polynomials and Chebyshev interpolation.

3.1.1 Bounded functions

We propose a space-efficient algorithm for computing the coefficients of a polynomial approx-
imation with high accuracy for bounded functions. Our approach uses Chebyshev interpolation
and numerical integration, building upon the methodology outlined in Lemma 2.10 of [MY23]
with meticulous analysis.

Lemma 3.5 (Space-efficient polynomial approximations for bounded functions). Consider a
continuous function f, and let Péf) be a degree-d polynomial with the same parity as f, such
that max,e—y 17| f(z) — Pc(lf)(x)\ < ‘¢, where f is bounded with max,e|_y 1) |f(z)] < B. By using

25This conclusion also applies to a linear combination of bounded functions, provided that the coefficients are
bounded and can be computed deterministically and space-efficiently.
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(f)

Chebyshev interpolation, we can obtain another degree-d polynomial P,
as P(gf) and satisfies max,ec(_1,1) | f(x) — chf) (x)] < O(elogd). This polynomial chf) is defined
as a linear combination of Chebyshev polynomials Ty (cosf) = cos(kf):

that has the same parity

d 0
Py) (x) = %0 + chTk(x) where ¢y, := % Fy(0)d0 and Fy(0) := cos(k@) f(cos0).

k=1 -
If the integrand Fy(0) satisfies maxee—q o) |[F} (§)] < O(dY) for some constant vy, then any entry
of the coefficient vectorc = (co, - - ,¢q) can be computed in deterministic time O(dOTD/2e=1/2¢(4))
and space O(log(d" e~ B)), where evaluating F(6) in (-bit precision is in deterministic time
t(0) and space O(L) for £ = O(log(dVT1V/2¢=3/2)). Furthermore, the coefficient vector ¢ has a
norm bounded by ||c||1 < O(Bd).

Proof. To apply Chebyshev interpolation to a bounded continuous function f(x), we begin with

a degree-d polynomial Péf) such that max,ec_1 17 [f(%) — Péf) ()| < e. By utilizing Lemma 2.10,
(f)

we can construct a degree-d Chebyshev interpolation of f(z) denoted as P,*’. This interpolation
is expressed as Pc(lf) = 00/2—1—2%:1 Ty, where ¢ = 2 ff’w Fy(0)d0 and Fi(0) := cos(kf) f(cos ),

and additionally satisfies the error bound: max,c[_1 1] ‘f(:zj) - chf) (x)| < O(elogd).

Computing the coefficients. It is left to compute the coefficients ¢ for 0 < k < d. We can
estimate the numerical integration using the composite trapezium rule, as described in [SMO03,
Section 7.5]. The application of this method yields the following result:

0 T (Fi(zy) ~— Fr(xm) l
/_ﬂFk(x)dx ~ E(T + ;Fk(xl) + 5 > where x; := —7 + - fori=0,1,---,m

(3.1)
Moreover, we know the upper bound on the numerical errors for computing the coefficient c:

T; 3
() ._ _ . M| <
ik = El ‘ /331'1 Fy(z)dx 5 (Fr(iz1) + Fi(zi)) ‘ S 198 56[—7r7r

x |F{(©)]. (3.2)

To obtain an upper bound on the number of intervals m, we need to ensure that the error of the
numerical integration is within 5d Zk 1 5df,2 < e. Plugging the assumption |F}/(z)| < O(d")
into Equation (3.2), by choosing an appropriate value of m = O(e —1/2g(+1)/ 2), we establish that
a—:éf) < O(d"*!/m?) < O(e). Moreover, to guarantee that the accumulated error is O(¢) in Equa-
tion (3.1), we need to evaluate the integrand F'(#) with ¢-bit precision, where £ = O(log (m/€)) =
O(log(e=3/2d1*+1/2)). In addition, note that ¢ = %f?ﬂ Fi(0)d0 < 2-max,c—1 11| f(7)| < 2B,
we know that the coefficient vector ¢ satisfies ||c||; = Zi:o leil < O(Bd).

Analyzing time and space complexity. The presented numerical integration algorithm
is deterministic, and therefore, the time complexity for computing the integral is O(mit({)),
where t(£) is the time complexity for evaluating the integrand Fj(6) within 2% accuracy (i.e.,
¢-bit precision) in O(¢) space. The space complexity required for computing the numerical
integration is the number of bits required to index the integral intervals and represent the
resulting coefficients. To be specific, the space complexity is

max{O(logm), O (log 2),log|c||ec } < O(max{log(e” Sd- ) log B}) < O(log(e” 3B B)).
Here, ||c||lo0 = Orgkicd;\f cos(k@) f(cos0)db| < Jnax, max O(|f(cos@)|) < O(B), and the

last inequality is due to the fact that ©(max{log A,log B}) = O(log(AB)) for any A, B > 0. O

It is worth noting that evaluating a large family of functions, called holonomic functions,
with £-bit precision requires only deterministic O(¢) space:
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Remark 3.6 (Space-efficient evaluation of holonomic functions). Holonomic functions encompass
several commonly used functions,?® such as polynomials, rational functions, sine and cosine func-
tions (but not other trigonometric functions such as tangent or secant), exponential functions,
logarithms (to any base), the Gaussian error function, and the normalized binomial coefficients.
In [CGKZ05,Mez12], these works have demonstrated that evaluating a holonomic function with
{-bit precision is achievable in deterministic time O(¢) and space O(£). Prior works achieved the
same time complexity, but with a space complexity of O(¢log¥).

We now present an example of bounded functions, specifically the sign function.

Corollary 3.7 (Space-efficient approximation to the sign function). For any d,€ > 0, there is an
explicit odd polynomial P;*" := T+ Zgzl ek Ty € Rlz] of degree d < ngn5_1 log e~ !, where Csgn
is a universal constant. Any entry of the coefficient vector ¢ := (co,--+ ,cq) can be computed
in deterministic time O(e_l/QdQ) and space O(log(e~'d*)). Furthermore, the polynomial P}
satisfies the following conditions:

Vo e [-1,1]\ [-46, 4],
Vo e [—1,1],

(z) — Pi¥(z)| < Csgnelogd, where Cygy is a universal constant,
P (z)| < 1.

Additionally, the coefficient vector ¢ has a norm bounded by ||c|1 < ésgn log d, where CA’sgn is
another unwersal constant. Without loss of generality. we assume that all constants Cggpn, Csgn,
and Csgn are at least 1.

sgn

Proof. We start from a degree-d polynomial P that well-approximates sgn(z).

Proposition 3.7.1 (Polynomial approximation of the sign function, adapted from Lemma 10

and Corollary 4 in [LC17]). For anyé >0, x € R, e € (0,v/2em). Let k = %logl/2 (f) Then

G5.c(x) := erf(kx) satisfies that |gse(x)] < 1 and lr‘n>ax |g5.(x) —sgn(x)| <e.

Moreover, there is an explicit odd polynomial Pjgn € Rz] of degree d = O(+/(k2 + log e 1) loge~1)

such that max,e(_y 1) | P Sg (x) — erf(mv)’ <e

By applying Proposition 3.7.1, we obtain a polynomial P;gn that well approximates the
function erf(kz) Where k = O(67y/loge~1). Consequently, this polynomial Psgn has a degree
ofd < (:”sgn5*1 log e~ !, where C’ sen 15 @ universal constant. Note that the Gauss&an error function
is bounded, namely ]erf(mv)| < 1 for any z. To utilize Lemma 3.5, it suffices to upper bound
maxee(—q0] [F} (§)| for any 0 < k < d, as specified in Fact 3.7.2 and the proof is deferred to
Appendix A.1.1.

Fact 3.7.2. Let Fy(0) := erf(r cos ) cos(kf), Omgiidén[laxo] |FY(&)] < %/@—i—kQ + %53—1— %lm.
Sy

Note that £ < O(d) and k < d, Fact 3.7.2 indicates that maxec_r ] |F}, (€)| < O(d®) for any
0 < k < d. Hence, we result in an approximation polynomial f’;gn by Lemma 3.5 satisfies that
max,ep—1,1) | erf(rka) — P (x)| < O(elogd), which additionally derives that

g[laf{u sgn(z) — Py (z)| < e+ ng?ffu |erf(kx) — P ()| < Csgnelog d.

Here, Cygy is a universal constant. Moreover, we specify the bound of ||¢*"||; in Fact 3.7.3, and
the proof is deferred to Appendix A.1.1:

Fact 3.7.3 (Implicit in [MY23, Lemma 2.10]). For the coefficient vector ¢ corresponding to
a degree-d polynomial P, we have ||€%8"||; < Cisgn log d where Cigy is a universal constant.

25For a more detailed introduction, please refer to [BZ10, Section 4.9.2].
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In addition, the coefficient vector %" can be computed in deterministic space O(log(de™1)).
As the evaluation of the integrand F(f) requires ¢-bit precision where £ = O(log(e=3/2d?)),
together with Remark 3.6, & can be computed in deterministic time O(e~'/2d?).

Finally, we obtain that |ﬁ§gn(aj)\ < 1+e¢for any z € [—1,1] since [sgn(z)| < 1 for any . We
finish the proof by normalizing P;®", in particular, considering PJ*"(z) := (1 +¢) 1P, It is
evident to verify that Pjgn is an odd polynomial that satisfies all desired requirements. ]

3.1.2 Piecewise-smooth functions

We present a randomized algorithm for constructing bounded polynomial approximations of
piecewise-smooth functions, which can be seen as a space-efficient alternative to Corollary 23
in [GSLW19], as described in Theorem 3.8. Our algorithm leverages Lemma 3.5 and Lemma 3.9.

Theorem 3.8 (Taylor series based space-efficient bounded polynomial approximations). Con-
sider a real-valued function f: [—xo—1 — 8,20 +7+6) = R such that f(xo+z) =Y )0y wx! for
all x € [—-r—6,7+0], where zg € [—1,1], r € (0,2], § € (0,7]. Assume that > 72, (r+6)!|a;| < B
where B > 0. Let € € (0, 55] such that B > €, then there is a polynomial P € R[z] of degree
O(6 t1og(e 1 B)), such that any entry of the coefficient vector cP) can be computed in bounded-
error randomized time O(max{(8")%¢2B2 d%¢~'/?B}) and space O(log(d*(8') ¢~ 1B)) where
o o
&= T such that
1 (@) = P()ll{zg—r,0+r] < Olelogd),
[P (@)l—1,) < O(elogd) + || f (@)l [wg—r—s/2,50+r+5/2) < O(elogd) + B,

1P () [=1,1\[z0—r—5/2,004+r+5/2] < O(elogd).

Furthermore, the coefficient vector ¢'F) of P has a norm bounded by ||c'P)||; < O(Bd).

The main ingredient, and the primary challenge, for demonstrating Theorem 3.8 is to con-
struct a low-weight approximation using Fourier series, as shown in Lemma 37 of [vAGGdW20)],
which requires computing the powers of sub-stochastic matrices in bounded space (Lemma 2.13).

Lemma 3.9 (Space-efficient low-weight approximation by Fourier series). Let 0 < 6,e < 1 and
f: R — R be a real-valued function such that |f(z) — ZkKZO arrk| < €/4 for all x € Ts, the
interval Is := [~1+ 6,1 — 6] and ||all; < O(max{e~1,671}). Then there is a coefficient vector
c € C*M+L sych that

o For even functions,

flo) =M cfﬁven)cos(wxm)’ < for any x € Is;

e For odd functions,

fx) — E%:_M cq(ﬁdd)sin(ﬂx(m—i—%))‘ <€ for any x € Ls;

e Otherwise, ‘f(:v) —Z%:_M (cgﬁven)cos(wmm)+c£3dd)sin(7r:c (m+1)) )) <e for any x € ZLs.

Here M := max (2[6 " In(4|lall1e7")],0) and |ic|ly < |alli. Moreover, the coefficient vector ¢
can be computed in bounded-error randomized time O(6°¢~2) and space O(log(d—*e~1)).

Proof. We begin by defining || f||co := sup{|f(z)| : € [-1+0,1—4]}. It is worth noting that the
truncation error of Z?:o arz®, as shown in [SM03, Theorem A.4], is (1 — §)F+1 < 700+ < ¢
implying that K > Q(6 ' Ine~!). Without loss of generality, we can assume that ||a|; > €/2.%7

Construction of polynomial approximations. Our construction involves three approxima-
tions, as described in Lemma 37 of [vAGGAW20]. We defer the detailed proofs of all three
approximations to Appendix A.1.2.

The first approximation combines the assumed Zszo apz® with arcsin(z)’s Taylor series.

2" This is because if ||a]li < €/2, then ||fllec < [[f(z) = Sr g arz®|lco + | S r g art®|lc < €/4 + |lall1 < ¢,
implying that M =0 and ¢ = 0.
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Proposition 3.9.1 (First approximation). Let fl( ) :Zk 0 akz® such that || f — filloo < €/4.
Then we know that f; (x) = Ef—o aj, E?io ) ) sin (%) where the coefficients bl( ) satisfy that

0 if I is even
b = ST M where bV =41, - ’ 3.3
l Z RETE By (EH2Z22 2 iflis odd. (3:3)
2
Furthermore, the coefficients {bl )} satisfies the following: (1) |b®)||; = 1 for all k > 1; (2)
b is entry-wise non-negative for all k > 1; (3) bl(k) =0 if | and k have different parities.

The second approximation truncates the series at [ = L, and bounds the truncation error.

T

Proposition 3.9.2 (Second approximation). Let fa(z) = 31 oakz ) sin L(Zx) where
L := [6"21n(4]|a1e™1)], then we have that ||fi — folleo < €/4.

The third approximation approximates the functions sin'(z) in fa(z) using a tail bound of
the binomial distribution. Notably, this construction not only quadratically improves the depen-
dence on 4, but also ensures that the integrand’s second derivative is bounded when combined
with Lemma 3.5.

Proposition 3.9.3 (Third approximafion)A. Let fg(:):) be polynomial approximations of f that
depends on the parity of f such that || foa— f3||<€/2 and M = |5~ In(4||aljre™1)|, then we have

~(even) K L/2 [ i (k) M 1ol 1
A (@) = Y a3 (-2 T (1 (2 cos(ma(m’ — 1)),
k=0 =0 o i
. K (L—1)/2 I+14+M A
FN @) = 3 a z (—1)F 2721 S (1 () sin(ma (m! — 1 - 1)),
k=0 m'=l+1-M

Therefore, we have that f3(z) = fgeven)( ) if [ is even, whereas f3(z) := f30dd (z) if f is odd.
In addition, if f is neither even or odd, then f3(z) := (even)( )+ f30dd (z).

We adopt the third approximation as our construction by rearranging the summations and
introducing a new parameter m. The value of m is defined as m := m/ — [ if f is even and
mi=m'—]—1if f is odd. Moreover, the definition of m depends on the parity of [ = 2l + 1%
if f is neither even nor odd. By applying this approach, we can derive the following:

A K L/2
féeven (x)= Z cleven) cos(mzm) where cleven) =(=D" > ap >y, bzz (m +l)2 21,
k=0 l?
(3.4)
A(odd)( )7 % (odd) . ( ( +l)) h (odd) . 7( ) Z (LZI:)/Q(k) ( 2it1 )2721;1
3 x —m:d\zm sin(7rx(m+3)) where ¢y := a 2 by it .

We then notice that the rearrangement of terms in Equation (3.4) can be directly applied
to the definition of fg (z) in Proposition 3.9.3. As a consequence, we obtain the following bound
on the accumulative error: || f—f3lloo < IIf = fillos + [[f1—=f2lloc + || fo— f3]loe < €. Additionally,
we remark that ||c[|; < ||al|1, since [[b®*)||; = 1 (see Proposition 3.9.1) and Zin:[) (Tln) =2

Analyzing time and space complexity. To evaluate the bounded polynomial approximation
fs (z) with € accuracy, it is necessary to approximate the summand with ¢-bit precision, where
¢ = O(log(KLMe 1)) = O(log(6~%¢~1)). Since the summand is a product of a constant number
of holonomic functions, approximating bl(k) with £-bit precision is sufficient. Other quantities in

the summand can be evaluated with the desired accuracy in deterministic time O~(€) and space
O(?) as stated in Remark 3.6.

