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Abstract

We present a new primitive for quantum algorithms that implements a discrete Hermite
transform efficiently, in time that depends logarithmically in both the dimension and the inverse
of the allowable error. This transform, which maps basis states to states whose amplitudes are
proportional to the Hermite functions, can be interpreted as the Gaussian analogue of the Fourier
transform. Our algorithm is based on a method to exponentially fast forward the evolution of
the quantum harmonic oscillator, which significantly improves over prior art. We apply this
Hermite transform to give examples of provable quantum query advantage in property testing
and learning. In particular, we show how to efficiently test the property of being close to a low-
degree in the Hermite basis when inputs are sampled from the Gaussian distribution, and how
to solve a Gaussian analogue of the Goldreich-Levin learning task efficiently. We also comment
on other potential uses of this transform to simulating time dynamics of quantum systems in
the continuum.
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1 Introduction

Hermite polynomials and their corresponding Hermite functions are central in physics, signal anal-
ysis, statistics, and beyond. For example, Hermite functions are the well-known eigenfunctions of
one of the fundamental models in quantum mechanics known as the quantum harmonic oscillator
(QHO) [GS18]. Hermite functions can also be used to approximate arbitrary functions or probabil-
ity distributions, since they form an orthonormal basis of functions weighted by a Gaussian envelope
(cf. [BMO8]). Therefore, an efficient Hermite transform that performs a change of basis to the Her-
mite functions would provide a fundamental tool to quickly switch into the “natural” basis of many
quantum systems and functions. Moreover, the number of primitives from which most quantum
algorithms are constructed, such as the quantum Fourier transform (QFT) and amplitude amplifi-
cation, is relatively limited [NCO00]. This scarcity restricts the range of problems for which quantum
algorithms offer speedups, thereby motivating the search of other novel quantum primitives. Given
that the QFT represents a quantization of a pre-existing classical numerical transform, it is logical
to attempt to quantize other classical transforms, such as the Hermite transform [LRP08], and to
consider its applications in quantum computing.

This work is concerned with a quantum Hermite transform (QHT): constructing a quantum
circuit that maps basis states into ‘Hermite’ states. These Hermite states are superposition states
with amplitudes given by the Hermite functions. While formally a Hermite transform would be
defined in the continuum (i.e., a mapping L?(R) — L2?(R)), we consider a discrete and finite-
dimensional version that can be implemented by a quantum circuit.

For a QHT to be useful and provide quantum advantage, we require it to be efficient and hence
implemented using a quantum circuit of complexity that is logarithmic in the dimension of the
Hilbert space on which it acts. It is also desirable to achieve complexity scaling polylogarithmically
in the inverse of the allowable error. Remarkably, we are able to achieve this: our main result is a
quantum circuit U of O((log N +log 1/£)3 x log(1/¢)) gates that performs the desired basis change
into the Hermite states labeled by n € {0,..., N} to within additive error €. Note that a classical
discrete Hermite transform would require time polynomial in N to be implemented. Our result is
then comparable to the QFT, in that the QFT also transforms into another ‘natural’ basis given
by Fourier states, in time logarithmic in V.

Throughout this manuscript, we primarily consider the one-dimensional Hermite transform,
acting on an N-dimensional Hilbert space. That is, we consider the position basis on a line,
discretized as a one-dimensional lattice of N points, and convert to the the Hermite functions of
degree zero to N — 1, which are also interpretable as the IV lowest-energy eigenstates of the quantum
Harmonic oscillator. In some contexts, particularly property testing of oracles, it is also useful to
apply the n-dimensional Hermite transform. This is the n-fold tensor power of the one-dimensional
Hermite transform, much as the n-dimensional Fourier transform is the n-fold tensor power of the
one-dimensional Fourier transform.

The existence of an efficient QHT is also a fundamental algorithmic question in Harmonic anal-
ysis, since it allows one to perform Hermite sampling. That is, given a quantum state >~ f(Z) |Z)
for some function f : R™ — R, one can use the (n-dimensional) QHT to sample from the probability
distribution Pr(k) = |f(k)|?, where f(k) is the coefficient of the Hermite polynomial with index
k in the expansion. In the finite field setting of QFT, the analogous Fourier sampling subroutine
features in many of the most prominent quantum algorithms [Sim97, Sho97, Reg09, Aarl0, RT22,
Y724, JSWT25]. Using the QHT we expect that one can design continuous analogues of problems
with quantum query advantage like Forrelation [AA 18, Wu20]. We also expect QHT to be useful
for learning geometric concepts over the Gaussian distribution [KOS08], and simulating nonlinear
differential equations with Gaussian noise which wecan be done by projecting onto low-degree Her-



mite polynomials [BMSZ725]. A recent work of Marwaha et al. [MFGH25] also showed that the
recent DQI algorithm [JSW™25] can be thought of as performing a Kravchuk transform, which is
a particular discretization of the Hermite transform. While closely related, we do not believe our
work easily gives an efficient Kravchuk transform, which would scale logarithmically in the degree.

1.1 Problem statement

In the continuum, a Hermite transform is a basis transformation that maps into the Hermite
functions defined as
- _ s
dala) 1= — a2 () W
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where H,(z) is the n'" Hermite polynomial'. The goal of a QHT is then to construct a quantum
circuit that performs a similar basis transformation but in a discrete, finite dimensional space. To
this end, we introduce the Hermite states
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where x; := j\/2m/M and M = 2™ is the dimension. These can be interpreted as discretizations
of the Hermite functions, where the discretization size is /27 /M. We labeled the M basis states
of CM from —M /2 to M/2 — 1 for convenience. Note that the above states both discretize and
truncate the Hermite functions. The above choice of lattice spacing ensures that the truncation
only cuts off a region in which the first M Hermite functions all have exponentially decaying tails.