(even) (odd)

281n particular, the summand in fg(x) 1S Cm cos(mzm) + ¢ sin (m (m + %)) if f is neither even nor odd.
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We now present a bounded error randomized algorithm for estimating bl(k). As bW is entry-

wise non-negative and >3t_ b ) < [bM]; = 1 following Proposition 3.9.1, we can express the
recursive formula in Equation (3. 3) as the matrix powering of a sub-stochastic matrix Bj:
1 1 1 Hy * k k k k
R (R
by by by 0 b e by b
Bi:=|: 1 i i =] i n =5y
o 0 - " Y 0 0 - b P
0o 0 - o0 Y 0o 0 - o0 ¥

In addition, we approximate the sub-stochastic matrix By by dyadic rationals with £-bit
precision, denoted as Bj. Utilizing Lemma 2.13, we can compute any entry Bk Tls,t] with a
randomized algorithm that runs in O(¢k) time and log(l + 1) space with acceptance probability
Bs,t]. To evaluate B¥[s, ] with an additive error of €, we use the sequential repetitions outlined
in Lemma 2.11. Specifically, we repeat the algorithm m = 2¢ 2In(KLM) = O(e 2log(6—*))
times, and each turn succeeds with probability at least 1 — 1/(3K LM ). Note that the number

of the evaluation of bl(k) for computing f3(z) is O(KXLM), and by the union bound, we can
conclude that the success probability of evaluating all coefficients in c is at least 2/3.

Finally, we complete the proof by analyzing the overall computational complexity. It is
evident that our algorithm utilizes O(¢ + logm) = O(log(6~*¢?)) space because indexing m
repetitions requires additional O(logm) bits. Moreover, since there are O(K LM ) summands in
fs (), and evaluating bl(k) takes m repetitions with time complexity O(¢K) for a single turn, the
overall time complexity is O(KLM - (K - e 2log(KLM)) = O(6%¢2). O

Now we present the proof of Theorem 3.8, which is a space-efficient and randomized algorithm
for constructing bounded polynomial approximations of piecewise-smooth functions.

Proof of Theorem 3.8. Our approach is based on Theorem 40 in [vAGGdW20| and Corollary
23 in [GSLW19|. Firstly, we obtain a Fourier approximation f(z) of the given function f(z)
by truncating it using Lemma 3.9. Next, we ensure that f (x) is negligible outside the interval
[—x9 — r, 20 + r] by multiplying it with a suitable rectangle function, denoted as h(x). Finally,
we derive a space-efficient polynomial approximation ﬁ(x) of h(z) by applying Lemma 3.5.

Construction of a bounded function. Let us begin by defining a linear transformation
L(x) == %53 [xg — 7 — 0,20 + 7 + 0] to [—1,1]. For convenience, we denote g(y) :=
f(L7Y(y)) and b, := a;(r + d)!, then it is evident that g(y) :== > 72, by for any y € [-1,1].

To construct a Fourier approximation by Lemma 3.9, we need to bound the truncation error
659). We define ¢’ := ﬁ and J := [(6')"tlog(12Be~1)]. This ensures that the truncation

error sJ : ‘g EJJ:_OI bjyj‘ for any y € [—1+ 0’,1 — ¢'] satisfies the following:
(9] 9] ’
g9 — ’ ijyj‘ <Y =Y <=0 Y |l<-0)B<e?/B< 12 fZ'
j=J j=J =

Afterward, let b := (bg, b1, ,bs_1), then we know that ||b]|; < |[b|l; < B by the assumption.
Now we utilize Lemma 3.9 and obtain the Fourier approximation §(y):

Z%:fM cleven )cos(wym), if f is even
g(y):= ZT]\:{:?M c§§§d )s1n(7ry(m+%)), if fisodd . (3.5)

Z%:_M (cﬁven)cos(ﬂym) + cleddgip (ry(m+3) )) , otherwise
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By appropriately choosing M = O((6')'log (||f)Hl/e ) = O(T(S_llog (B/e)), we obtain that
the vectors of coefficients ¢(¢¥®) and ¢(°d9) satisfy [|c(®*™||; < [|b|l1 < ||b|j1 < B and similarly
|cdd)||; < B. Plugging f(z) = g(L(z)) into Equation (3.5), we conclude that f(z) = §(L(z)) is
a Fourier approximation of f with an additive error of €/3 on the interval [xg—r—0§/2, xo+r+0/2]:
M

D cgﬁ"en)cos(ﬁm(:”rjj;o)), if f is even
m=—M
R L r—w M odd) . - . .
f(z) = g( r+50) B m:z_:Mcgndd)Sm( m(m+3) (553)) i is odd
M
ZM e ™eos (mm(Z=50)) + o) sin(r(m + 3) (%55)), otherwise
\ M=—

Making the error negligible outside the interval. Subsequently, we define the function
h(z) = f(z) - R(x) such that it becomes negligible outside the interval of interest, i.e., [xo —
r —6/2,x0 + 7+ 0/2]. Here, the approximate rectangle function R(z) is é-close to 1 on the
interval [zg — 7,29 + 7], and is é&close to 0 on the interval [—1,1] \ [zg — 7 — 25, zg + r + 24],
where ¢ := ¢/(3B) and 0 := 6/4. Moreover, |R(z)| < 1 for any = € [~1,1]. Similar to Lemma
29 in |[GSLW19|, R(x) can be expressed as a linear combination of Gaussian error functions:

R(z):=3 {erf (k(z—zo+r+8"))—erf (n(z—xg—r—5'))]where k= Zlog? f, = 8log \gB (3.6)

Bounded polynomial approximation with Chebyshev interpolation. We here present
an algorithmic, space-efficient, randomized polynomial approximation method using Chebyshev
interpolation to approximate the function h(z) := f(:L‘) -R(z). As suggested in Proposition 3.8.1,
we use an explicit polynomial approximation P(x) of the bounded function h(z) of degree
d = O(5 ' log(Be™ 1)) that satisfies the conditions specified in Equation (3.7).

Proposition 3.8.1 (Bounded polynomial approximations based on a local Taylor series, adapted
from [GSLW19, Corollary 23|). Let xg € [—1,1], r € (0,2], § € (0,7] and let f: [—xo—7—0, 20+
r+6] = R and be such that f(zo+x):=Y 2wz for all x € [=r—0,r+0]. Suppose B > 0 is such
that 370 (r 4+ 0)!|a)| < B. Let € € (0,55, there is a e/3-precise Fourier approzimation f(a:) of
f(x) on the interval [xo— r+03/2, zo+7+6/2], where f(z):=>"__, Re [Eme_ 200+ 0 e 287"
and ||€|l; < B. We have a time-efficient polynomial P* € R[z] of degree O(5 ' log(Be™1)) s.t.
1f (@) R(2) = P*(@)lliay—raotr] < €
1P (@)1, < €+ [[f (@) B(@)|[[oo—r—6/2,20+r+5/2) < €+ B, (3.7)
”P*(x)|’[—1,1]\[960—r—6/2,x0+r+5/2] <e

To utilize Lemma 3.5, we need to bound the second derivative maxec[_x o) |Fy, (§)], where the
integrand Fj(cos ) := cos(kf)h(cos @) for any 0 < k < d. We will calculate this upper bound
directly in Fact 3.8.2, and the proof is deferred to Appendix A.1.3.

Fact 3.8.2. Consider the integrand Fk(Q):ZM_ M (H(+) ng_n)L) for any function f which

km
1s either even or odd. If f is even, we have that c,, = c(even) defined in Lemma 3.9, and
) oy cos —xo\\ ‘ _ 4
Hy o (0) = cos(ﬂm(ir 5 )) cos(kf) - erf (n(cos@ xoEr+ 4)) (3.8)

Likewise, if f is odd, we know that ¢, = cﬁ,‘;dd defined in Lemma 3.9, and

H,gini(H) = sin(w(m + 1) (COSQ;O)) -cos(k@) - erf(&(cos@ —xotr+E g)) (3.9)

2 r+0
Moreover, the integrand is Fy.(6) :Z%__M (C("?,Tem(ﬁ(ﬂ—[:](_)) (Odd) (H(+) ﬁ,i:%)) when f

is neither even nor odd, where H(nz and H follow from Equation (3 8) and Equation (3.9),
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respectively. Regardless of the parity of f, we have that the second derivative F}'(0) < O(Bd?).

Together with Fact 3.8.2, we are ready to apply Lemma 3.5 to h(z) = f(2)R(z), resulting in
a degree-d polynomial P(z). Since P(z) is the minimax approximation of P*(z) by Chebyshev
interpolation and satisfies Equation (3.7), we can define intervals Ziy 1= [zg — r,z0 + 7] and
Text := [xg — 7 — 0/2, 20 + 7 + 0/2] to obtain:

1f(2) = P(@)l|z,, <IIf(2) = M@)lz + [2(2) = P(2)|z,, <€+ O(elogd) = O(elogd),
1P(e) =0l < IP(0) =l +4(2) = Ol  O(clogd) +0(0 < Olcog).
We can achieve the desired error bound by observing that Equation (3.10) implies | P()[—1 1) <
O(elogd) +|P(7)[[—1,1)\7.x, < O(€logd)+ B. Moreover, we note that the norm of the coefficient
vector ¢) of the polynomial P(z) is bounded by |cP)| < O(Bd) - (1 + O(elogd)) = O(Bd),
which follows directly from our utilization of Lemma 3.5.

Analyzing time and space complexity. The construction of f (z) can be implemented in
bounded-error randomized time O((6')~%¢~2B?) and space O(log((8')~*¢ 1 B)), given that this
) 1 € £

construction uses Lemma 3.9 with ¢ = re) € (0,3] and € = 55. Having f(z), we can

construct a bounded polynomial approximation ﬁ(x) deterministically using Lemma 3.5. This
construction can be implemented in deterministic time O(d?e¢~'/2B) and space O(log(d*e~'B))
since the integrand Fj(f) is a product of a constant number of (compositions of) holonomic
functions (Remark 3.6). Therefore, our construction can be implemented in bounded-error
randomized time O(max {(0') "¢ 2B2,d%¢ '/2B}) and space O(log(d*(¢')~*e~'B)). O

With the aid of Theorem 3.8, we can provide a space-efficient polynomial approximation to
the normalized logarithmic function utilized in Lemma 11 of [GL20].

Corollary 3.10 (Space-efficient polynomial approximation to the normalized logarithmic func-
tion). Let B € (0,1] and € € (0,1/2), there is an even polynomial P of degree d < Cy,3 1 loge™!
where Cl, is a universal constant such that

Va € [5,1], |P(z) — 21?&2//%)) < Cyelogd, where Cyy, is a universal constant,

vz € [-1,1],|P(z)] < 1.

Moreover, the coefficient vector ¢F) of P has a norm bounded by |||, < Crnd, where Ci,
is another universal constant. In addition, any entry of the coefficient vector ¢F) can be com-
puted in bounded-error randomized time O(max{B %2, d*¢~/2}) and space O(log(d*S~*e1)).
Without loss of generality, we assume that all constants Ciy, C’ln, and C’ln are at least 1.

Proof. Consider the function f(z) := 21]{115(12/2;) We apply Theorem 3.8 to f(x) by choosing
the same parameters as in Lemma 11 of [GL20]|, specifically € = €/2, xp = 1, r = 1 — 3,
§ = f3/2, and B = 1/2.?Y This results in a space-efficient randomized polynomial approximation
P € R[z] of degree d = O(6 'log(e 'B)) < Crnf'loge!, where C, is a universal constant.
By appropriately choosing 7 < 1/2 such that Cj elogd = n/4 for a universal constant C , the
approximation guarantees the following inequalities:

1f(z) — 15(95)”[5,2—5} < Ci,elogd =1
HP(SC)H[—LU < B+ Cf,elogd < % + O} elogd = % + 12 (3.11)
”]3($)||[—1,5/2} < Cpyelogd =11
2% As indicated in Lemma 11 of [GL20], since the Taylor series of f(x) at z = 1 is m S %7 we
obtain that B = f(5 = 1) = gty Sty S = — il X0, SH—(8/2 - ) = —srdm n § = 5
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Additionally, the coefficient vector c(P) of P satisfies that ||cf (P) ||1 < O(Bd) < Cnd where Oy, is
a universal constant. Notice that §' = 2(r+6) (1_%/_%/2) = 4(1_5/2) = ©(f), our utilization of
Theorem 3.8 yields a bounded-error randomized algorithm that requires O(log(d4 () 1B)) =
O(log(d*B—*¢1)) space and O(max{(0") % 2B2, d%¢~/2B}) = O(max{3 ¢ 2, d%¢ _1/2}) time.

Furthermore, note that the real-valued functlon f(z) only defines When x>0, then P(z) is
not an even polynomial in general. Instead, we consider P(z) := (1 + n)~'(P(z) + P(—z)) for
all z € [—1,1]. Together with Equation (3.11), we have derived that:

1£ () = P@)llisy < [1f(@) = mzP@)]| 5.0+ 1inP H[ﬁl
<[l f(@) - P x)H[B,l] + HP - m H[ﬁ,l] + Hﬁp(—w)\hﬁ,u
S%‘F% (%+ﬂ)+ﬁ.% (3.12)
o
g/

Here, the last line owes to the fact that n > 0. Consequently, Equation (3.12) implies that
| f(x) — P(x)(3,1) < 4Cf elogd := Ciyelogd for another universal constant C,. Notice P(x) is

an even polynomial Wlth deg(P) < CryB~'loge™!, Equation (3.11) yields that:

5 5 1
1P@) -1 = 1P@)o1 < le5 P oy + o5 P @)l 10 < o5 - 22+ 1 -8 < L
We now complete the proof by noticing n < 1/2. O

3.2 Applying Chebyshev interpolation to bitstring indexed encodings

Equipped with space-efficient bounded polynomial approximations of piecewise-smooth func-
tions, it suffices to implement Chebyshev interpolation on bitstring indexed encodings, as spec-
ified in Theorem 3.11. The proof follows from combining Lemma 3.13 and Lemma 3.14.

Theorem 3.11 (Chebyshev interpolation applied to bitstring indexed encodings). Let A be an
Hermitian matriz acting on s qubits, and let U be a (1, a, €1)-bitstring indezxed encoding of A that
acts on s+a qubits. For any degree-d polynomial Py(x) = % + Zizl e Th(x) where d < 206()
and Ty, is the k-th Chebyshev polynomial (of the first kind), equipped with an evaluation oracle
Eval that returns ¢y, with precision e := O(€3/d), then we have a (1,d’,144d /et ||c||3 + 36€2]c|1)-
bitstring indexed encoding V of Py(A) that acts on s + a' qubits where a’ := a + [logd] + 3.
This implementation requires O(d2||c|| ) uses of U, UT, CuNOT, C5zNOT, and O(d?||c|1)
multi-controlled single-qubit gates.>’ Moreover, we can compute the descrzptzon of the resultmg
quantum circuit in deterministic time O(d?||c||; log(d/es)) and space O(max{s(n),log(d/e3)})*!
also O(d?||c||1) oracle calls to Eval with precision e.

Furthermore, our construction straightforwardly extends to any linear (possibly non-Hermitian)

operator A by simply replacing Py(A) with PUESV) (A) defined in Definition 3.5.

Remark 3.12 (QSVT implementations of Chebyshev interpolation preserve the parity). Asshown
in Proposition 3.13.1, we can implement the quantum singular value transformation Ty (A) ez-
actly for any Hermitian matrix that admits a bitstring indexed encoding, because we observe
that the rotation angles corresponding to the k-th Chebyshev polynomials are either m/2 or
(1 —k)7m/2, indicating that 7} (0) = 0 for any odd k. We then implement the QSVT correspond-
ing to the Chebyshev interpolation polynomial Py(z) = gigl)/ 2 co111To11(x), as described in
Theorem 3.11, although the actual implementation results in a slightly different polynomial,
Pd(x) = l(igl)/z éo1+1To141(x). However, we still have Pd(O) = 0 = P4(0), indicating that the
implementations in Theorem 3.11 preserve the parity.

30 As indicated in Figure 3(c) of [GSLW19] (see also Lemma 19 in [GSLW18]), we replace the single-qubit gates
used in Lemma 3.13 with multi-controlled (or “multiply controlled”) single-qubit gates.
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We first demonstrate an approach, based on Lemma 3.12 in [MY23], that constructs Cheby-
shev polynomials of bitstring indexed encodings in a space-efficient manner.

Lemma 3.13 (Chebyshev polynomials applied to bitstring indexed encodings). Let A be a
linear operator acting on s qubits, and let U be a (1, a,€)-bitstring indexed encoding of A that
acts on s+ a qubits. Then, for the k-th Chebyshev polynomial (of the first kind) Ty(x) of degree
k < 290) there exists a new (1,a+ 1,4k+/€)-bitstring indexed encoding V of T,gsv) (A) that acts
on s+ a+ 1 qubits. This implementation requires k uses of U, UT, CpNOT, CiNOT, and k
single-qubit gates. Moreover, we can compute the description of the resulting quantum circuit in
deterministic time k and space O(s).

Furthermore, consider A' := TIUTL, where I and I1 are the corresponding orthogonal projectors
of the bitstring indexed encoding U. If A and A’ satisfy the conditions ||A — A’|| + HAJFT‘” <1

and HAJFTA/HZ <, thenV is a (1,@ +1, %ke)-bitstm’ng indezed encoding of T,ESV)(A).

Proof. As specified in Proposition 3.13.1, we first notice that we can derive the sequence of
rotation angles corresponding to Chebyshev polynomials Ty (z) by directly factorizing them.

Proposition 3.13.1 (Chebyshev polynomials in quantum signal processing, adapted from Lemma
6 in [GSLW19]). Let T, € R[z] be the k-th Chebyshev polynomial (of the first kind). Consider
the corresponding sequence of rotation angles ® € RF such that ¢1 := (1 —k)w/2, and ¢ji=1/2

for all j € [k] \ {1}, then we know that H§:1 Kengdjj) eXp((iZ'(z)j)) (\/i? v 1__9:2)} = (k).

Then we implement the quantum singular value transformation 7, IESV) (A), utilizing an al-
ternating phase modulation (Proposition 3.13.2) with the aforementioned sequence of rotation
angles, denoted by V.

Proposition 3.13.2 (QSVT by alternating phase modulation, adapted from Theorem 10 and
Figure 3 in [GSLW19]). Suppose P € C|x] is a polynomial, and let ® € R™ be the corresponding
HUIL, if n is odd
MU, ifn is even
single ancillary qubit. Moreover, this implementation in [GSLW19, Figure 3| makes k uses of
U, Ut, ChyNOT, CiNOT, and single-qubit gates.

Owing to the robustness of QSVT (Lemma 22 in [GSLW18|, full version of [GSLW19]), we
have that HT,ESV)(U) - T,gsv)(U’)H < 4k\/||A — A’|| = 4k+/e, where U’ is a (1, a,0)-bitstring
indexed encoding of A. Moreover, with a tighter bound for A and A’, namely ||A — A'|| +
442 < 1, we can deduce that [T (U) = TV (W) < b2 |4 — A'|| <

~ V1=lI(A+A47) /2|

mke following [GSLW18, Lemma 23|, indicating an improved dependence of €. Finally, we

sequence of rotation angles. We can construct P(SV)(f[UH) = with a

can compute the description of the resulting quantum circuits in O(log k) = O(s(n)) space and
O(k) times because of the implementation specified in Proposition 3.13.2. O]

We then proceed by presenting a linear combination of bitstring indexed encodings, which
adapts the LCU technique proposed by Berry, Childs, Cleve, Kothari, and Somma in [BCC*15],
and incorporates a space-efficient state preparation operator. We say that Py is an e-state
preparation operator for y if Py|0) := >, \/9;|i) for some y such that |y/|lyl1 —¥|1 <e.

Lemma 3.14 (Linear combinations of bitstring indexed encodings, adapted from Lemma 29
in [GSLW19]). Given a matric A = Z:if)l Y A; such that each linear operator A; (1 < i < m)
acts on s qubits with the corresponding (||y||1, a, €1)-bitstring indexed encoding U; acting on s+a
qubits associated with projections I, and II;. Also each yi (1 <1 < m) can be expressed in
O(s(n)) bits with an evaluation oracle Eval that returns §; with precision ¢ := O(e3/m). Then
utilizing an ez-state preparation operator Py for 'y acting on O(logm) qubits, and a (s + a +
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[logm])-qubit unitary W = S0 i) (i] @ U; + (I- St i)(i]) ® I, we can implement a
(Iylli,a + [logm], e1l|lyll? + e2llyll1)-bitstring indexed encoding of A acting on s + a + [logm]
qubits with a single use of W, Py, P;. In addition, the classical pre-processing can be implemented
in deterministic time O(m?log(m/ez)) and space O(log(m/e3)),>" as well as m? oracle calls to
Eval with precision e.

Proof. For the e-state preparation operator P, such that Py|0) = Y 7" \/§;]i), we utilize a
scheme introduced by Zalka [Zal98] (also independently rediscovered in [GR02| and [KMO1]).
We make an additional analysis of the required classical computational complexity, and the proof
can be found in Appendix A.2.

Proposition 3.14.1 (Space-efficient state preparation, adapted from [Zal98, KMO01, GR02]).
Given an l-qubit quantum state |1) := > 1" \/Ui|i), where | = [logm]| and §; are real amplitudes
associated with an evaluation oracle Eval(i,e) that returns §; up to accuracy € we can prepare
[v) up to accuracy € in deterministic time O(m?log(m/e)) and space O(log(m/€?)), together
with m? evaluation oracle calls with precision € := O(e2/m).

Now consider the bitstring indexed encoding (P;@I 5) W (Py®I 5) of A acting on s+a+[logm|
qubits. Let y; := y;/||y|l1, then we obtain the implementation error:

|4 = Iy ]l (10)(0] @ TT) (P} @ L)W (P, @ I,) (|0)(0] & T1) ||
= A= llylh S g LUiL|
<[[A = llylh 36" viILUTL | + [yl 7" (v — 6 ITLUTL|
Iyl %" willAs - UL + e2lly
<ellylli + e2lly |-

Here, the third line is due to the triangle inequality, the fourth line owes to Proposition 3.14.1,
and the fifth line is because Uj is a (1, a, €1)-bitstring indexed encoding of A; for 0 <i <m. [

To make the resulting bitstring indexed encoding from Lemma 3.14 with @ = 1, we need to
perform a renormalization procedure to construct a new encoding with the desired . We achieve
this by extending the proof strategy outlined by Gilyen [Gill9, Page 52] for block-encodings to
bitstring indexed encodings. The renormalization procedure is provided in Lemma 3.15, and the
complete proof is available in Appendix A.2. Additionally, similar results have been established
in [MY23, Lemma 3.10] and [WZ23b, Corollary 2.8|.

Lemma 3.15 (Renormalizing bitstring indexed encoding). Let U be an (o, a, €)-bitstring indezed
encoding of A, where « > 1 and 0 < € < 1, and A is a linear operator acting on s(n) qubits.
We can implement a quantum circuit V, serving as a normalization of U, such that V is a
(1,a + 2,36€)-bitstring indexed encoding of A. This implementation requires O(«) uses of U,
Ut, CpNOT, CiNOT, and O(«a) single-qubit gates. Moreover, the description of the resulting
quantum circuit can be computed in deterministic time O(a) and space O(s).

Finally, we combine Lemma 3.14 and Lemma 3.13 to proceed with the proof of Theorem 3.11.

Proof of Theorem 3.11. By using Lemma 3.13, we have Py(A) = %0—1—22:1 cxTi(A) where Ty (A)
corresponding to a (1,a+ 1,4k,/€1)-bitstring indexed encoding Vj. Employing Lemma 3.14, we
result in a (||c||1, a, 4k\/€1]|c||? +€2]|c||1)-bitstring indexed encoding V where @ := a+ [logd] +1.
Moreover, by utilizing Lemma 3.15, we obtain a (1, a’, 144k, /e1 ||c||3+36€2||c||1)-bitstring indexed
encoding V acts on s+ a’ qubits where a’ := a+2 = a+ [logd] +3. A direct calculation demon-
strates that this implementation makes Zzzl k-O(|lc|l1) = O(d?||c||1) uses of U, Ut, CuNOT,

311t is noteworthy that we define O(f) := O(f poly log(f)).
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CiNOT, also Zzzok -O(|le]l1) = O(d?||c||1) uses of multi-controlled single-qubit gates. In
addition, the descriptions of quantum circuits {Vj}{_, can be computed in O(s(n)) space and
Zgzo k-O(||c)1) = O(d?||c||1) time. Therefore, the description of the quantum circuit V can
be computed in deterministic time max{O(d?||c||; log(d/e2)), O(d?||c|[1)} = O(d?||c||1 log(d/e2))
and space O(max{s(n),d/e3}), as well as O(d?||c||1) oracle calls to Eval with precision ¢.
Finally, we can extend our construction to any linear operator A by replacing Py(A) with
PéSV) as defined in Definition 3.3, taking into account that the Chebyshev polynomial (of the
first kind) T} is either an even or an odd function. O]

3.3 Examples: the sign function and the normalized logarithmic function

In this subsection, we provide explicit examples that illustrate the usage of the space-efficient
quantum singular value transformation (QSVT) technique. We define two functions:

1 x>0

’ In(l/x
sgn(z) =< -1, z<0 and Ing(x):= 2115(2//5))

07 IZO

In particular, the sign function is a bounded function, and we derive the corresponding bitstring
indexed encoding with deterministic space-efficient classical pre-processing in Corollary 3.7. On
the other hand, the logarithmic function is a piecewise-smooth function that is bounded by 1,
and we deduce the corresponding bitstring indexed encoding with randomized space-efficient
classical pre-processing in Corollary 3.10.

Corollary 3.16 (Sign polynomial with space-efficient coefficients applied to bitstring indexed
encodings). Let A be an Hermitian matrixz that acts on s qubits, where s(n) > Q(log(n)). Let U
be a (1,a,€1)-bitstring indexed encoding of A that acts on s+a qubits. Then, for any d < 20(s(n))
and 3 > 2796 "we have an (1, a+[log d]+3, 144C'§gnd6}/2 log? (d)+36Csgnea log(d)))-bitstring
indezed encoding V' of P;gn(A), where Psgn s a space-efficient bounded polynomial approrima-
tion of the sign function specified in Corollary 3.7, and C’Sgn is a uniwersal constant. This
implementation requires O(d?logd) uses of U, UT, CuNOT, CyNOT, and O(d?log d) multi-
controlled single-qubit gates’’. Moreover, we can compute the description of V in deterministic
time O(e; 'd*/?) and space O(s(n)).
Furthermore, our construction straightforwardly extends to any non-Hermitian (but linear) ma-
triz A by simply replacing Py (A) with PS(SX;(A) defined in the same way as Definition 3.3.
Proof. In Corollary 3.7, we can express P;*" () as & +Zg=1 cxTi(x), where d = O(6 1 loge™1).
For all z € [—1, 1]\ [—4, 6], we have |sgn(z) — P;*"(z)| < O(elogd) := €;. To implement Eval with
precision €, we can compute the corresponding entry c¢; of the coefficient vector, which requires
O(log(e~1d")) = O(log(e, %d®)) space and O(e~'/2d?) = O(e;'d*/?) time. Using Theorem 3.11,
we can conclude that Py®" has a (1,d, 144d03gn61/ ?log?(d) + 36C;gnez log d)-bitstring indexed
encoding V' that acts on s + @’ qubits, where @’ := a + [logd] + 3 and ||c||; < Cign log d.
Furthermore, the quantum circuit of ¥V makes O(d?logd) uses of U, UT, CyNOT, and
CiNOT as well as O(d?log d) multi-controlled single-qubit gates. We note that d < 20(s(n)
and ey > 27906() Moreover, we can compute the description of V in O(s(n)) space since each
oracle call to Eval with precision € can be computed in O(log(e; 2d5)) space. Additionally, the
time complexity for computing the description of V is

max{O(d*log dlog(d/e)),d*logd - O(e; *d*/?)} = O(e;1d”?). 0

Corollary 3.17 (Log polynomial with space-efficient coefficients applied to bitstring indexed
encodings). Let A be an Hermitian matriz that acts on s qubits, where s(n) > Q(log(n)). Let U
be a (1, a, €1)-bitstring indexed encoding of A that acts on s+a qubits. Then, for any d < 20(s(n)
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€ > 2706M) gnd B> 27060 we have a (1,a+ [logd]+3, 14401n61/ d3+3601n62d) bitstring
indezed encoding V' of Pén(A), where Pclln s a space-efficient bounded polynomial approzimation
of the normalized log function specified in Corollary 3.10, and Cy, is a universal constant. This
implementation requires O(d®) uses of U, UT, CuNOT, CyNOT, and O(d®) multi-controlled
single-qubit gates®. Moreover, we can compute the description of the resulting quantum circuit
in bounded-error randomized time O(max{B °e;*d®, e;'d"/?}) and space O(s(n)).

Proof. In Corollary 3.10, we can express P*(z) as £ —I—Zk 1 cTi(x), where d = O(6~ 1 loge™1).
For any Ing(x), we have |Ing(z) — PP(x)| < O(elog d) = €y for all x € [3,1]. To implement
Eval with precision €, we can compute the corresponding entry ¢; of the coefficient vector by
a bounded-error randomized algorithm. This requires O(log(e~1d*8~4)) = O(log(B~%e;%d®))
space and O(max{f~%c=2,e1/2d?}) = O(max{B"e; *d?, ;' }d*/?) time. Using Theorem 3.11,
we conclude that Pln has a (1 a 14402 / d3 + 3601n€2d) bltstrlng indexed encoding V' that
acts on s + a’ qubits, where a’ := a + [log cﬂ +3and |c; < Cpd.

Furthermore, the quantum circuit of V makes O(d®) uses of U, UT, CgNOT, and CyNOT
as well as O(d®) multi-controlled single-qubit gates. We note that d < 20(s(n)) ¢y > 2-0(s(n))
and 8 > 2796(M)  Additionally, we can compute the description of V in O(s(n)) space since
each oracle call to Eval with precision £ can be computed in O(log(ﬁ_4652d5)) space. The time
complexity for computing the description of V' is given by:

max{O(d®log(d/e3)), d* - O(max{B e, *d?, &5 'd®?}) = O(max{f%e; *d, e; 1d'/?}). (3.13)
Finally, to guarantee that the probability that all O(d>) oracle calls to Eval succeed is at least
2/3, we use a (41Ind)-time sequential repetition of Eval for each oracle call. Together with the
Chernoft-Hoeffding bound and the union bound, the resulting randomized algorithm succeeds

with probability at least 1 —d? - 2exp(—41Ind) > 2/3. We further note that the time complexity
specified in Equation (3.13) only increase by a 41nd factor. O

3.4 Application: space-efficient error reduction for unitary quantum com-
putations

We provide a unified space-efficient error reduction for unitary quantum computations. In
particular, one-sided error scenarios (e.g., RQuL and coRQuL) have been proven in [Wat01], and
the two-sided error scenario (e.g., BQuL) has been demonstrated in [FKL™16].

Theorem 3.18 (Space-efficient error reduction for unitary quantum computations). Let s(n)
be a space-constructible function, and let a(n), b(n), and l(n) be deterministic O(s(n)) space
computable functions such that a(n) — b(n) > 27°CM) we know that for any l(n) < O(s(n)),

there is d := I(n)/max{y/a — vb,v/1—b— /1 —a} such that
BQuSPACE[s(n), a(n), b(n)] € BQuSPACE[s(n) + [logd] + 1,1 — 27" 2=l)],

Furthermore, for one-sided error scenarios, we have that for any l(n) < 20(s(n) ;

RQuSPACE[s(n),a(n)] € RQuSPACE[s(n) + [logdy] + 1,1 — 2_1(")] where dy = %,
coRQUSPACE[s(n), b(n)] € coRQUSPACE[s(n) + [logdi] + 1,27 ™] where d; := %

By choosing s(n) = O(log(n)), we derive error reduction for logarithmic-space quantum
computation in a unified approach:

Corollary 3.19 (Error reduction for BQuL, RQuL, and coRQuL). For deterministic logspace
computable functions a(n), b(n), and l(n) satisfying a(n) — b(n) > 1/poly(n) and I(n) <
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O(logn), we have the following inclusions:
BQuLla(n),b(n)] € BQuL[1 — 271" 27H(m)],
RQuL[a(n)] € RQuL[1 — 2710,
coRQuL[b(n)] € coRQuL[27!(™].