The problem of a QHT is to find a quantum circuit that maps |n) — |¢,,). By taking the gate-
by-gate inverse one also obtains a quantum circuit for the inverse quantum Hermite transform, of
the same complexity.

Quantum Hermite Transform Problem. Let N > 0 be the dimension and € > 0 the error. The
goal of a QHT is to construct a quantum circuit U that performs the map

N-1 N-1
Z oy [n) Z an [Yn) (3)
n=0 n=0

within additive error e, where a,, € C are arbitrary and satisfy SN |a,|? = 1. The quantum
circuit acts on a Hilbert space of dimension M > N.

In principle, such transformations cannot be exactly unitary since the states |¢,,) are not ex-
actly orthonormal. However, for sufficiently large M = Q(N), they can be shown to be almost
orthonormal within error that is exponentially small in M, due to [Som16]. Hence, by fixing the
error ¢ and the dimension N where the QHT occurs, we can choose M properly and satisfy (3)
within the precision requirements. For our specific construction, we will require M = poly(V, 1/¢).

I There are two widely used normalizations for the Hermite polynomials: the physicist’s Hermite polynomials and
the probabilist’s Hermite polynomials. We use the physicist’s normalization throughout.



1.2 Summary of results

Our QHT relies on a novel result to fast-forward the evolution of the QHO. In this context, a
bounded Hamiltonian H is said to be fast-forwardable if one can construct a quantum circuit
W that approximates the time-evolution operator e ¢ for time t as [|W — e 1| < ¢, using a
number of quantum gates that scales sublinearly in || H ||t [AA17, GSS21]. Such result would bypass
a number of no-fast-forwarding theorems that show that this is not always possible [BACS07, CK10,
AA17, HHKL21]. However, the lower bound Q(|| H||t) applies only to the worst case and, in contrast,
quantum systems like the QHO can indeed be fast-forwarded. In the continuum, the QHO models
a particle in a quadratic potential with Hamiltonian H = (#2 + p?)/2, where % is the position
operator and p is the momentum operator. We introduce a discretized, M-dimensional version of
the QHO with Hamiltonian H, and show the following.

Theorem 1 (Exponential fast-forwarding of the QHO). Let N be the target dimension for fast-
forwarding, H € CM*M pe the Hamiltonian of a discrete QHO , and t € [—m,w]. Then, we
can choose M = O(N log N) such that the evolution operator et can be simulated within error

O(exp(—N/10)) in the subspace spanned by the first N eigenvectors of H using O(log? N) gates.

Note that we don’t lose any generality due to the condition t € [—, 7] since the eigenvalues of
the Harmonic oscillator are of the form n+1/2 with integer n, and hence e~ #7427 — _¢=i#t_Gince
|H|| = ©(M) and N = poly(M), Theorem 1 shows that exponential fast-forwarding of the QHO is
possible. This result significantly improves over prior art [Som16], where a quantum algorithm for
simulating e of complexity ~ exp(y/log N) was given, only describing a form of subexponential
fast-forwarding. Theorem 1 is based on a succinct factorization of the evolution operator in the
continuum that can be extended to the evolution operator in the finite-dimensional case, and
contrasts the method in [Som16] based on product (Trotter-Suzuki) formulas. The complexity
in Theorem 1 is dominated by that of multiplication using coherent arithmetic, which is O(log® N)
using schoolbook multiplication, and might be improved using sophisticated techniques.

The ability to fast forward a Hamiltonian also allows one to perform tasks like quantum phase
estimation (QPE) more efficiently [AA17, GSS21]. Our efficient QHT relies on fast QPE and hence
builds upon Theorem 1.

Theorem 2 (Efficient QHT, informal). There exists a quantum circuit of complexity O((log N +
log(1/€))3 x log(1/¢)) that can perform an e-approzimate QHT of dimension N.

Being equipped with an efficient QHT, we then consider some problems where it can be applied.

Property testing and learning. One main application of an efficient QHT is Hermite sampling,
discussed in detail in Section 5. In this setting we are given black-box access to a function f : R* —
R and we want to sample from its Hermite spectrum. To do so, we must first use queries to the
black box to construct a state whose amplitudes are proportional to f. Then we use the (inverse)
QHT n times, to map Hermite states to basis states.

Using Hermite sampling as a subroutine, we are also able to show that quantum algorithms can
solve all the following tasks efficiently over the Gaussian distribution:

1
2
3
4

Test if f is close to a product of k£ sign functions;
Test if f is close to being degree d;

Test if f is close to a Hermite polynomial;

(
(
(
(
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Agnostically learn what we call sparse concepts.



We describe quantum algorithms for (1-3) in Section 5.3 and give the learning application (4)
in Section 5.4. We also prove that we have quantum advantage for tasks (1) and (2) in Section 5.3.
A recent independent work of Lewis et al. [LGM25] also gave quantum advantage in learning real-
valued functions, but our work is the first to show quantum advantage for property testing with
real-valued functions.

We note that these quantum advantages are already attained in the limit of large n with
N = poly(n). Consequently, the polylogarithmic scaling in N that we achieve with our QHT circuit
only achieves a polynomial quantum advantage in circuit size for property testing. Now that we
have shown that the quantum Hermite transform can be efficiently applied at exponentially large IV,
we invite others to use this as a building block for new quantum algorithms achieving exponential
advantage.

Hamiltonian simulation. Hamiltonian simulation is the problem of simulating quantum dynamics,
induced by a Hamiltonian H and for time ¢, on a quantum computer. In particular, the Hermite
functions represent what in physics are known as Fock states. Such states appear naturally in many
quantum systems, where the QHO is only one example, and we expect the QHT to be generally
applicable for Hamiltonian simulation in these systems.