CB
CR

The construction specified in Theorem 3.18 crucially relies on Lemma 3.20. And the proof of
Lemma 3.20 directly follows from Theorem 20 in [GSLW 19|, which is deferred to Appendix A.3.

Lemma 3.20 (Space-efficient singular value discrimination). Let 0 < a < 8 < 1 and A :=
IUTI be a (1,0,0)-bitstring indexed encoding where U acts on s qubits and s(n) > Q(logn).
Consider an unknown quantum state |1)), with the promise that it is a right singular vector of
A with a singular value either above o or below 5. We can distinguish the two cases with error
probability at most € := O(elogd) using a degree-d quantum singular value transformation where
logl/e

- max{ﬁfa,\/éf\/lf[ﬂ}
In particular, the implementation requires O(d*logd) uses of U, UT, CyNOT, CiNOT, and
O(d?log d) multi-controlled single-qubit gates. Also, we can compute the description of the im-
plementation in deterministic time O(e~'d%/?) and space O(s(n)).

. Moreover, we can make the error one-sided if « =0 or 8 = 1.

Finally, we provide the proof of Theorem 3.18, which closely relates to Theorem 38 in [GSLW 18]
(the full version of [GSLW19]).

Proof of Theorem 5.18. 1t suffices to amplify the promise gap by QSVT. Note that the proba-
bility that a BQuSPACE[s(n)] circuit C, accepts is Pr[C accepts] = |||1){1|outC|0¥T™)|12 > a
for yes instances, whereas Pr[C; accepts | = |||1)(1]outCi|0¥t™)||3 < b for no instances. Then
consider a (1,0, 0)-bitstring indexed encoding M, := Il CyIl;, such that ||[M,| > /a for
yes instances while ||M,| < vb for no instances, where Iy, := [0) (0|**™ and Iy :=
1) (1out @ Imak—1. Since ||My|| = omax(M,) where omax(M,) is the largest singular value of
M., it suffices to distinguish the largest singular value of M, are either above y/a or below Vb.
By setting o := v/a, 3 := v/b and ¢ := 2-1(") this task is a direct corollary of Lemma 3.20. [

4 Space-bounded quantum state testing

We begin by defining the problem of quantum state testing in a space-bounded manner:

Definition 4.1 (Space-bounded Quantum State Testing). Given polynomial-size quantum cir-
cuits (devices) Qo and @1 that act on O(logn) qubits and have a succinct description (the “source
code” of devices), with r(n) specified output qubits, where r(n) is a deterministic logspace com-
putable function such that 0 < r(n) < O(log(n)). Let p; denote the mixed state obtained by
running @; on the all-zero state |0) and tracing out the non-output qubits.

We define a space-bounded quantum state testing problem, with respect to a specified distance-
like measure, to decide whether pg and p; are easily distinguished or almost indistinguishable.
Likewise, we also define a space-bounded quantum state certification problem to decide whether
po and p; are easily distinguished or ezactly indistinguishable.

We remark that space-bounded quantum state certification, defined in Definition 4.1, repre-
sents a “white-box” (log)space-bounded counterpart of quantum state certification [BOW19].

Remark 4.2 (Lifting to exponential-size instances by succinct encodings). For s(n) space-uniform
quantum circuits Qo and @1 acting on O(s(n)) qubits, if these circuits admit a succinct en-
coding,*? namely there is a deterministic O(s(n))-space Turing machine with time complexity

32Tor instance, the construction in [FL18, Remark 11], or [PY86, BLT92] in general.
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poly(s(n)) can uniformly generate the corresponding gate sequences, then Definition 4.1 can be
extended to any s(n) satisfying Q(logn) < s(n) < poly(n).**
Next, we define space-bounded quantum state testing problems, based on Definition 4.1,

with respect to four commonplace distance-like measures.

Definition 4.3 (Space-bounded Quantum State Distinguishability Problem, GAPQSDlOg).
Consider deterministic logspace computable functions a(n) and B(n), satisfying 0 < S(n) <
a(n) <1 and a(n) — S(n) > 1/ poly(n). Then the promise is that one of the following holds:

e Yes instances: A pair of quantum circuits (Qo, Q1) such that td(pg, p1) > a(n);

e No instances: A pair of quantum circuits (Qo, Q1) such that td(pg, p1) < 5(n).

Moreover, we also define the certification counterpart of GAPQSD)g, referred to as CERTQSD),g,
given that 8 = 0. Specifically, CERTQSDjog[cr(n)] := GAPQSDjog[a(n), 0].

Likewise, we can define GAPQJS); and GAPQHS,, also the certification version CERTQHS)qg,
in a similar manner to Definition 4.3 by replacing the distance-like measure accordingly:

e GAPQIS,la(n), B(n)]: Decide whether QIS (0, p1) > a(n) or QISa(po, p1) < B(n);
o GAPQHS,[a(n), B(n)]: Decide whether HS?%(po, p1) > a(n) or HS?(pg, p1) < B(n).

Furthermore, we use the notation CERTQSDjee to indicate the complement of CERTQSD)qg
with respect to the chosen parameter a(n), and so does CERTQHS)q,.

Definition 4.4 (Space-bounded Quantum Entropy Difference Problem, GAPQED),,). Consider
a deterministic logspace computable function g : N — R, satisfying g(n) > 1/poly(n). Then
the promise is that one of the following cases holds:

e Yes instance: A pair of quantum circuits (Qo, Q1) such that S(pg) — S(p1) > g(n);
e No instance: A pair of quantum circuits (Qo, Q1) such that S(p1) — S(po) > g(n).

Novel complete characterizations for space-bounded quantum computation. We now
present the main theorems in this section and the paper. Theorem 4.5 establishes the first family
of natural coRQuL-complete problems. By relaxing the error requirement from one-sided to two-
sided, Theorem 4.6 identifies a new family of natural BQL-complete problems on space-bounded
quantum state testing.

Theorem 4.5. The computational hardness of the following (log)space-bounded quantum state
certification problems, for any deterministic logspace computable a(n) > 1/ poly(n), is as follows:

(1) CERTQSDigg[a(n)] is coRQuL-complete;
(2) CERTQHS|og[a(n)] is coRQuL-complete.

Theorem 4.6. The computational hardness of the following (log)space-bounded quantum state
testing problems, where a(n) — f(n) > 1/ poly(n) or g(n) > 1/poly(n) as well as a(n), 5(n),
g(n) can be computed in deterministic logspace, is as follows:

(1) GAPQSDiggla(n), B(n)] is BQL-complete;
(2) GAPQEDiglg(n)] is BQL-complete;
(3) GAPQJSiogla(n), B(n)] is BQL-complete;

331t is noteworthy that Definition 4.1 (mostly) coincides with the case of s(n) = ©@(O(logn)) and directly takes
the corresponding gate sequence of QQp and ()1 as an input.
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(4) GAPQHS)g[a(n), B(n)] is BQL-complete.

It is noteworthy that we can naturally extend Theorem 4.5 and Theorem 4.6 to their
exponential-size up-scaling counterparts with 2-0(()_precision, employing the extended ver-
sion of Definition 4.1 outlined in Remark 4.2, thus achieving the complete characterizations for
coRQuSPACE[s(n)] and BQPSPACE[s(n)], respectively.

In the remainder of this section, we first address problems with two-sided errors. Specifically,
by employing a general framework for space-bounded quantum state testing demonstrated in
Section 4.1, we demonstrate the BQL containment of GAPQSD),s in Section 4.2, as well as the
BQL containment of GAPQED,, and GAPQJS)oe in Section 4.3. Subsequently, in Section 4.4,
we focus on making the error one-sided and establish the coRQuL containment of CERTQSD),g
and CERTQHS).e. Additionally, we show the BQL containment of GAPQHS),, in Appendix B.
The corresponding hardness proof for all these problems is provided in Section 4.5.

4.1 Space-bounded quantum state testing: a general framework

In this subsection, we introduce a general framework for quantum state testing that utilizes
a quantum tester 7. Specifically, the space-efficient tester T succeeds (outputting the value “0”)
with probability x, which is linearly dependent on some quantity closely related to the distance-
like measure of interest. Consequently, we can obtain an additive-error estimation = of x with
high probability through sequential repetition (Lemma 2.11).

To construct 7', we combine the one-bit precision phase estimation [Kit95], commonly known
as the Hadamard test [AJL09]|, for block-encodings (Lemma 4.9), with our space-efficient quan-
tum singular value transformation (QSVT) technique, which we describe in Section 3.

0) —H] H z
|0)
Upy(a)
o= 5
Q
10) =

Figure 2: Quantum tester 7 (Q, Uy, Py, ¢€): the circuit implementation.

Constructing a space-efficient quantum tester. We now provide a formal definition and
the detailed construction of the quantum tester 7. The quantum circuit shown in Figure 2
defines the quantum tester T (Q, U4, Py, €) using the following parameters with s(n) = ©(logn):
e A s(n)-qubit quantum circuit @) prepares the purification of an r(n)-qubit quantum state

p where p is the quantum state of interest;

e Uyisa (1,s—r,0)-block-encoding of an r(n)-qubit Hermitian operator A where A relates
to the quantum states of interest and r(n) < s(n);

e Py is a degree-d bounded polynomial with a particular form Py = ¢ + ZZ:l e Ty € Rx]
where T}, is the k-th Chebyshev polynomial, with d < 29((") such that the coefficients
c:=(cp, -+ ,cq) can be computed in bounded-error randomized space O(s(n));

e ¢ is the precision parameter used in the estimation of z, with e > 2-0((),

Moreover, we define the corresponding estimation procedure, denoted as ’f(Q, Ua, Py, €,€m,9),
namely a quantum algorithm that computes an additive-error estimation  of the output x from
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the tester 7(Q, Ua, Py, €). Technically speaking, 7 outputs & such that |z —Z| < €||c||1 +ex with
probability at least 1 —9. Now we will demonstrate that both the tester 7 and the corresponding
estimation procedure 7T are space-efficient:

Lemma 4.7 (Quantum tester 7 and estimation procedure T are space-efficient). The quantum
tester T(Q,Ua, Py, €), as specified in Figure 2, accepts (outputting the value “0”) with probability
3(1 4+ Re(Tr(Py(A)p))) £ 3ellc|l1. Moreover, we can compute the quantum circuit description
of T in deterministic space O(s + log(1/€)) given the coefficient vector ¢ of Py. Furthermore,
we can implement the corresponding estimation procedure T(Q, Ua, Py, €,€m,9) in bounded-error
quantum space O(s + log(1/€) +log(1/ex) + loglog(1/9)).

We first provide two useful lemmas for implementing our quantum tester 7. It is noteworthy
that Lemma 4.8 originates from [LC19]|, as well as Lemma 4.9 is a specific version of one-bit
precision phase estimation (or the Hadamard test) [Kit95, AJLO09].

Lemma 4.8 (Purified density matrix, [GSLW19, Lemma 25]|). Suppose p is an s-qubit density
operator and U is an (a + s)-qubit unitary operator such that U|0)%*|0)®* = |p) and p =

Tro(|p)(pl). Then, we can construct an O(a+ s)-qubit quantum circuit U that is an (O(a+s),0)-
block-encoding of p, using O(1) queries to U and O(a + s) one- and two-qubit quantum gates.

Lemma 4.9 (Hadamard test for block-encodings, adapted from |[GP22, Lemma 9]). Suppose U
is an (a + s)-qubit unitary operator that is a block-encoding of s(n)-qubit operator A. We can
implement an O(a+ s)-qubit quantum circuit that, on input s(n)-qubit quantum state p, outputs

0 with probability w'

Finally, we proceed with the actual proof of Lemma 4.7.

Proof of Lemma /.7. By applying Chebyshev interpolation on Uy (Theorem 3.11 with the choice
of ¢4 = 0 and €2 = ¢/36), we can implement an O(s(n))-qubit quantum circuit Up,4) that is
a (1,a,0)-block-encoding of A using O(d?||c|l1) queries to Uga, where a = s — 7 + [logd] + 3
and A, is specified in Theorem 3.11 satisfying || Py(A) — A% || < €llc[[1. Additionally, we can
compute the quantum circuit description of Up,(4) in deterministic space O(s + log(1/¢)) given
the coefficient vector ¢ of P;. As the quantum tester 7(Q,Ua, Py, €) is mainly based on the
Hadamard test, by employing Lemma 4.9, we have that T outputs 0 with probability

Prfr = 0] = 5 (1 + Re(Tr(4p,p))) = 3 (1 + Re(Te(Pa(4)p))) + sele].

It is left to construct the estimation procedure 7. As detailed in in Lemma 2.11, we can
obtain an estimation T by sequentially repeating the quantum tester 7(Q, Ua, Py, €) for O(1/€%)
times. This repetition ensures that [z —Re(Tr(Ap p))| < em holds with probability at least (1),
and derives an further implication on Py(A):

Pr{|z — Re(Tr(Py(A)p))| < ellefly + en] = Q(1).

We thus conclude that construction of the estimation procedure ’f(Q, Ua, Py, €,€,9) by uti-
lizing O(log(1/8)/€%;) sequential repetitions of T(Q,Ua, Py, €). Similarly following Lemma 2.11,
’7‘(@, Ua, Py, €,€er,d) outputs an estimation z satisfies the following condition:

Pr[|Z — Re(Tr(Py(A)p))| < €llc|li +er] > 1 —4.

In addition, a direct calculation indicates that we can implement ’7A’(Q, Uy, Py, €,€,0) in quan-
tum space O(s + log(1/€) + log(1/em) + loglog(1/4)) as desired. O

4.2 GAPQSDy is in BQL

In this subsection, we demonstrate Theorem 4.10 by constructing a quantum algorithm that
incorporates testers T (Q;, Upg—py Psgn, €) for i € {0, 1}, where the construction of testers utilizes

2
the space-efficient QSV'T associated with the sign function.
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Theorem 4.10. For any functions a(n) and 5(n) that can be computed in deterministic logspace

and satisfy a(n) — f(n) > 1/ poly(n), we have that GAPQSDieg[x(n), 5(n)] is in BQL.

Proof. Inspired by time-efficient algorithms for the low-rank variant of GAPQSD [WZ23a|, we
devise a space-efficient algorithm for GAPQSD),g, present formally in Algorithm 1.

Algorithm 1: Space-efficient algorithm for GAPQSD),,.

Input : Quantum circuits @; that prepares the purification of p; for i € {0,1}.
Output: An additive-error estimation of td(pg, p1).

Params: e:=22 §:=_2. e:=— £ ~ . L
4 2 2(Csgn+2Csgn) Csgn2" 2log (2(ngnJrQC'sgn)ngnQT'H"/E)7

d::ésgn5_lloge_1, €H = §.