Quantum systems defined in the continuum involve the position & and momentum p operators.
These become sparse when represented using the Fock states or Hermite functions. Our QHT can
then perform the change of basis efficiently, allowing us to work with sparse representations of the
Hamiltonians. As the most efficient quantum algorithms for quantum dynamics or Hamiltonian
simulation assume the sparse matrix access model (cf. [BCCT15, LC17]), our efficient QHT might
be used to reduce the complexity of Hamiltonian simulation in these systems.

Similarly, the QHT is expected to bring novel examples of fast-forwarding. Consider for example
the well-known Jaynes-Cummings model that models the interaction of a two-level atom with the
electromagnetic field (in the continuum) [JC05]. When described in the Fock basis, the Hamiltonian
simply becomes a direct sum of 2 x 2 blocks that can be simply diagonalized. Hence, our QHT can
also exponentially fast-forward the discrete version of this model.

Like the QFT, our efficient QHT opens the path to other case studies and potential applications.
To this end, in Section 6 we list open problems, charting the path for more examples of quantum
advantage.

2 Technical overview

Our main result is an efficient quantum circuit for an M-dimensional unitary U, that transforms
from the computational basis to the basis of Hermite states given in (2), with arbitrary accuracy.
Hermite states are also accurate approximations of the eigenvectors of the ‘discrete’ QHO [Som16].
That is, we approximate the transformation defined by U |n) — [1,), where the Hermite states
|¢n) are a discretization of the n'' eigenstate of the QHO Hamiltonian in the continuum 0=
(#2 +p%)/2. Here, 2 is the position operator and p is the momentum operator: & f(z) = xf(z) and
pf(z) = —iL f(), for arbitrary f(z) € L*(R).

The steps in our efficient QHT are as follows. First, given index n € {0,..., N} for some N > 0,
we prepare the Hermite state |1,) € CM while keeping a copy of |n) in some register. The actual
dimension M = 2™ satisfies M > N and has to be chosen properly, as we discuss. This is done
via a unitary transformation conditional on |n). To reset |n) to |0)®™, i.e., to ‘uncompute’ |n), we
infer the value of n from [¢,,). That is, the sequence of state preparation steps to define the QHT



is

In) —  |n)|0)®™  adjoin m ancillas
= |n) ) Hermite state preparation
— 0)®™ |4p,) uncomputation
= |n) discard m ancillas.

We give an overview of how the main steps are accomplished.

Hermite state preparation. Given n, to prepare the state |¢,) € CM we proceed in two steps:
First, we prepare an approximation |¢,) € CM such that (¢,|vn) = Q(1), and second, we use
fixed-point quantum search [YLC14] to transform |¢,,) — |vy,) efficiently. Amplitude amplification
requires a sequence of reflections over |¢,,) and |¢,). The latter can be efficiently implemented
because the state |¢,,) can also be efficiently prepared, but the reflection over |i,,) is more intricate.
To this end, we design a ‘filtering’ algorithm that flags |¢,,) and allows us to simulate this reflection
by a reflection over a state |0) of an ancilla qubit. This filtering is based on fast QPE; it uses our
fast-forwarding result for the QHO and can be implemented efficiently.

The states |¢;,) are chosen as follows. A useful result for this task is that of Plancherel-Rotach
asymptotics [Sze39], which gives approximate expressions for the Hermite functions v, (z) with a
provable error bound. Such approximations are only valid in the domain |z| < v/2n + 1, where the
points £xy, = £v/2n + 1 are known as the ‘turning’ points in physics. Explicitly, these approxi-
mations read:

e ([ (5 + §) emeten —200 + T 40 (1)) @

where p(z) := arccos(xz/+/2n + 1) is such that © > ¢(z) > 0.
We show how to use this approximation formula to construct the states |¢n) efficiently, which
are now simply superposition states with amplitude modulated by \/; and also a phase that

sin ¢(z)
depends on ¢(x). We also show that the states |¢,) have nonzero, constant overlap with the [iy,).
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Figure 1: A visualization of the Quantum Hermite Transform. On the left we have the Plancherel-
Rotach functions (visualized without the decaying envelope for simplicity), we prepare states corre-
sponding to these, which is then fed into the fixed-point search algorithm using our fast-forwarding
result as a subroutine. This allows us to prepare the states corresponding to the Hermite functions
in superposition to arbitrary precision. Both the functions are visualized for n = 10.

Uncomputation. For the uncomputation step where we reset |n) — [0)®™, we use a version of
Kitaev’s QPE algorithm [Kit95]. The Hermite functions are known eigenfunctions of the QHO
Hamiltonian H of eigenvalue n + 1/2. Similarly, the Hermite states [i,) can be shown to be



accurate approximations of the eigenvectors |1,,) of the discrete QHO H, with eigenvalues that are
very close to n + 1/2 [Som16]. For a bounded Hamiltonian H satisfying |[H|| < 1, QPE is able
to distinguish eigenvalues separated by a difference A by implementing unitary time evolutions of
the form e ! up to evolution times ¢ ~ 1/A. In our case, if H = H/M is the rescaled version
of H, we have A ~ 1/M and hence t ~ M. Then, to avoid any complexity polynomial in M, we
use Theorem 1 that allows us to fast forward this time evolution and to perform fast QPE.