1. Construct block-encodings of pg and p1, denoted by U, and U,,, respectively, using
O(1) queries to Qo and @1 and O(s(n)) ancillary qubits by Lemma 4.8;

2. Construct a block-encoding of 252, denoted by U po=p1s using O(1) queries to Up,

and U,, and O(s(n)) ancillary qubits by Lemma 3.14;

Let Psgn be the degree-d polynomial specified in Corollary 3.7 with parameters § and €
such that its Chebysheuv coefficients are computable in deterministic space O(log(d/e));

3. Set Zo = 7-(@01 UPO—PI ’Pngn7 €, €H, 1/10)7 €Ty = %(Qla UPO—Pl 7P;gn7 € €H, 1/10)7
2 2

4. Compute = = (xg — z1)/2. Return “yes” if z > (o + /3)/2, and “no” otherwise.

Let us demonstrate the correctness of Algorithm 1 and analyze the computational complexity.
We focus on the setting with s(n) = ©(logn). We set € := (a — 3)/4 > 279) and assume
that Qo and @7 are s(n)-qubit quantum circuits that prepare the purifications of py and py,
respectively. According to Lemma 4.8, we can construct O(s)-qubit quantum circuits U,, and
Up,, that encode pg and p1 as (1,0(s),0)-block-encodings, using O(1) queries to Qp and Q1 as
well as O(1) one- and two-qubit quantum gates. Next, we apply Lemma 3.14 to construct a
(1,0(s), 0)-block-encoding Upy—p, of 2521 using O(1) queries to Q,, and Q,,, as well as O(1)
one- and two-qubit quantum g;tes.

Let ¢ := 53, €

€ 1 A -1 -1
= _ _. _ _ and d := Cyepd tloge ' =
2(ngn+205gn)csgn2r+d 2 lOg (2(ngn+2ngn)ngn2’"+3/E) set g

290) where Cygn comes from Corollary 3.7. Let P € R[z] be the polynomial specified in Corol-
lary 3.7. Let e = /4. By employing Corollary 3.16 and the corresponding estimation procedure
T(Qi,Upg—n, , PP €, €f7,1/10) from Lemma 4.7, we obtain the values x; for ¢ € {0,1}, ensuring
the followfng inequalities:

o

Here, the implementation uses O(d?logd) queries to Upy—p, and O(d?logd) multi-controlled
2

- . 9
x; — Tr <p;€n (,002p1> Pz)‘ < Cygnelogd + e | > 0 for i € {0, 1}. (4.1)

single-qubit gates. Moreover, the circuit descriptions of ’7'(Qi, Upg—r1, Pjgn, €,€m,1/10) can be
- 2
computed in deterministic time O(d%/?/¢) and space O(s).
Now let x := (z9 — x1)/2. We will finish the correctness analysis of Algorithm 1 by showing
Pr[|z — td(po, p1)| < €] > 0.8 through Equation (4.1). By considering the approximation error

of Pjgn in Corollary 3.7 and the QSVT implementation error in Corollary 3.16, we derive the
following inequality in Proposition 4.10.1, and the proof is deferred to Appendix B.1:

Proposition 4.10.1. Pr[|x —td(po, p1)| < C’Sgnelogd +eg + 2Csgnelogd + 2T+15} > 0.8.
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Consequently, it is left to show that C’Sgnelogd + exg + 2Csgnelogd + 2rtl§ < ¢ for the
aforementioned choice of §, €, and ey. Note that ey = £/4 and 2" 71§ = £/4, we complete the
correctness analysis by choosing € := §’/2log(6'~1) with ¢’ := 5/(2(C'Sgn + 2C;5gn)Cign) < 1/2
and subsequently deriving the following inequality:

(Cugn + 2Csgn)elog d < (Csgn + 20sgn)elog (6" Hog(e 1)) < (Cugn + 2Csgn)d’ < £/2.

Here, the second inequality results from the fact that ylog(e tlogy™!) < e for 0 < ¢ < 1/2,
with v := 5/210g(5_1), and the last inequality owes to the chosen §’, along with the facts that
§:=¢/2""3 < e and Cggn > 1.

Finally, we analyze the computational resources required for Algorithm 1. According to
Lemma 4.7, we can compute z in BQL, with the resulting algorithm requiring O(d*logd/ e%{) =
0227 /%) queries to o and (1. In addition, its circuit description can be computed in deter-

ministic time O(d%?/e) = O(245" /£59). -

4.3 GAPQED),, and GAPQJS,, are in BQL

In this subsection, we will demonstrate Theorem 4.11 by devising a quantum algorithm that
encompasses testers T (Qs, Up,, Pclln, €) for i € {0,1}, where the construction of testers employs
the space-efficient QSVT associated with the normalized logarithmic function. Consequently,
we can deduce that GAPQJS), is in BQL via a reduction from GAPQJSog to GAPQED).

Theorem 4.11. For any deterministic logspace computable function g(n) that satisfies g(n) >
1/ poly(n), we have that GAPQEDiog[g(n)] is in BQL.

Proof. We begin with a formal algorithm in Algorithm 2.

Algorithm 2: Space-efficient algorithm for GAPQED).
Input : Quantum circuits @; that prepares the purification of p; for i € {0,1}.

Output: An additive-error estimation of S(pg) — S(p1).

Params: ¢ := §, § := min{m, 1} d:= Chn - %log 1
O ¢ . — €
€T 10 (Gt ) n(1/8)  210g (461 (Cra+Ciw) In(1/8)/(Be)) €H *= SWm(1/B)"
1. Construct block-encodings of pg and p1, denoted by U, and U,,, respectively, using
O(1) queries to Qo and @1 and O(s(n)) ancillary qubits by Lemma 4.8;

Let Pén be the degree-d polynomial specified in Corollary 3.10 with parameters § and €
such that its Chebyshev coefficients are computable in bounded-error randomized space

O(log(d/€));
2. Set xTro i — 7-(@0, Upov Pén, €, €0, 1/10), xIr = 7-(@1, Upl,PClln, €, €M, 1/10);
3. Compute z = (xo — z1) In(2/5). Return “yes” if z > 0, and “no” otherwise.

Let us now demonstrate the correctness and computational complexity of Algorithm 2. We
concentrate on the scenario with s(n) = ©(logn) and € = g/4 > 27°0). Our strategy is to
estimate the entropy of each of pg and p1, respectively. We assume that )y and )1 are s-qubit
quantum circuits that prepare the purifications of pg and pi, respectively. By Lemma 4.8, we
can construct (1,0(s),0)-block-encodings U,, and U,, of py and p1, respectively, using O(1)

queries to Qo and @7 as well as O(1) one- and two-qubit quantum gates.
Let —mnf—. € 1 O . 1 d
et f = min{gs In(27+4/e)” 1€ 4Cm (Cin+Cin) In(1/8)  4log (4éln(é’1n+01n)ln(l/ﬁ)/(ﬁa)) an

d = CBtloge ! = 206(™M) where Cy, comes from Corollary 3.10. Let Pén € R[z] be the

£

polynomial specified in Corollary 3.10. Let e = SW(i/7)" By utilizing Corollary 3.17 and the
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corresponding estimation procedure 72(Qi, Up,, P ¢ €17,1/10) from Lemma 4.7, we obtain the
values x; for i € {0,1}, ensuring the following inequalities:

z; —Tr (Pén(m‘) Pi)

Here, the implementation uses O(d?) queries to U,, and O(d®) multi-controlled single-qubit
gates. Moreover, the circuit descriptions of T(Qi,Upi,Pclln,e, €rr,1/10) can be computed in
bounded-error time O(d®/e*) and space O(s).

Pr[ < Cped+eg| > 19—0 for i € {0,1}. (4.2)

We will finish the correctness analysis of Algorithm 2 by demonstrating Pr[|xz; — S(p;)| < ¢] >
0.9 through Equation (4.2). By considering the approximation error of P(}l“ in Corollary 3.10
and the QSVT implementation error in Corollary 3.17, we derive the following inequality in
Proposition 4.11.1, and the proof is deferred to Appendix B.1:

Proposition 4.11.1. The following inequality holds for i € {0,1}:
Pr[|xi In (%) —S(p;)| <2In (%) (C’lned + ey + Cuelogd + 2r+lﬁ) } > %.

Consequently, it is left to show that 21In (%) (C’lned+eH —I—C'lnelogd_}_gr—s—lﬁ) < ¢ for

the aforementioned choice of 3, €, and ey. Note that 2In(1/8)ey = ¢/4 and 2In(1/8) -
2713 < £/4, we complete the correctness analysis by choosing € := §/4 - log(1/6) with § :=
oo C‘lnfgln)ln W < 1/2, and subsequently deriving the following inequality:
2In(B7 1) (Crned + Crnelog(d)) < 2In(8~1)(Chy + Chy)ed
=2 ln(ﬁ_l)(éln + Cln)élnﬁ_lelog(ﬁ_l)
< 2In(87)(Crn + Cin)Cru 8716
=¢c/2.

Here, the first line is because of log(d) < d, the third line owes to the fact that elog(e™!) < 6,
and the last line is due to choice of 9.

Finally, we analyze the computational resources required for Algorithm 2. As per Lemma 4.7,
we can compute x in BQL, with the resulting algorithm requiring O(d®/e2;) = O(2%" /e*) queries
to Qo and Q1. Furthermore, its circuit description can be computed in bounded-error randomized
time O(d! /e*) = O(2'1" /e19). O

GAPQJS|og is in BQL. It is noteworthy that we can achieve GAPQJS)os € BQL by employing
the estimation procedure 7 in Algorithm 2 for three according states, given that the quantum
Jensen-Shannon divergence QJS(pg, p1) is a linear combination of S(py),S(p1), and S(22F24).
Nevertheless, the log-space Karp reduction from GAPQJSio, to GAPQED, (Corollary 4.12)
allows us to utilize 7 for only two states. Furthermore, our construction is adapted from the
time-bounded scenario [Liu23, Lemma 4.3].

Corollary 4.12. For any functions a(n) and S(n) that can be computed in deterministic logspace
and satisfy a(n) — B(n) > 1/ poly(n), we have that GAPQJSiog[a(n), B(n)] is in BQL.

Proof. Let QQp and Q1 be the given s(n)-qubit quantum circuits where s(n) = ©(logn). Consider
a classical-quantum mixed state on a classical register B and a quantum register Y, denoted by
ph = 3]0){0| ® po + %]1)<1| ® p1, where pg and p; are the state obtained by running Qg and Q1,
respectively, and tracing out the non-output qubits. We utilize our reduction to output classical-
quantum mixed states p{, and p), which are the output of (s(n)+ 2)-qubit quantum circuits @,
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and Q},*! respectively, where p} := (po|0)(0| + p1|1 >( ) ® (3p0 + 2p1) and B’ := (po,p1) is an
independent random bit with entropy H(B') = 1 — 1[a(n) + 8(n)]. Let Sa(p) := S(p)/In2 for
any quantum state p, we then have derived that:

S2(pn) — Sa(p1) = S2(B',Y),, — S2(B,Y),
= [H(B) +S2(Y|B’) 4] — [H(B) + S2(Y[B) ]
= S2(Y),, — S2(Y[B),; + H(B') — H(B) (4.3)
= S2(Y),, = Sa2(Y[B), — gla(n) + B(n)]

=S (590 + 3p1) — 2(S2(po) + S2(p1)) — 2[a(n) + B(n)]
= QJS5(po, p1) — 3lev(n) + B(n)].

Here, the second line derives from the definition of quantum conditional entropy and acknowl-
edges that both B and B’ are classical registers. The third line owes to the independence of B’
as a random bit. Furthermore, the fifth line relies on the Joint entropy theorem (Lemma 2.3).

By plugging Equation (4.3) into the promise of GAPQJS,,[a(n), B(n)], we can define g(n) :=
1“72(04(71 —1) = B(n — 1)) and conclude that:

o If QJS5(po, p1) > a(n), then S(ph) — S(p}) > M2 (a(n) — B(n)) = g(n +1);
n2

e It QIS (po. p1) < B(n), then S(ph) — S(ph) < T(Q(m - /a’(n)) — —g(n+1).

As p) and pj are ' (n)-qubit states where 7’ (n) := r(n)+1, the output length of the corresponding
space-bounded quantum circuits @y and Q7 is 7'(n). Therefore, GAPQJS(,,[a(n), B(n)] is
logspace Karp reducible to GAPQED,;[g(n)] by mapping (Qo, Q1) to (Qp, Q7). O

4.4 CEeRTQSD)0y and CERTQHS),, are in coRQulL

To make the error one-sided, we adapt the Grover search when the number of solutions is
one quarter [BBHT98], also known as the exact amplitude amplification [BHMT02].

Lemma 4.13 (Exact amplitude amplification, adapted from [BHMT02, Equation 8]). Suppose
U is a unitary of interest such that U|0) = sin(6)[ig) + cos(6)[11), where |tg) and |i)1) are
normalized pure states and (1o|1) = 0. Let G = —U (I —2|0)(0))UT (I —2[v0) (0]) be the Grover
operator. Then, for every integer j > 0, we have GIU|0) = sin((25+1)8)[1bo)+cos((25+1)8)|11).
In particular, with a single application of G, we obtain GU|0) = sin(30)[¢o) + cos(30)|)1),
signifying that GU|0) = |1o) when sin() = 1/2.

Notably, when dealing with the unitary of interest with the property specified in Lemma 4.13,
which is typically a quantum algorithm with acceptance probability linearly dependent on the
chosen distance-like measure (e.g., a tester 7 from Lemma 4.7), Lemma 4.13 guarantees that the
resulting algorithm A4 accepts with probability exactly 1 for yes instances (pg = p1). However,
achieving A to accept with probability polynomially deviating from 1 for no instances requires
additional efforts, leading to the coRQuL containment established through error reduction for
coRQuL (Corollary 3.19). In a nutshell, demonstrating coRQuL containment entails satisfying
the desired property, which is achieved differently for CERTQSD)og and CERTQHSq,.

346 construct Q}, we follow these steps: We start by applying a HADAMARD gate on B followed by a CNOTg_r
gate where B and R are single-qubit quantum registers initialized on |0). Next, we apply the controlled-Q: gate
on the qubits from B to S, where S = (Y, Z) is an s(n)-qubit register initialized on |0). We then apply X gate
on B followed by the controlled-Qo gate on the qubits from B to S, and we apply X gate on B again. Finally, we
obtain p} by tracing out R and the qubits in Z. In addition, we can construct Qj similarly.
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4.4.1 CERTQSD)q is in coRQuL

Our algorithm in Theorem 4.14 relies on the quantum tester 7 (Qi, Upy—py , P3", €) specified
2

in Algorithm 1. Note that the exact implementation of the space-efficient QSVT associated with
odd polynomials preserves the original point (Remark 3.12). Consequently, 7(Qs, Upy—p, , PJ*", €)
2

outputs 0 with probability exactly 1/2 when py = p1, enabling us to derive the coRQuL con-
tainment through a relatively involved analysis for cases when td(po, p1) > a:

Theorem 4.14. For any deterministic logspace computable function a(n) > 1/ poly(n), we have
that CERTQSDieg[a(n)] is in coRQuL.

Proof. We first present a formal algorithm in Algorithm 3:

Algorithm 3: Space-efficient algorithm for CERTQSD)qg.

Input : Quantum circuits @; that prepares the purification of p; for i € {0,1}.

Output: Return “yes” if pg = p1, and “no” otherwise.
~ e . 1
Csgnt+2Csgn)Csgn2™ 43 2]0g (Q(C’sgn+2csgn)ésgn2r+3/6) ’

. — — 53 R
Params: € := §, 0 := 553, € 1= 2

d:= C’Sgné_l loge 1.

1. Construct block-encodings of py and p1, denoted by U,, and U,,, respectively, using
O(1) queries to Qp and @1 and O(s(n)) ancillary qubits by Lemma 4.8;

2. Construct a block-encoding of 252 denoted by U pozrL s using O(1) queries to U,
and U,, and O(s(n)) ancillary qubits by Lemma 3.14;

Let P;gn be the degree-d odd polynomial specified in Corollary 3.7 with parametersd ande
such that its Chebyshev coefficients are computable in deterministic space O(log(d/e));

3. Let UO = T(QO, Upofpl ,Psgn, 6) and Ul = T(Ql, Upofpl ,Psgn, E),
2 2

4. Let G := —(H @ U;)(I —2|0)(0))(H ® U;)(I — 2I1p) for i € {0,1}, where IIj is the
projector onto the subspace spanned by {|0)|0)|¢)} over all |¢);

5. Measure the first two qubits of G;(H @ U;)|0)]|0)|0), and let x;p and x;; be the
outcomes, respectively. Return “yes” if zgg = 291 = 10 = 11 = 0, and “no” otherwise.