Last, we give an overview for the proof of Theorem 1, which is used in the state preparation for
both filtering and uncomputation.
Fast-forwarding. Central to this result is a factorization of the evolution operator e*iﬁt, where
H = (p? +2?)/2 is the QHO Hamiltonian in the continuum. We exploit the canonical commutation
relations, namely [Z, p] = iI, where I is the identity such that I f(xz) = f(z). Then [QA07]

exp(—if{t) . (_itan(t/z)ﬁ2> exp (_isinét)a??) exp (_itan(t/2)ﬁ2> ' 5)

2 2

We then consider a discrete version of the QHO, referred to as H, and analyze the time complexity
and the discretization error of this factorization. To this end, we define T and P to be a specific
choice of discretizations of & and p, defined in [Som16], and let H := (p* + 72)/2. We show that
the factorization of (5), when replacing # — # and p — P, reproduces the evolution operator e~ Ht
within accuracy that is exponentially small in N in the low-energy subspace, where N < M =
poly(N), and M is the Hilbert dimension of H. The low-energy subspace is that spanned by the
N eigenvectors of H of smallest eigenvalue.

To prove this result, we consider the commutation relations of the discrete operators Z and p and
show they approximate those between Z and p, in the low-energy subspace, the space spanned by
the first IV eigenvectors of H. For example, in that subspace, [Z,p] — il can be shown to have norm
exponentially small in N, where I is now the N-dimensional identity. We also need to bound the

errors of the nested commutators. Let [z, p%], = {TQ , [7%,7°] k_l] be the k-th nested commutator,

where [z2,p%], = [2,p?]. We cannot directly use the fact that the norm of [z,p] — il is small
on the low-energy subspace, because when nesting one would naively incur a cost which scales as
~ MF* ! due to the multiplication of k — 1 matrices after using the relation once. We show how to
control the growth of these terms within the low-energy subspace by proving that (i) polynomials
in the operators with degree ¢ have norm which scale as N! in the low-energy subspace, and (ii)
certain operators which capture the discretization errors have norm poly(M) on the entire space
whose growth can be controlled by ¢! when ¢ is sufficiently greater than N. See Section 3 for more
details. We believe this technique would be useful for more Hamiltonian simulation results as well.
The approximated evolution operator of the discrete QHO also involves three exponentials. The
exponential of isin(t)z2/2 is a diagonal unitary that can be simply implemented with O(log® N)
two-qubit arbitrary gates regardless of t. (For simplicity throughout this paper we assume that
arbitrary gates can be implemented perfectly, without any overhead in precision.) To this end, we
use coherent arithmetic for multiplication and then use phase kickback. Since p is obtained from T
via conjugation with the (centered) QFT, the exponentials involving p? can also be implemented
with O(log? N) two-qubit arbitrary gates. This is then an example of exponential fast-forwarding,
since it avoids the no-fast-forwarding bound Q(||H||t), which would be linear in Nt in this case.



3 Fast-forwarding of the QHO

In this section we discuss Theorem 1 and present the formal results on the evolution of the QHO.
First, let us discuss the algebraic factorization of the time-evolution of the quantum harmonic
oscillator in the infinite-dimensional case. Since the Hamiltonian is the sum of two terms, H=
(#2 + p?)/2, if the operators were commuting, we could simply factor by breaking up the sum.
But the position and momentum operator do not commute. What we do know is the canonical
commutation relation between them, [Z,p] = iI. Combined with the Baker—-Campbell-Hausdorff
formula, this allows us to factor the time-evolution of the Hamiltonian. First, we notice these
relations which can be checked by computation:

1. [2%,p%] = 2i{2,p}

2. [2% {%,p}] = 4iz®

3. [p? {2, p}] = —4ip’

Further, Item 2 implies that [22, [#2,{2,p}]] = 0. Item 3 implies the symmetric statement
about momentum. One thus finds that the Lie algebra generated by 2 and p? is three dimensional,
namely the span of 2, p2, and {#,p}. These facts about the nested commutators ‘kill off” infinite

terms in the BCH expansion and give us the following factorization for the evolution operator, also
discussed in [QAOT7].

Theorem 3 (Factorization of the QHO evolution [QA07]). The evolution operator of the QHO admits
the following factorization:

itan i isin(t)2? —itan i
exp(—iﬂt) = exp (_‘c(é/Q)p) exp (—?) exp<t;t/2)p> . (6)

For completeness, we include an independent proof of this in Appendix A.

Now, if we want to fast-forward on a digital quantum computer, then we need to pick a dis-
cretization of the infinite dimensional Hamiltonian. We use the same definition of the discretization
as the previous work on fast-forwarding the QHO [Som16]. This sets T to be a diagonal matrix of
size M x M, and D as its conjugation by a centered discrete Fourier transform. Then we can set
H = (z2+7p%)/2. Tt is not at all clear a priori that this factorization is still faithful. In particular, it
is no longer true that [Z,p| = il. Remarkably, we are able to carry the factorization to the case of
the discrete QHO. Moreover, our error is doubly-exponentially small! We recall Theorem 1 below.

Theorem 1 (Exponential fast-forwarding of the QHO). Let N be the target dimension for fast-
forwarding, H € CM*M be the Hamiltonian of a discrete QHO , and t € [—m,7w|. Then, we
can choose M = O(Nlog N) such that the evolution operator et can be simulated within error
O(exp(—N/10)) in the subspace spanned by the first N eigenvectors of H using O(log? N) gates.

We now formally define our discretized QHO. We use the same conventions as [Som16], but
change the notation slightly.

Discrete QHO. For given dimension M > 0, we discretize the space with a grid of discretization
size /2w /M. We define the discretized position operator as

-o 0 0
B ol 0 “H+1 .0
xXr = M . : . : ) (7)
. . . M .
0 0 M1



and the discrete momentum operator p := F~'ZF, where F is the centered M-dimensional discrete
Fourier Transform. (The centered Fourier transform is equivalent to the standard discrete Fourier
transform up to relabeling the indices j, as described in Appendix B.) Then, the discrete QHO
Hamiltonian is

wm_l(o o

H= (#*+7%) . (8)

We let [¢,) be the eigenstates of H, for 0 <n < M — 1. In [Som16] it was shown that |¢,) are
very close to the Hermite states

I 1/4 M/2-1
Yn) = | Un Zj ) 9
v = (57) 2 wdel )

where 1, (z) is the n'® Hermite function. Below, we collect some facts about this discretization.
We introduce |¥,,) as the bra-ket representation of the nth continuum QHO eigenstate.

Fact 4 ([Som16]). There exist constants v,c € (0,1) such that for all M sufficiently large and all
k.l <cM,

1. [(rlbe) — ke
2. Fora,b<4,

< exp(—7M).
(el 75" [te) — (4] 390" [0) | < exp(—yM).

In other words, this discretization is highly effective in a subspace with bounded energy. We
will prove that in a subspace within this one, we can perform the fast-forwarding with provably
small error, as visualized in Figure 2.

0 N cM M

Low-energy: subspace with Medium-energy: High-energy:
rigorous guarantees discretization still works discretization fails

Figure 2: Visualization of discretization error for the QHO. Here N = ©(M/log M), as specified
in Theorem 5. In the “low-energy” subspace, the fast-forwarding algorithm provably works. Mean-
while, in the “medium-energy” subspace Fact 4 still holds, although we no longer obtain rigorous
guarantees on fast-forwarding.

Remark. You might notice that these statements do not necessarily imply that the k™ eigenstate
of the discrete Hamiltonian H is close to the k' discrete Hermite state, in the case that eigenvalue
gaps are exponentially small. We point out that we do not have a rigorous proof that the eigenvalue
gaps are not exponentially small; in principle one could worry that eigenstates from the high energy
subspace, upon discretization, could jump down to the low energy subspace and land exponentially
close to a low eigen-energy. In fact, numerically one observes that the high eigen-energies, though
less accurately conforming to their continuum values than the low eigen-energies, never cross all
the way into the low energy subspace. Nonetheless, since we only care about the closeness to the
discrete Hermite states, our claims about fast-forwarding are true irrespective of the eigenvalue

gaps.
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Note that our convention for basis states is such that j € {—M/2,...,M /2 — 1}, which dif-
fers from the standard convention where j € {0,..., M — 1}. This simplifies the exposition, since
Hermite functions are defined in a domain where x € R and we can directly associate j with a
position in space. Transforming from one convention to the other is a cyclic permutation, i.e.,
|-M/2) — |0), |[-M/2+1) — |1), and so on. However, we do not need to perform this permu-
tation in the algorithm; the relevant observation is that F' is not exactly the QFT, as explained
in Appendix B, but can still be implemented with O(log? M) gates.

The following result shows that the factorization of the QHO’s evolution operator in the con-
tinuum of Theorem 3 can be carried to this discrete case.

Theorem 5. There is a constant n such that for N = nM/log M, we have the following. Let H be
the discretization with grid size \/3Z and for |t| < /2,

HHN (e_iﬁt _ emia(O)P® o —ib(t)Z? p—ia(t)P )HNH < exp(—N/2).

where

tan(t/2) sin(t) .

a(t) = and b(t) =

We next comment on how to apply Theorem 5 to decompose et for arbitrary t. We first
recall that, in the continuum, all eigenvalues of H are of the form n + 1/2 for integer n. Hence,
the time evolution of the quantum harmonic oscillator is periodic in the sense that e 2™ = —T.
Therefore, we can always subtract an integer multiple of 27 from ¢ to bring ¢ into the range —m to 7.
As noted in Theorem 3, the formal identity (6) holds for arbitrary ¢ but one must be careful since
the tangent function has divergences, in particular at argument ¢/2 = +7/2. In the discretized
case it becomes important to keep the coefficients a(t) and b(¢) bounded in order to keep the error
bounded. To achieve this, whenever |t| > 7/2, we use the factorization

LA LA 2
e—th _ (e—zH(t/2)> (10)
— ( —ia(t/2)p? 71b(t/2 71a(t/2 ) (11)
_ efia(t/2)ﬁ2€fib(t/2) 6721a(t/2) eflb(t/2)§:2€fia(t/2)ﬁ2 (12)

This factorization then translates to a quantum circuit to approximate e ** using a total of five
steps. Each step implements either the diagonal operator e~ ibe” by phase kickback, or implements
the operator e~iaP’ using the quantum Fourier transform to change to its eigenbasis, then applying
phase kickback, and then transforming back. When |t| < 7/2 we would apply Theorem 5 directly,
which requires only three phase-kickback steps.

To prove Theorem 5 it would suffice show that the total contribution of the nested commutators
like (Z;’i:; % [fQ,TJQ} t) vanishes as the Hilbert space dimension goes to oo. This is in fact not true,
but in Theorem 14 we show this is true when we project down to the subspace corresponding to
energy levels N = O(M/log M) for a Hilbert space of dimension M. We show a similar bound
on the terms involving [p? z?], and [p% {z,p}],, which suffices to prove Theorem 5. Since we
pay a log M cost to compute up to M, we can always run the discretization for an M such that
N = O(M/log M) and project back down. More precisely, we prove the following theorem about
the norm of the nested commutators. Below, «y is a constant to be declared later.
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Theorem 6. For any constants ci,ca such that max(|ci|,|c2]|) <1, and N = vM/(40log(2M)), we

have -
||HN (Ztl, [0152, C2P2L> Iy

t=3 7"

1
HHN <Z a {61]327 62332]t> IIn

t=3

HHN <§: % [01272, c2 {7, p}L) Uy

t=2 "

< exp(—yN/2).

< exp(—yN/2)

< exp(—7N/2).