Constructing the unitary of interest via the space-efficient QSVT. We consider the
setting with s(n) = ©(logn) and € = a/2. Suppose Qp and @1 are s(n)-qubit quantum circuits
that prepare the purifications of pg and p1, respectively. Similar to Algorithm 1, we first construct
an O(s)-qubit quantum circuit U% that is a (1, O(s), 0)-block-encoding of 2521, using O(1)

queries to Q,, and Q,, and O(1) one- and two-qubit quantum gates.
Let 6 = 553, € 1= £ L

= = . A - and d := Cupnd Lloge ! =
2(Cogn+2C5an) Cogn2" 3 210g (2(Cagn+2Cugn)Cagn2+3 /) sen &

20(5) where C’Sgn comes from Corollary 3.7. Let P;*" € R[z]| be the odd polynomial specified
in Corollary 3.7. Let U; := T(Qs,Upo—p, , PJ*",€) for i € {0,1}, then we have the following
2

equalities with 0 < pg,p; < 1:
Uol0)[0) = +/po[0) [vho) + v/1 = polL)[¥r),
U110)[0) = v/p110)|¢0) + /1 — p1[1)|¢1).

Let H be the HADAMARD gate, then we derive the following equality for ¢ € {0, 1}:

(H @ U)10)[0)]0) = \/Z10)0) o) + 1/ Z 1001 ) + 4/ 2210100 ) + 4/ 52 Ik

—5 L)
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Making the error one-sided by exact amplitude amplification. Consider the Grover
operator G; := —(H © U;)(I — 2[0)(0])(H © U})(I — 2Iy), where Iy is the projector onto the
subspace spanned by {|0)|0)|¢)} over all |¢). By employing the exact amplitude amplification
(Lemma 4.13), we can obtain that:

G;(H®U;)[0)|0)]0) = sin(36;)]0)|0)|1ho) + cos(36;)|-L;) where sin®(6;)=2 when 6, € [0,Z]. (4.4)
Let z;o and 2;; be the measurement outcomes of the first two qubits of G;(H ® U;)|0)]0)|0) for

i € {0,1}. Algorithm 3 returns “yes” if x99 = z¢1 = 10 = x11 = 0, and “no” otherwise. We will
show the correctness of our algorithm as follows:

P
erator, following from Remark 3.12. Consequently, 7 (Q;, Upg-p,, Pi,€) outputs 0 with
2
probability 1/2 for i € {0, 1}, i.e., po = p1 = 1/2. As a result, we have 6y = 6, = /6 and
sin?(360y) = sin?(301) = 1. Substituting these values into Equation (4.4), we can conclude
that zg9 = xg1 = x10 = 11 = 0 with certainty, which completes the analysis.

e For yes instances (pg = p1), U (po_pl) is a (1,0(s), 0)-block-encoding of the zero op-
2

e For no instances (td(po,p1) > «), U <po,p1> is a (1,0(s), 0)-block-encoding of A satis-
2

pen
fying |4 — P3" (22524)|| < Cignelogd. Let p; be the probability that T(Qi, Upa—s: , Py, €)
2
outputs 0 for i € {0,1}, then p; = 3 (1 + Re(Tr(p;A))) following from Lemma 4.7. A direct
calculation similar to Proposition 4.10.1 indicates that:
‘(pO - pl) - td(pOa P1)| < ésgne IOgd + QngnE IOgd + 27‘—1—15.

Under the choice of 4, ¢, and d in the proof of Theorem 4.11, we obtain that |(pg — p1) —
td(po, p1)| < € which yields that max{|po — 1/2|,|p1 — 1/2|} > &/2.%

Note that Pr[z;o = 21 = 0] = sin?(36;) for i € {0,1}, Algorithm 3 will return “yes” with
probability pyes = sin?(36p)sin?(36;). We provide an upper bound for pyes in Proposi-
tion 4.14.1, with the proof deferred to Appendix B.2:

Proposition 4.14.1. Let f(y,0;) := sin(36p) sin®(360y) be a function such that sin?(;) =
pi/2 fori € {0,1} and max{|po — 1/2|, |p1 — 1/2|} > £/2, then f(0o,01) <1 —e*/4.

Consequently, we finish the analysis by noticing pyes = f(0o,01) <1 —£2/4 =1 —a?/16.

Now we analyze the complexity of Algorithm 3. Following Lemma 4.7, we can compute
00, To1, T10, £11 in BQL. The quantum circuit that computes zog, o1, 10, 211 takes O(d? log d) =
0(22” /a?) queries to Qo and Q1, and its circuit description can be computed in deterministic
time O(d”/?/a) = O(2*5" /a®?). Finally, we conclude the coRQuL containment of CERTQSD)g
by applying error reduction for coRQuL(Corollary 3.19) to Algorithm 3. O

4.4.2 CeRTQHS)o is in coRQuL

Our algorithm in Theorem 4.15 is based on the observation that by expressing HSg(po, p1)
as a summation of £Tr(p3), $Tr(p}), and —Tr(pgp1), we can devise a hybrid algorithm with two
random coins using the SWAP test. However, to ensure unitary, we design another algorithm
employing the LCU technique, which serves as the unitary of interest with the desired property.

Theorem 4.15. For any deterministic logspace computation function a(n) > 1/poly(n), we
have that CERTQHS|og[a(n)] is in coRQuL.

Proof. We first provide a formal algorithm in Algorithm 4.

35This inequality is because |po — p1| > td(po, p1) —€ > 2 —e =«.
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Algorithm 4: Space-efficient algorithm for CERTQHSq,.

Input : Quantum circuits @); that prepares the purification of p; for ¢ € {0,1}.
Output: Return “yes” if pg = p1, and “no” otherwise.

1. Construct subroutines T;; := SWAP(p;, p;) for (i,5) € {(0,0),(1,1),(0,1)}, which
output 0 with probability p;;. The subroutine SWAP(p;, p;) involves applying @; and
(; to prepare quantum states p; and p;, respectively, and then employing the SWAP
test (Lemma 2.12) on these states p; and pj;

2. Construct a block-encoding of o(% + W) where o(p) := p|0)(0] + (1 — p)|1)(1],
denoted by U, using O(1) queries to Ty, T11, and Tp; by Lemma 3.14;

3. Let G := —U(I —2|0)(0))UT(I — 2|0)(0]);

4. Measure all qubits of GU|0) in the computational basis. Return “yes” if the
measurement outcome is an all-zero string, and “no” otherwise.

Constructing the unitary of interest via the SWAP test. We consider the setting with
s(n) = O(s(n)). Our main building block is the circuit implementation of the SWAP test
(Lemma 2.12). Specifically, we utilize the subroutine SWAP (p;, p;) for 4,5 € {0,1}, which in-
volves applying @; and @; to prepare quantum states p; and p;, respectively, and then employing
the SWAP test on these states p; and p;. We denote by p;; the probability that SWAP(p;, p;)
outputs 0 based on the measurement outcome of the control qubit in the SWAP test. Following
Lemma 2.12, we have p;; = 3(1 4 Tr(pip;)) for i,5 € {0,1}.

We define T;; := SWAP(p;, p;) for (i,75) € T := {(0,0),1,1,0,1}, with the control qubit
in SWAP(p;, pj) serving as the output qubit of Tj;. By introducing another ancillary qubit,
we construct Ti’j = CNOT(I ® Tjj) for (i,j) € Z, where CNOT is controlled by the output
qubit of T;; and targets on the new ancillary qubit. It is effortless to see that TZ’] prepares the
purification of o(pi;) with o(pi;) = pi;|0)(0] + (1 — ps;)[1)(1] for (i,7) € Z.

By applying Lemma 4.8, we can construct quantum circuits TZ’]’ for (i,7) € Z that serve as
(1,0(s), 0)-block-encoding of o(p;;), using O(1) queries to T}; and O(1) one- and two-qubit quan-
tum gates. Notably, (X ® I)Tj);, with X acting on the qubit of o(p2), prepares the purification
of Xo(po1)XT = po1|1)(1] + (1 — po1)[0){0] = o(1 — po1), leading to the equality:

1 HS?(po,m))

1 1 1
o(po, p1) == 19(1900) + ZQ(pn) + 59(1 —po1) =0 <2 + 1

Consequently, we employ Lemma 3.14 to construct a unitary quantum circuit U that is a

(1,m, 0)-block-encoding of o(5 + W) using O(1) queries to T(, 177, (X @ I)T{,, and O(1)

one- and two-qubit quantum gates, where m := O(s). The construction ensures the following:

2
U(0)|0)E™ = (; n HS(Z‘””)> 10)]0)®™ + cos(6)| L), where (O(0[F™[L) = 0.  (4.5)
sin(0)

Making the error one-sided. Let us consider the Grover operator G := —U (I —2|0)(0|)UT(I—
2/0)(0]). By applying Lemma 4.13, we derive that GU|0)|0)®™ = sin(36)]0)|0)®™ + cos(36)|L).
Subsequently, we measure all qubits of GU|0)|0)®™ in the computational basis, represented as
x € {0,1}™*!. Hence, Algorithm 4 returns “yes” if the outcome x is 0™*! and “no” otherwise.
Algorithm 4 accepts with probability sin?(36). Now we analyze the correctness of the algorithm:

e For yes instances (py = p1), we have HS?(pg, p1) = 0. Following Equation (4.5), we obtain
sin(f) = 1/2 and thus sin?(30) = 1. We conclude that Algorithm 4 will always return “yes”.
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e For no instances, we have HS?(pg, p1) > . According to Equation (4.5), we derive that:

1 HS*(po,p1) _ 1 « 1 9 1 HS?(po.p1)\2_ /1 1\2 9
in(f)= —4—POPU 5 = X ohd = <si :<7 7’)<<7 7) =7 (4
sin(0) =gt 2gtyand gssiO)= {5+ =\3t3) =1 49
As a result, considering the fact that sin?(30) = f(sin?(#)) where f(z) := 162> — 24z% + 9,
we require Proposition 4.15.1 and the proof is deferred to Appendix B.2:

Proposition 4.15.1. The polynomial function f(x) := 162> — 2422 4 9z is monotonically

decreasing in [1/4,9/16]. Moreover, we have f((3 + %)2) <1- %2 for any 0 < o < 1.

Combining Equation (4.6) and Proposition 4.15.1, we have that sin?(36) = f(sin?(9)) <
f ((% + %)2) <1- 0‘72 Hence, Algorithm 4 will return "no" with probability at least a?/2.
Regarding the computational complexity of Algorithm 4, this algorithm requires O(s(n))

qubits and performs O(1) queries to Qo and @;. Finally, we finish the proof by applying error
reduction from coRQuL (Corollary 3.19) to Algorithm 3. O

4.5 BQL- and coRQuL-hardness for space-bounded state testing problems

We will prove that space-bounded state testing problems mentioned in Theorem 4.6 are
BQulL-hard, which implies their BQL-hardness since BQL=BQuL [FR21|. Similarly, all space-
bounded state certification problems mentioned in Theorem 4.5 are coRQyuL-hard.

4.5.1 Hardness results for GAPQSDj,s, GAPQHS)o,, and their certification version

Employing analogous constructions, we can establish the BQuL-hardness of both GAPQSD)qg
and GAPQHSjos. The former involves a single-qubit pure state and a single-qubit mixed state,
while the latter involves two pure states.

Lemma 4.16 (GAPQSD), is BQulL-hard). For any deterministic logspace computable functions
a(n) and b(n) such that a(n)—b(n) > 1/ poly(n), we have that GAPQSDig[1—+/a(n), /1 — b(n)]
is BQuL[a(n), b(n)]-hard.

Proof. Consider a promise problem (Lyes, Lno) € BQula(n),b(n)], then we know that the
acceptance probability Pr[C, accepts] > a(n) if @ € Lyes, whereas Pr[C, accepts] < b(n) if
x € L,,. Now we notice that the acceptance probability is the fidelity between a single-qubit
pure state pg and a single-qubit mixed state p; that generates by two logarithmic-qubit quantum
circuits Qg and )1, respectively:

Pr[C, accepts] = H’l><1|outcl‘|6>”g
=Tr (|1><1|outTrout ( 1‘|6><mc;)>
—F? (|1><1|out,T1"out (Cx|()><()|0l))

=F2(po, p1).
In particular, the corresponding Qo is simply flipping the designated output qubit, as well as
the corresponding ) is exactly the circuit C,, then we prepare pg and p; by tracing out all
non-output qubits. By utilizing Lemma 2.2, we have derived that:

(4.7)

e For yes instances, F2(pg, p1) > a(n) deduces that td(pg, p1) <1 — /a(n);

e For no instances, F2(pg, p1) < b(n) yields that td(pg, p1) > /1 — b(n)
Therefore, we demonstrate that GAPQSD,,,[1—+/a(n), /1 — b(n)] is BQL[a(n),b(n)]-hard. O

To construct pure states, adapted from the construction in Lemma 4.16, we replace the final
measurement in the BQL circuit C with a quantum gate (CNOT) and design a new algorithm
based on C'; with the final measurement on all qubits in the computational basis.
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Lemma 4.17 (GAPQHS), is BQuL-hard). For any deterministic logspace computable functions
a(n) and b(n) such that a(n) —b(n) > 1/ poly(n), we have that GAPQHS|g[1 — a%(n),1 —b%*(n)]
is BQuL[a(n), b(n)]-hard.

Proof. For any promise problem (Lyes, Lno) € BQuL[a(n),b(n)], we have that the acceptance
probability Pr[C, accepts] > a(n) if z € Lyes, whereas Pr[C, accepts] < b(n) if x € L,,. For
convenience, let the output qubit be the register O. Now we construct a new quantum circuit
C!. with an additional ancillary qubit on the register F initialized to zero:

C! = CIXSCNOTo L XoCy.

And we say that C!, accepts if the measurement outcome of all qubits (namely the working qubit
of C; and F) are all zero. Through a direct calculation, we obtain:

Pr[Cy accepts] = [|(|0)(0] @ 0)(0]r)CIXoCNOT o XoCa([0) @ 0)F) |
— (0] ® (016)CL(L) (1o @ Ir + 0} (0] ® Xr)Ca(10) ® [0)¢)|?
= |0l (1o C. 0)|*
= Pr? [C, accepts].

Here, the second line owes to CNOTo_r = |0){(0]o ® Ir + |1)(1|]o0 ® XF, and the last line is
because of Equation (4.7). Interestingly, by defining two pure states pg := [0)(0] ® |0)(0|¢ and
p1 = C.(]0)(0| ®|0)(0|¢)C’L corresponding to Qy = I and Q; = C’,, respectively, we deduce the
following from Equation (4.8):

Pr[C, accepts] = Tr(pop1) =1 — HS?(po, p1)- (4.9)

Combining Equation (4.8) and Equation (4.9), we conclude that:

(4.8)

e For yes instances, Pr[C, accepts] > a(n) implies that HS?(pg, p1) < 1 — a?(n);

e For no instances, Pr[C, accepts] < b(n) yields that HS?*(pg, p1) > 1 — b%(n).
We thus complete the proof of GAPQHS),[1 — a*(n),1 — b*(n)] is BQuLla(n),b(n)]-hard. O

Our constructions in the proof of Lemma 4.16 and Lemma 4.17 are somewhat analogous to
Theorem 12 and Theorem 13 in [RASW23|. Then we proceed with a few direct corollaries of
Lemma 4.16 and Lemma 4.17.

Corollary 4.18 (BQuL- and coRQuL-hardness). For any functions a(n) and b(n) are com-
putable in deterministic logspace such that a(n) — b(n) > 1/poly(n), the following holds for
some polynomial p(n) which can be computed in deterministic logspace:

1) GAPQSDiggle(n), B(n)] is BQuL-hard for o <1 —1/p(n) and B > 1/p(n);

(1)

(2) CERTQSDioglv(n)] is coRQuL-hard for v <1 —1/p(n);

(3) GAPQHS)g[a(n), B(n)] is BQuL-hard for o <1 —1/p(n) and B > 1/p(n);
(4)

4) CERTQHS)og[v(n)] is coRQuL-hard for v <1 —1/p(n).