The main technical difficulty in proving this statement comes from the fact that when we have
a nested commutator [A, B], with a very large ¢, then the naive bound on this scales with an
exponential in ¢, since we repeatedly use the norm of the matrices as a bound. We use a trick
to split the sum into few-nestings and many-nestings to control the growth of these terms when
projected to a low-energy subspace. In the next section, we discuss the explicit algorithm for the
QHO and prove it is correct using this theorem. Then in Section 3.2 we prove this theorem.

3.1 The algorithm

=

From the statement of Theorem 5, the algorithm for fast-forwarding is simple, as given in Algo-

rithm 1.

Algorithm 1 Fast-forwarding QHO
L to «t —2m[t/2] > Shift ¢ into the range [—m, )
2: if |to| > /2 then > If ¢9 is too big halve it and use two repetitions.
3: a < tan(ta/4)/2
B < sin(t2/2)/2
Compute e—iap” o—ifT? o —i20p? ,—ifT? ,—ia]p”
else > Otherwise use one repetition.
a <+ tan(ty/2)/2
B < sin(t9)/2
Compute e—iap? g=ihT* o

—iap?

So let us now prove Theorem 5 using Theorem 6. We will give the proof of Theorem 6 in the
next subsection.

Proof of Theorem 5. Let H = %(EQ + P?) be the discretized quantum harmonic oscillator Hamilto-
nian. We will denote U (t) = exp(—iﬁt). Further, denote

T an 72 sin (1) T2 an _9

We show in Appendix A, Lemma 70 that for o/ = tan(t/2)/2, 5" = sin(t)/2,

—— —1dU(t) ! 9 . TR 9 . e 1 DRI
U(t) 5 = —1H+5’§ O {5’1332,1}72}754‘0/; 02 [a’1p2,1x2}t+a’§ i [o/lpz, 1{x,p}L
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Now we can use Theorem 6, but we need a bound on o/, /. Assume without loss of generality that
t € [-m,w]. If [t| < 7/2 then we have that |o/|, ]3| < 1/2. We also have o/, 5/ < 2. Hence we can
conclude

— —-1dU(t —
Iy (U(t) 0, iH) Ml < 6exp(—N/2)
Let us represent this quantity in the brackets by 7. Then by the Baker-Campbell-Hausdorff theorem
we know that,

exp(n)(j(vt) = exp(n + iHt + g [n,ﬁ] + % [n,ﬁk +.. >
Thus, we have that -
Ty (U(t) = U (1)) Tn || < 6exp(—yN/4)
It remains to bound the case when |t| is in (7/2, 7). In this case, we can divide ¢ by 2 and repeat
the factorization twice. So define Uf\(Z)2 = (exp(itan(;/4)ﬁ2> exp(ism(gﬂ)ﬁ) exp(itan(;/mﬁ ))2 Now
we have the same bounds on the nested commutators. Hence we can derive that

Iy (U(t) = U(5),) T || < 12exp(—7N/4)

This proves that for all ¢ the discrete Hamiltonian evolution can be factorized into 3 or 6 terms
while being doubly-exponentially accurate. We use that v > 1/2 to conclude the quantative bound
in our theorem. O

Now, the size of the circuit to compute these factorizations in Algorithm 1 is enough to perform
fast-forwarding. Hence we are ready to prove Theorem 1.

Proof of Theorem 1. Computing these factorizations has error exp(—N/10) due to Theorem 5.
Thus Algorithm 1 is correct. We can compute these factorizations in O(log? N) time because we
can prepare exp(—iZ) of dimension M in O(log? N) time using the technique of phase kickback
since T is diagonal. Further, we can perform QFT in @(log N) time [CWO00] to prepare p from T,
which is diagonal in the Fourier basis so allows us to prepare exp(—ip) in O(log? N) time. Adding
the trignometric functions in the expression costs constant time by our assumption. Hence the
total runtime is O(log? N). O

3.2 Bounding nested commutators

In this section we prove the aforementioned bounds on the nested commutators of z2, p? and {Z, p}.
Going forward, we define
A= [52@2}2 — 4iz? (13)

to be the discretization error. Indeed, in the continuous case, [3%2, 132]2 —4i#? = 0. Choose

M
r=__T7 (14)
8log(2M)
for some suitably small constant v > 0 to be chosen later, and take
N = N'/5. (15)

13



We define Iy to be the projector onto the the subspace spanned by the discrete eigenstates |1,)
for k < N, and Iy is defined analogously. Formally,

N N’
Oy =[], Ty =Y [vw) (W]
k=1 k=1

We argue that, analogously to the continuous case, the discretized T® operators do not cause
significant leakage from the bottom IV eigenstates to eigenstates above level N, provided that a
is sufficiently small. First we show that the corresponding matrix elements in the discrete and
continuous cases are close.

Lemma 7. Let a < Wﬂém. Then whenever M is sufficiently large,
max | (|7 [ie) — (W] 8 [ W) < exp(—yM/4)
(<N

Proof. We will first bound the distance between (¢ |z [1)y) and (Uy| 2 |¥,) then later show that
the former is close to (5|7 |[¢0¢). We can write (Uy|2%|¥,) = [p 2%¢Yg(x)e(x)dz. Recall that

our discretization has the limits [—L, L], where L = 1/%. Define the strip S = {z € C :
max{|Re(2)|,|[Im(z)|} < L}. Within this region, applying Plancherel-Rotach asymptotic arguments
(see, e.g. [Sze39]), we have the bound

suplp(2)| < K -k suplem* j2| < K -sup | M2 < KM (16)
z€S 2€S8 2eS

This readily gives us the bound
Sup 20 (2)Ur(2)] < (LV2)" - et
zZe

for some suitably large constant K. Thus, employing the exponentially convergent trapezoid rule
[TCW14], we have

< 2(Lv2)" exp(L? - 27 M) = 2(LV2)" exp(—nM). (1)

L
‘ww ) = [ atvu(e)vn(a)de

Since a < M/10log(2M) we can bound this term by exp(—M ). Now we compute the error accrued
from imposing the limits +L. That is,

L
‘ |, e vn@p@da — [ a*u(ai@rda
.y R

- \ | atin@yn(e)ds] .