Proof. Firstly, it is important to note that BQuL is closed under complement, as demon-
strated in [Wat99, Corollary 4.8]. By combining error reduction for BQuL (Corollary 3.19) and
Lemma 4.16 (resp., Lemma 4.17), we can derive the first statement (resp., the third statement).

Moreover, to obtain the second statement (resp., the fourth statement), we can utilize error
reduction for coRQuL (Corollary 3.19) and set @ = 1 in Lemma 4.16 (resp., Lemma 4.17). [
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4.5.2 Hardness results for GAPQJS),; and GAPQED),

We demonstrate the BQuL-hardness of GAPQJS),g by reducing GAPQSDjog to GAPQJS)oq,
following a similar approach as shown in [Liu23, Lemma 4.11].

Lemma 4.19 (GAPQJS)oe is BQuL-hard). For any functions a(n) and S(n) are computable in
deterministic logspace, we have GAPQJS),,[a(n), B(n)] is BQuL-hard for a(n) < 1— V2/+/p(n)

and B(n) > 1/p(n), where p(n) is some deterministic logspace computable polynomial.

Proof. By employing Corollary 4.18, it suffices to reduce GAPQSD,,[1 — 1/p(n),1/p(n)] to
GAPQJS|z[a(n), B(n)]. Consider logarithmic-qubit quantum circuits Qo and @1, which is an
instance of GAPQSD),,. We will obtain p; by performing Qy on |0") and tracing out the
non-output qubits for k£ € {0,1}. We then have the following:

e If td(po,p1) > 1—1/p(n), then Lemma 2.4 yields that
QISa(p0, 1) = 1= Hy (90} > 1 -1, (5h5) 21— -2 > a(n),

where the third inequality owing to Ha(z) < 2y/x for all z € [0, 1].

e If td(po, p1) < 1/p(n), then Lemma 2.4 indicates that
QJS5(po, p1) < td(po, p1) < ﬁ < B(n).

Therefore, we can utilize the same quantum circuits Qg and (1, along with their corre-
sponding quantum states pg and pi, respectively, to establish a logspace Karp reduction from
GAPQSD),[1 = 1/p(n),1/p(n)] to GAPQJS)y4[c(n), B(n)], as required. O

By combining the reduction from GAPQSDjoe to GAPQJS)oe (Lemma 4.19) and the reduc-
tion from GAPQJSioe to GAPQED),e (Corollary 4.12), we will demonstrate that the BQuL-
hardness for GAPQED) through reducing GAPQSD),s to GAPQED .

Corollary 4.20 (GAPQED), is BQulL-hard). For any function g(n) are computable in deter-

ministic logspace, we have GAPQEDiog[g(n)] is BQuL-hard for g(n) < ln72 (1— \/p\(/ril) —p(nl_l)),

where p(n) is some polynomial that can be computed in deterministic logspace.

Proof. By combining Corollary 4.18 and Lemma 4.19, we establish that GAPQJS).[c(n), B(n)]
is BQuL-hard for a(n) < 1 —+/2/4/p(n) and B(n) > 1/p(n), where p(n) is some deterministic
logspace computable polynomial. The hard instances specified in Corollary 4.18 consist of s(n)-
qubit quantum circuits Qg and @1 that prepares a purification of r(n)-qubit (mixed) quantum
states po and p1, respectively, where 1 < r(n) < s(n) = O(logn).

Subsequently, by employing Corollary 4.12, we construct (s + 1)-qubit quantum circuits
Q) and Q) that prepares a purification of (r + 1)-qubit quantum states pfy = (p|0)(0] + (1 —
PILY{L1) & (bpo+ 1) satistying Ha(p) = 1— 4 (a(n) +B(n)) and g, = 1[0)(0]® s+ 1) (1@,
respectively. Following Corollary 4.12, GAPQEDie[g(n)] is BQuL-hard as long as

9(n) = 52 (an —1) = B(n — 1)) < 32 (1 - 22— oLy).

Therefore, GAPQSD ,,y[(n), B(n)] is logspace Karp reducible to GAPQED,4[g(n)] by map-
ping (Qo, Q1) to (Qp, @) O
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A.1 Space-efficient bounded polynomial approximations

A.1.1 Omitted proofs in Corollary 3.7

— 1" 2 2 4
Fact 3.7.2. Let Fy(0) := erf(r cos 6) cos(kf), Orgggdféﬁag . |[F/ (&) < flﬂ-i-k + flﬁ + Jpkk
Proof. Through a straightforward calculation, we have derived that
2
|F(0)] :T ’/—{ exp(—~? cos? 6) cos 6 cos(;—;@)‘ + ‘k:Q cos(kb) erf(k cos(@))}
T
4
+— }f@g exp(—k? cos? 0) cos 0 cos(kf) sin? 9’
v (A1)

4
+ — |kr exp(—#2 cos® §) sin 0 sin(k6)
v |

<—2 —1—k:2—|—7 +—k
K K K.

Here the last line owes to the facts that |erf(z)| < 1, exp(—22) < 1, |sinz| < 1, and |cosz| < 1
for any x. We thus complete the proof by noting that Equation (A.1) holds forany 0 < k < d. O

Fact 3.7.3 (Implicit in [MY23, Lemma 2.10]). For the coefficient vector €™ corresponding to
a degree-d polynomial P, we have ||&8"||y < Cygn logd where Csgn is a universal constant.

Proof. Consider ¢}, := (T},sgn), and a direct integration yields ¢} = (—1)*~1/ 24 for odd k
which implies that ||c/|; = 2l<d+1\ cy_1| = O(logd), as per the Euler-Maclaurin formula.
By observing that |erf(kz) — sgn(z)| < 1 on the interval [—¢,0], and |erf(kx) — sgn(z)| < €
elsewhere, it follows that |¢; — ¢;,| < O(max{0, e}). This observation leads us to the conclusion
that |||&[|; — ||c/|[1] < O(dmax{J,e}), which implies that ||€]l; < Csgnlogd for some universal
constant C’Sgn. O

A.1.2 Omitted proofs in Lemma 3.9

Proposition 3.9.1 (First approximation). Let fl( ) :Zk Oakx such that || f — leOo <e/4.
Then we know that fi(z) = foo ag Z?io ) ) sin "(ZF) where the coefficients bl( ) satisfy that

0 if I is even
(k+1) (k)4.(1) (1 s
" be’mm@‘{dbﬂ“a i1 is odd (33)
2
Furthermore, the coefficients {bl )} satisfies the following: (1) |b®||; = 1 for all k > 1; (2)
b is entry-wise non-negative for all k > 1; (3) bl(k) =0 if |l and k have different parities.
Proof. We construct a Fourier series by a linear combination of the power of sines. We first note
that z = 2 - arcsin(sin (%)) for all z € [—1,1], and plug it into fi(z) := Zf:o apx®, which

: k
deduces that ||f — fi]| < €/4 by the assumption. Let b®) be the coefficients of (arfrs/‘;y) =

Yoo bl(k)yl for all y € [—1,1], then we result in our first approximation. Moreover, we observe

Nkt Nk
that g.b(l) is exactly the Taylor series of arcsin, whereas we know that <ar7crs/1§y> = (arfrs/lg y) .

(Z;ﬁo bl(l)yl> for k > 1, which derives Equation (3.3) by comparing the coefficients. In addition,

\k
notice that |[b®|; = >77° bl(k)ll = (%/1;1) = 1, together with straightforward reasoning

follows from Equation (3.3), we deduce the desired property for {bl(k)}. O

Proposition 3.9.2 (Second approximation). Let fao(x) = 35, ax ZlLob sin' () where
L:=[6"2In(4]|a]ie )], then we have that ||fi — falleo < €/4.
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Proof. We truncate the summation over [ in fi(z) at [ = L, and it suffices to bound the
truncation error. For all £ € N and = € [-1 4 4,1 — J], we obtain the error bound:

Zb( sin' (22) Zb( }sm o) ) Zbk)|1 32 < Zb < (1-6%E.

I=|L] I=|L] I=|L]

Here, the second 1nequahty owing to V¢ € [0, 1], sin((l — 5)%) < 1 — 62, and the last inequality
is due tpo(k)Ul = 1 in Proposition 3.9.1. By appropriately choosing L :=6"2In(4/al1e7 ), we
obtain that [|fi — falleo < Y ar(1 —62)F < |jal|; - exp(—82L) < ¢/4. O

Proposition 3.9.3 (Third approximation). Let fa(z) be polynomial approzimations of f that
depends on the parity of f such that || fa— f3|| <e/2 and M = |6~ In(4|al1e )|, then we have

#(even) K L2 27 (k) M 1 o] A~

A @)1= 3 a3 (02 S (1 (2) cos(ram — D),
k=0 =0 m/=l—M

~lodd K (L-1)/2 iy LM .

fé )(x) = kz()ak Z (— )”12 2 lb(ll >ooo(=1m (QHI) sin(ra(m’ — 1 — 3)).
= m/=l+1-M

Therefore, we have that fg(IE) = fgeven () if f is even, whereas f3(

090 (2 if £ is odd
In addition, if f is neither even or odd, then f3( )= féeven (z) + ).

o,
524 (@
Proof. We upper-bound sin’(z) in fo(z) defined in Proposition 3.9.2 using a tail bound of bino-
mial coefficients. We obtain that sin’(z) = ( = )l = (%)l anzo exp(iz(2m — 1)) by a direct
calculation, which implies the counterpart for real-valued functions:

e =n@nz st -1y (L) sin(z(2m — 1)), if Lis odd;
sin'(z) = {2_ UCSILED 0(—3)’”/ (ni,) cos(z(2m’ —1)), if [ is even. (A.2)

Recall that the Chernoff bound (e.g., Corollary A.1.7 [AS16]) which corresponds a tail bound of
binomial coefficients, and assume that [ < L, we have derived that:

e~ 1z

L2 M l ! l 2M2 2M2 € 2 €
2—l< ) = 2—l< ) <e T <e L < < : (A.3)
2 w) 2 () =

Here, we choose M = [6~!In(4||al|1e™!)], and the last inequality is because of the assumption
e < 2||alj;. As stated in Proposition 3.9.1, bl(k) = 0 if k£ and [ have different parities. Conse-
quently, we only need to consider all odd (resp., even) [ < L for odd (resp., even) functions. If
the function f is neither even nor odd, we must consider all [ < L. Plugging Equation A.3 into
Equation A.2, we can derive that:

(14+1)/24+M
I 4 is odd, |[sin'(z) — 27/ ()02 3T (- () sine(en )| < 5
m'=(1+1)/2—M o0 a1 A4
1/2+M .
If [ is even, ‘sinl(z) — 27 (=1)? Z (_1)m’ (Wll/) cos(z(2m’ — l))H < Tz”l;
m'=1/2—M o0

Plugging Equation (A.4) into fy(x), and substituting z = 27 /2, this equation leads to
fa(x) as desired. In addition, combining Zk o lak ZLL b(k) < Zszo lak| = ||a]l1 with Equa-
tion (A.4), we achieve that || fo — f3]lce < €/2. O]
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A.1.3 Omitted proof in Theorem 3.8

Fact 3.8.2. Consider the integrand Fk(ﬁ):ZM M%(H,ggfﬂlg:g) for any function [ which
is either even or odd. If f is even, we have that ¢, = cﬁ,ive“) defined in Lemma 3.9, and
) () .— . . _ o
H; 7 (0) := cos(wm( )) cos(k@) - erf (K(COSH xoEtr+ 4)> (3.8)

cos bt — xp
r—+9

k,m

Likewise, if f is odd, we know that ¢, = cgﬁdd) defined in Lemma 5.9, and

H,ginz(G) = sin(w(m + %) (Coii—_d%)) - cos(k@) - erf(&(cos& —xoxrE %)) (3.9)
(even) (odd)

Moreover, the integrand is Fi,(0)=Y"M__ (C’”T (fI(Jr) —ﬁ(_)) + fm—

e —Hr (H(+) H( ))> when f
is meither even nor odd, where H(nz and H follow from Equation (3.8) and Equation (3.9),

respectively. Regardless of the parity of f, we have that the second derivative F}'(0) < O(Bd>).

Proof. We begin by deriving an upper bound of the second derivative of the integrand Fy(6):

!<Z Sl 0)— S H ) 0)| <15 max (|80 0|+ & H0)]). (45)

7<6<0

By a straightforward calculation, we have the second derivatives of H kim(H) if f is even:

(f;zH( )(9):— k> cos(k:@) COS(W) erf (k(cosf —xo Fr ¥ 9))

~ Gar )22 sin?(#) cos(k6) COS(W) erf (k(cosf — o Fr F 9))

+ 375 cos O cos(kO) S1H(W) erf (k(cos® —zo Fr F 2))

— Qgrf’rn sin(@) sin(k6) sin(%) erf (k(cos® —zo FrF 2))

5 2
— 27'3 cos 0 cos(k0) cos(%‘i‘xo)) o ( cos 97:):01@1)

2
— R G02(9) cos(0) sin( g0t ) = (cos e )

5 2
+ ‘f'}k sin(6) sin(k0) cos(%)e*'f2 ( cos 9*960?@1)

52
4K3 2(9) Cos(kg) COS(M) (COSH —T0FTrF g)ef,ﬂ?(cosafxoq:r:FZ) .

— J=Sin 5
Note that all functions appear in %H,gj;)l(ﬁ), viz. sinz, cosx, exp(—x?), and erf(x), are at

most 1, as well as |zg = r + §/4| < 7/2, then we obtain that

2 (:t) K K T 4\/TK 2
s Hy o (0)] < K+ 2+ Lffk + I\SF +m- (5 + 3+ W)+’ 4
< d®+0(d) + O(d) + O(d®) + 2L - (0(1) + O(d) + O(d)) + M? - (235 (A6)
= O(d%).

Here, the second line according to k < d and k < O(d), also the last line is due to facts
that M < O(rd) and 1/2 <r/(6 +7r) <1if 0 < <rand 0 < r < 2. Additionally, a similar
argument shows that the upper bound in Equation (A.6) applies to odd functions and functions
that are neither even nor odd as well. This is because a direct computation yields the second
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derivatives of H,gi) () when f is odd:

m

d? r7(£) gy _ 2 . Tr(m-l—%)(cos(z)—zo) 5
Sz H, . (0)=— k* cos(kx) sin ( pa )erf (k(cos(z) —xo FrF9))

’m l l
W(ZI?) cos(z) cos(kx) cos(ﬁ(m+2)5(ijs(m)_mo)) erf (k(cos(z) — g FrF 3))

3 ’ T\m 1 cos(x)—x
- % sin?(z) cos(kx) sin ( +2)5(+r (=) 0)) erf (k(cos(z) —mo FrF g))

l mT\m l COS(x ) —X
% sin(z) sin(kz) cos( ( +2)§(+T ) 0)) erf (k(cos(z) — zg FrF 3))

ay/mr(m+i
+ o)

2

7r(m+%) (cos(z)—o) ) e*liz (cos(:p)fazozpr$g)

sin®(z) cos(kx) cos( P

T\m l COS(T ) —T é 2
— % cos(x) cos(kx) sin( ( +2)6(+r (@) 0))6*”2(‘305(1)*10??4)

+ % sin(z) sin(kz) sin

7 (m+2) (cos(z)—a A%
( +2)5(+,,,( ) 0))67ﬁ2(cos(x)fxo¥rip4)

1 _ 5)\2
- % sin®(z) cos(kx) (cos(z) —xoFrF?l) sin(ﬂ(m+2)§2§(x) @) )67”2 (cos(a)—zoFr¥{) .
Substituting Equation (A.6) into Equation (A.5), and noticing that the coefficient vector

[cleven) 4 ¢(edd)||; < B regardless of the parity of f, we conclude that |F}(9)| < O(Bd?). O

A.2 Applying arbitrary polynomials of bitstring indexed encodings

Proposition 3.14.1 (Space-efficient state preparation, adapted from [Zal98, KMO01, GR02]).
Given an l-qubit quantum state |1) := 31" | \/U;|i), where l = [logm] and §; are real amplitudes
associated with an evaluation oracle Eval(i,e) that returns §; up to accuracy € we can prepare
[v) up to accuracy € in deterministic time O(m?log(m/e)) and space O(log(m/€?)), together
with m? evaluation oracle calls with precision & :== O(e?/m).

Proof. We follow the analysis presented in [MP16, Section III.A], with a particular focus on the
classical computational complexity required for this state preparation procedure. The algorithm
for preparing the state |1)) expresses the weight W, as a telescoping product, given by

WT roxT
Vo € {0, 1}, Wy = Wy, - ™2 - 22 o Wo— where W = 30,1yt [(aylo) .
(A.7)

To estimate |¢) up to accuracy € in the 5 norm, it suffices to approximate each weight W,
up to additive error ¢ := O(e?/m), as indicated in [MP16, Section III.A]. To compute W/, we
need 2!=17l oracle calls to Eval(-,e). Evaluating all terms in Equation (A.7) requires computing
Wy Waras, -+ s Wy for any 2 € {0,1}, which can be achieved by 2/=1 +2/=2 4 ... 41 = 2!
oracle calls to Eval(-,¢). As we need to compute Equation (A.7) for all z € {0,1}!, the overall
number of oracle calls to Eval(-,¢) is 22! = m?2. The remaining computation can be achieved in
deterministic time O(m? log(m/€)) and space O(log(m,/€)) where the time complexity is because
of the iterated integer multiplication. O

Lemma 3.15 (Renormalizing bitstring indexed encoding). Let U be an (o, a, €)-bitstring indexed
encoding of A, where a« > 1 and 0 < € < 1, and A is a linear operator acting on s(n) qubits.
We can implement a quantum circuit V', serving as a normalization of U, such that V is a
(1,a + 2,36¢)-bitstring indexed encoding of A. This implementation requires O(«) uses of U,
Ut, CuNOT, CiNOT, and O(«a) single-qubit gates. Moreover, the description of the resulting
quantum circuit can be computed in deterministic time O(«) and space O(s).

Proof. Following Definition 3.1, we have | A—oIIUTI|| < ¢, where II and II are the corresponding
orthogonal projectors. Because U is a (1, a, €¢/«)-bitstring indexed encoding A/c«, we obtain that
|A/a|| < ||U|| + €/a =1+ €/a, equivalently ||A]| < o+ e.
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Adjusting the encoding through a single-qubit rotation. Consider an odd integer k :=
2[m(a+1)/2] +1 < 9a = O(a) and v := (a + €)sin(7w/2k) < 1. We define new orthogonal
projectors I’ := TI ® 0)(0| and I := T ® |0)(0|, and combine them with U’ = U ® R,
where R, = <\/177 \/i72>, By noting that I'U'II' = AIIUI ® |0)(0], we deduce that
U’ is a (1,a + 1,7v€e/a)-bitstring indexed encoding of yA/a ® |0)(0], which is consequently a
(1,a + 1, 2ve/a)-bitstring indexed encoding of sin(27/k) - (A ®|0)(0]). An error bound follows:

2 (5) 4] [ on () 4] < S () o=

Renormalizing the encoding via robust oblivious amplitude amplification. We follow
the construction in [GSLW 18, Theorem 28|, full version of [GSLW19], and perform a meticulous
analysis on the computational resources. We observe that it suffices to consider k > 3, as for U’
is already a (1, a+1, 2ve/a)-bitstring indexed encoding of A®|0)(0| when k = 1. Let ¢ := 2ve/a,
and for simplicity, we first start by considering the case with € = 0. By Definition 3.1, we have
MU' = asin (%)f{UH ® 10)(0|. Let Ty € Rx] be the degree-k Chebyshev polynomial (of
the first kind). By employing Lemma 3.13, we can apply the QSVT associated with T} to the
bitstring indexed encoding U’, yielding:

TSV () = osz(sm <2k)>HUH ®10Y(0] = cos (’“ — 17T)A ® |0)(0] = A ® |0)(0).

2

Here, the second equality is due to T} ( sin (i)) =Ty ( cos (g — 2—’;)) = cos (%W), and the last

equality holds because k is odd. 7 .
Next, we move on the case with ¢ > 0 and restrict it to e < 1/3.3% Let A’ = H’U’H’

and A := vA ® [0)(0|, then we have |4’ — A|| < ¢, indicating that HAJFAH = ¢ an
A ATAI2 -1 4 V2
|A"— Al + H 3 H < 3+3 < 1. By employing Lemma 3.13, as well as the facts that Sie < 2

and 2ke = 4kvye/a < 36¢, we can construct a (1,a + 2, 36¢)-bitstring indexed encoding of A,
denoted by V.

Finally, we provide the computational resources required for implementing V. As shown in
Lemma 3.13, the implementation of V requires O(c) uses of U, UT, CgNOT, CiNOT, and
O(«) single-qubit gates. Furthermore, the description of the resulting quantum circuit can be
computed in deterministic time O(«) and space O(s). O

A.3 Application: space-efficient error reduction for unitary quantum com-
putations

Lemma 3.20 (Space-efficient singular value discrimination). Let 0 < a < 8 < 1 and A :=
IUTI be a (1,0,0)-bitstring indexed encoding where U acts on s qubits and s(n) > Q(logn).
Consider an unknown quantum state |1)), with the promise that it is a right singular vector of
A with a singular value either above a or below 5. We can distinguish the two cases with error
probability at most € := O(elogd) using a degree-d quantum singular value transformation where

_ log1/e

o max{ﬁ—a,\/é—\/l—ﬁz} ’
In particular, the implementation requires O(d*logd) uses of U, U, CyNOT, CiNOT, and
O(d?log d) multi-controlled single-qubit gates. Also, we can compute the description of the im-
plementation in deterministic time O(s~'d%/?) and space O(s(n)).

Moreover, we can make the error one-sided if « =0 or g = 1.

Proof of Lemma 3.20. Given a (1,0,0)-bitstring indexed encoding IUTI with a singular value
decomposition WXV, Utilizing Corollary 3.16, it suffices to construct an even polynomial P

%If £ > 1/3, then ||[I'U'T' — A®[0)(0]|| < 2 =2-3- 1 always holds, implying that we can directly use U’ as V.
37This is because ||A’ + A|| < ||A'|| + ||A'|| + ||A’ — A|| < 2sin(n/2k) + & < 2sin(n/6) +1/3 = 4/3.
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associated a (1, €)-bitstring indexed encoding Up such that

o sUpTlores—T® 3 [i{uil|| < e S —
H = = B0 >t+0 where 1T :— {IH’ 1:[ lftﬁ 04.2 \/1 « \/1 I}
[((+] @I <—5)Up(|4) ® H<y—5) — 0|| < e — II, otherwise.

(A.8)
Here singular value threshold projectors are defined as Il>s := HVEZ(sVTH, so does II<s. Like-
wise, II's5 := I'Uo>sUTI’ and so does II'<;. In addition, the definition of II" in Equation (A.8)
in accordance with the proof presented in [GSLW19, Theorem 20].%*

With the construction of the resulting bitstring indexed encoding II'UpII for an odd poly-
nomial P, we then apply an e-approximate singular value projector by choosing t = (o + 3)/2
and § = (8 — «a)/2. Then, we measure |+)(+| ® II': If the final state is in Img(|+)(+| ® II'),
there exists a singular value o; above a (resp., y/1 — 32); Otherwise, all singular value o; must
be below 8 (resp., V1 — a?). Furthermore, we make the error one-sided since an odd quantum
singular value transformation always preserves 0 singular values. It is left to implement singular
value threshold projectors for an odd polynomial P.

Implementing singular value threshold projectors. We begin by constructing an odd
polynomial P € R[z] of degree m = O(6~! log e~2), which approximates an odd function Q(z) :=
51(1—€)-sgn(z+t)+(1—€)-sgn(z—t)+2e-sgn(x)] on the interval [—1, 1]\ (—t—68, —t-+0)U(t—d, t+6)
with €2/4 precision. By leveraging the space-efficient odd degree-d polynomial approximation
Pjgn(x) of the sign function, as specified in Corollary 3.7, we then obtain:

P(x) = %[(1 —€)- Pz +t)+ (1 —¢) P (x —t) + 2 Pjgn(x)]. (A.9)
Hence, we ensure that |P(z)] < 1 for any —1 < z < 1, and (—1)*P(x) € [0,¢] if (—1)*z €
[0,t — 6], as well as (—1)*P(x) € [1 — ¢, 1] if (=1)% € [t + 0,1] for z € {0,1}. To achieve the
resulting bitstring indexed encoding Up of PSV)(IIUTI) with the desired precision, we apply
Corollary 3.16 to P(z) described in Equation (A.9). And then the implementation error of Up
is evidently upper-bounded by € = O(elogd). O

B Omitted proofs in space-bounded quantum state testing

Theorem B.1. For any functions a(n) and B(n) that can be computed in deterministic logspace
and satisfy a(n) — B(n) > 1/ poly(n), we have that GAPQHS,,[a(n), B(n)] is in BQL.

Proof. Note that HS?(pg, p1) = & (Tr(p3) + Tr(p?)) — Tr(pop1). Let € := (a—3)/100. According
to Lemma 2.12, we can use the SWAP test to estimate Tr(p3), Tr(p?), and Tr(pop1), and hence
HS?(po, p1), within additive error € with high probability by performing O(1/e2) sequential
repetitions. Therefore, we can conclude that GAPQHS,,[a(n), B(n)] is in BQL. O
B.1 Omitted proofs in BQL containments

Proposition 4.10.1. Pr[|x — td(po, p1)| < Csgnelogd + eg + 2Csgnelog d + 2”16} > 0.8.

Proof of Proposition /.10.1. By applying the triangle inequality, we have obtained the following

3By applying [GSLW18, Definition 12] (the full version of [GSLW19]) to I' := I — II, we know that |¢) is
a singular vector of II'UII with a singular value of at least v/1 — a2 in the first case, or with a singular value
of at most v/1 — b2 in the second case. Additionally, in one-sided error scenarios, if a = 0, then b —a = b >
1-vV1I-02=+1—a2—+/1-02; whileifb=1,thenb—a=1—a<+1—-a2=+1—aZ—+1-02.
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inequality from Equation (4.1), which holds with probability at least 0.92 > 0.8:

ToZ 1Ly (Po —p1 gn(Po —P1)>
2 2 2
To — 21 — P1 psgn (PO — P1
el C i C )
2 "\ 2

N ’Tr(po - mpsgn(po;m)) B Tr(PO —msgn<po —m»’.

Trog— T1
2

—td(po, p1)| =

<

2 2 2
For the first term, by noting the QSVT implementation error in Corollary 3.16, we know that

Lo — 1 Ty ( plpsgn<p0 /01>>
2 2 2

For the second term, let 22554 = 37 Aj[4p;) (), where {[t);)} is an orthonormal basis. Then,

(g (5) - (PG s ()| < i) - s (B2
J

< C’Sgnelogd+eH. (B.1)

We split the summation over j into three separate summations: = > Nj<—s T > A6t Yo s< \j<6

By noticing the approximation error of Psgn in Corollary 3.7, we can then obtain the followir;g
results for each of the three summations:

D INPEN ) = Asen(0)| =) INHPEN () = 1] <) N[ Cagnelog d < Cegnelog d,
A>0 A>0 A>0
D TINEENG) = Asen(0)| = Y I[P ) 1] < D N[ Cagnelogd < Cagnelog d,
A<=0 A<—=6 A<—=0
S NPE ) = Nsen(y)] < )0 2yl <2t
—5<A; <8 —3<N; <8

Hence, we derive the following inequality by summing over the aforementioned three inequalities:
D INPEN(N) = Ajsen(X;)] < 27116 + 2Cgnelog d. (B.3)
J
By combining Equation (B.1), Equation (B.2), and Equation (B.3), we conclude that
Lo — X1

5 < Cygnelogd + e + 2Csgnelogd + 27116, O

- td(po, Pl)

Proposition 4.11.1. The following inequality holds for i € {0,1}:
Pr[[:ri In ([23) S(pi)| <2In ( ) (Clned + e + Cpelogd + 2“'15) } > 190.

Proof of Proposition /.11.1. We only prove the case with ¢ = 0 while the case with ¢ = 1 follows
straightforwardly. By applying the triangle inequality on Equation (4.2) with ¢ = 0, we have:

[2010(2/8) — S(po)| = |0 n(2/8) — In(2/8)Tx (PI" (po) po ) |+[1n(2/8)Tr (i (p0) ;o) = S(p0)]
For the first term, by noting the QSVT implementation error in Corollary 3.17, we have

‘mo In(2/8) — In(2/8)Tr (Pgln (o) ,00)‘ < 21n(1/8) (aned + eH) . (B.4)
For the second term, let pg = >, Aj[;)(;], where {[1;)} is an orthonormal basis. Then,
[(2/8)Tx (PI (o) po ) — S(po)]| < Z APROG)I(2/8) = An(1/x)|. (B5)

We split the summation over j into two separate summations: » ;= > A>T Y \<s - By noticing

the approximation error of Pclln in Corollary 3.10, e can then obtain the following results for each
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of the two summations:

> [N I@/8) = A1/ = DT I PO In(2/8) ~ In(1/A,)
\j>6 Aj>6
< Z IAj|CinelogdIn(2/5)
A;>6
< 2Cielogdn(1/5),
3 )A )1n(2/8) — A;In(1/x)) ‘ Z (I 110(2/8) + |\ In(1/8)) < 27+25In(1/5).
A; <6 A; <6

Hence, we have derived the following inequality by summing over the aforementioned inequalities:
> ]Ajpgn(xj) In(2/8) — A\jIn(1 /Aj)] < 2CelogdIn(1/3) + 2" 251n(1/B). (B.6)
J
By combining Equation (B.4), Equation (B.5), and Equation (B.6), we conclude that
[200(2/8) = S(p0)| < 21n(1/8) (Cined + ey + Ciuelogd + 271 5) O

B.2 Omitted proofs in coRQuL containments

Proposition 4.14.1. Let f(6y,0;) := sin?(36p) sin®(361) be a function such that sin®(0;) = p; /2
fori € {0,1} and max{|po — 1/2|, |p1 — 1/2|} > /2, then f(0o,01) < 1 —£2/4.

Proof. We begin by stating the facts that sin?(6;) = p;/2 for i € {0,1} and sin?(30) = sin%(0) —
6 cos?(0) sin*(0) + 9 cos*(#) sin?(6). Then we notice that 0 < pg,p; < 1 and complete the proof
by a direct calculation:

f(60,61) = (2p5 — 6p5 + 5po) (207 — 6p7 + 3p1)
S( po—* )(1 1—* )
<1 (max{|po — 5[, |p1 - 3[})*
<1- %

O]

Proposition 4.15.1. The polynomial function f(z) := 162% — 2422 + 9z is monotonically
decreasing in [1/4,9/16]. Moreover, we have f((% + %)2) <1- %2 forany 0 < o < 1.

Proof. Through a direct calculation, we have f’(x) = 4822 — 482z +9 < 0 for = € [1/4,3/4], then
f(z) is monotonically decreasing in [1/4,9/16] C [1/4,3/4]. Moreover, it is left to show that:

1 2 6 3 5 9 4 3 2 2
HG+5)) =g +f+ % -5 1o
Equivalently, it suffices to show that g(z):=— % - 36%? — 96%2 +3 —I-i >0for 0 <z <1. We first
compute the first derivative of g(x), which is ¢/(z) = —%; — 92 — 32 4 1 Setting ¢/(z) equal to
zero, we obtain three roots: z1 = —4, 2o = $(—Vv/33 — 5) <0, and 23 = 1(v/33 - 5) € (0, 1).

Since ¢'(0) = 1/8 > 0 and ¢'(1) = —5/16 < 0, we conclude that g(z) is monotonically
increasing in [0, z3] and monotonically decreasing in [x3,1]. Therefore we can determine the

minimum value of g(z) by evaluating g(O) = 1 and g(1) = 5i%. Since both values are greater
than zero, we conclude that min{g(0),g(1)} = { 1 5} >0, as desired. O
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