We can bound |z%y(2)e(z)| < 7 /* 2%y (x)|. Now, L is much larger than the turning point of
Yr(z). By standard results (such as, say [Som16, Eq. (A4)], there exists a constant ¢ such that

|2 ()] < cla®]- V2o /2 _ poV2he—aloga—a?/2 £ o—a?/3

whenever M is sufficiently large. This gives us the bound

< ‘/ e~ By
L

14

< e—L2/6 < e~ TM/12.

‘/LOO Yy (x)pe(z)dz




We now show that (1x| T 1)) is close to (1| T |1)). Indeed, we have

(Bl 2 [0 — (ol T )| = | (i 2 [e) — (&l 2 ()| + | (Bl 2 abe) — (a6 7 )| (18)
:Ww (1e) — b)) | + | (el = (el) 7 )| (19)
< [z 10| - || 1) — 1| + |1 — ]| - 12 1) (Cauchy-Schwarz)
< [l - |[[e) = e | + (1 + exp(—y) ||[96) — )| - 7] (Fact 4)
< exp (2B () - |+ 20 - wl]) o)
< 3exp(yM/10 — yM) (Fact 4)
= 3exp(—9vM/10). (21)

Putting everything together, the overall bound we obtain is
(QM)a/Q exp(—ﬂM/2) + 26—7rM/12 + 36—97M/10 < e—'yM/4
for all M sufficiently large. O

We use the above bound to show that low degree position operators result in very little leakage
from energy at most N to energy above N’.

Lemma 8. For all M sufficiently large and whenever a < 4N, ||[(I — IIn/)Z*y|| < exp(—yM/9),
where N' and N are as defined in (14) and (15).

Proof. Define

_ N AN AQ
o = mas | (U] 7 [9) — (U] 2°10)],
(<N

R = i | (G| 22 [B) — (U] 42 [04)

We claim that

I(1 = Tz T | < (VN - o + V/ian ) - VM

Indeed, we need only show that

max || 7 ()| = masx |(] 7 [e) — (0] 8 [00)| < VN Say + /R

N/
gg N £<N

We can write o B L
TPe) = Bl + Y o [dy), &) = > a;|¥y)
JEN JENY

where we have used the fact that a < 4N, and doesn’t push the support above energy level N’. We
have the bound ‘(%Wa ]%}’ < |B]. We have ‘aj - a;‘ < 04 and

ﬁ2+z

< K4N

From this we have the desired bound

18] < VN'-04n + \/KaN

15



By Lemma 7, since a < 4N < vM/(10log(2M)), we can bound
dan < exp(—yM/4), kan < exp(—yM/4)

Thus we have the bound

18] < VN - e M/ 4 o= 7M/8 < 9= 7M/8, (22)
Since |[(I — N/ )z || < |B] - N’, we have the bound
(I — Ty )Z Ty || < 2V Me "™M/8 < e=7M/9
for all M sufficiently large. O

We now prove a number of desirable properties of the discretization error A. In particular, we
show that A is small on the subspace spanned by the first N’ eigenvectors, and then bound its
overall operator norm. First, we recall a fundamental fact about Hermite polynomials.

Fact 9. ]
xHy(z) = kHp_1(z) + §Hk+1(a:)
Lemma 10. For all M sufficiently large:
1. [Ty ATy || < exp(—yM/3)
2. |A]| < 17M3.

Proof. We have the bound

)

TN [y — . TN 1 — 22 2] g2
Mo ATLe|| < VM - e (] A )| = VAT - xmae | (0] A [0 = (W [22, 5], — i® | 00)
<N’ <N’

where we recall that [£%, p?], = 8iz2. We expand
A = Tp? — 279’7 + pPTt — 8iz?.

We can use the triangle inequality to match terms of A and [#%, %], — 8iz%. In what follows, we
make ample use of Fact 4. For the first such term, we bound

|Gl 75 [0 — (el #5° [0) | < exp(—yM).
The same argument shows that
|Gl P27 [0) — (k| 520 [90)| < exp(—yM).
Furthermore, we have
| (0] 817 [i) — (4] 814 [ W4)| < 8exp(—yM).
The most challenging term to bound is
(Gl Z5°7 [e) — (el 8%5%57 W)

16



Our solution will be to write Z2 |¢);) as a linear combination of other states. Indeed, in the con-
tinuum, we can apply Fact 9 twice to obtain 2 |Wy) = k(k — 1) [Ug_o) + k |Ug) + 1 [Tiio). We
write

T2 k) = a1 [br—2) + az [Yr) + az [Urr2) + B1) - (23)

By Fact 4, we have |ag — k(k — 1)] < exp(—yM), |ag — k| < exp(—yM), and |ag — 1/4| < exp(—vyM).
Similarly, we have
|(Bel 7" [) — (Wi] 3% |W))| < exp(—yM),

This implies that

(a% — kz(k — 1)2) + (Oé% — k%) + (a% — 116) + 32 < exp(—yM).

We can factor the left hand side as
(a1 +k(k — 1)) (o1 — k(k — 1)) + (a2 + k) (a2 — k) + (a3 + 1/4) (a3 — 1/4) + 5
This factorization gives us the bound

1B” < exp(—yM) + (a1 + k(k — 1)) |ar — k(k — 1)| + (a2 + k) |az — k| + (a3 + 1/4) |az — 1/4]
< exp(—yM) + (2k(k — 1) + exp(—yM)) exp(—yM)
+ (2k + exp(—yM)) exp(—vM) + (1/2 + exp(—yM)) exp(—yM)

<3 (k:2 + 116> exp(—yM) + exp(—yM) < 4k* exp(—yM),
0 8] < 2 exp(—7M/2).

To bound the term [(¢y| Z*p*T? [the) — (V| 22p*22 |¥y)| we first use the canonical comutator
relation to expand Z?p?7? = T*p? — 4iz®p — 272 + 72A” where A" = p?z? — (T°p? — 4izp — 2I).
After applying triangle inequality by splitting on the discrete minus the continuum operators, the
same argument as the other terms implies an O(exp(—vM)) bound on the other 3 terms. The only
non-trivial term here is Z2A”.

To bound this term, we expand ‘<%| z2pz> |@>’ using (23). We get

[ (a1 (@ral + a2 (] + a3 (Dl + B (0]) A" [in)| < exp(—yM) + |8] | A
But we know |3| < 2k exp(—vyM/2) and ||A"|| < 7TM?2. Overall, we have that

(el T [e) — (] 8%5°5% |Wy)| < 40k M2 exp(—yM/2).

Putting everything together, |[IIxvAIln/|| < exp(—yM/3) for all M sufficiently large.

To see the second point, we simply write A = Z*p? — 22p°T2 + pz* — 8iz2. Now, ||Z|| = ||p|| =
%. Thus we have

1 e ]+ o] 2

— 4. (72\4)3+8(7r§4> (25)

< 16M° +4rM < 17M°. O
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Our strategy to bound each level of the nested commutator tail will be to break the ¢-th order
commutator into a noncommutative polynomial of Z2 and A. First, we provide a bound on each
monomial appearing in this expansion.

Lemma 11. Let a +b=1t. For all M sufficiently large,

51M3 4+ 1) - (2N)! - exp(—yM/9) t < (N'—N)/2

s (
HHNJ:2 AngbHNH < {(51M3 4 1) ) (2N)t t> (Nl . N)/2

Proof. Our strategy will be to introduce the projector I/ onto the “medium energy” subspace
spanned by the first N’ eigenstates of H. We write
HHN#“M%HNH - HHNTQ“(HN/ + (I — Ty )ALy + (I — HN/))I%HNH

We can break this up into four terms using the triangle inequality:

Ty = |[Uya* Ty | - [Ty ATy | - [Ty 2Ty | (26)
Ty = || Tya (1 = Ty) | - (1 = Ty Al | - |[Tv 2Ty | (27)
Ty = |na® Ty | - [T A = Ty |- [[(7 = Tz Ty | (28)
Ty = [T = T | (2 = TIu) AT = Ty - || (7 = Ty ) 72Ty | (29)

The overall norm is upper bounded by T} + 75+ T3+ T4. We first consider T7. Applying Lemma 10,
we have
Ti < (2N)" - exp(—yM/3) - (2N)" < (2N)" - exp(—yM/3).

For T5,T5,Ty, we will use the trivial bound on the norm A — that is, we won’t use the projector.
Applying Lemma 8 and Lemma 10, we have

Ty < exp(—yM/9) - 17TM3 - (2N)> < 17M3 - (2N) - exp(—yM/9)
whenever t < (N’ — N)/2. When ¢t > (N’ — N)/2 we recover the bound
Ty < (2N)*-17M3 - (2N)? < 17M3 - (2N)!

By symmetry, we recover the same bounds on 73. Finally, we use similar techniques to obtain the
bounds
Ty < exp(—yM/9) - 17M? - exp(—yM/9) < 17TM?3 - exp(—2yM)

when t < (N’ — N)/2 and
Ty < (2N)*-17M3 - (2N)® < 17M3 - (2N)?
when t > (N' — N)/2. O

Next we bound the ¢t-th order commutator by applying the triangle inequality along with the
monomial bounds above.

Lemma 12. For all M sufficiently large,

(51M3 4+ 1) - (4N)! - exp(—yM/9) t < (N'—N)/2

HHN [IQ,ALHNH < {(51M3+ 1) . (4N)t > (N/—N)/Q
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Proof. We can expand

[52, AL = Zt: (i) (—1)s 22 AT,

s=0
Applying the triangle inequality, we have

s [ 8] ] < 2 () a9

We use the identity 3_, () = 2¢ and Lemma 11 to obtain the result. O

Before proving our bounds on the nested commutator tail of Z? and p, we recall a useful fact
about the tail of the power series of the exponential function.

Proposition 13.

o k

> % < exp(—a/4).

k=3a

Proof. The sum is exactly e times the tail of the Poisson distribution with parameter a. Thus,
from standard formulae for Poisson tail bounds, we have

Z < e“Pr[Poisson, > 3a] < e®exp(—3aln3 + 2a) < exp(—3(In3 — 1)a) < exp(—a/4). O
k= 3a

We are now ready to prove the key technical ingredient of our fast-forwarding algorithm: that
the higher-order nested commutators of T and p fall off sufficiently fast.

Theorem 14. Choose N = yM/(401log(2M)). Then
I i 1 [ 2 72} I

N £ y D N

Proof. We observe that [z%,p?], = A + 8iz2. Thus, for ¢ > 3, we can write

=7 =4,

< exp(—yN/2).

Thus,
- [$27p2]t - [fQ’p ]t—2
HHN;; o = HN; T (30)
> |IT1 72 2 I
= +2)!
(Nl*N)/2 (4N)t [e%}
< (B1IM3 4+1) [ e M/9. Z | + Z (4N)? (Lemma 12)
=1 t=(N'—N)/2+1
3 mjy o~ AN /
< (BIM3+1) (e 'ZT+ > (4N) (32)
t=0 t=12N
< (51M3 4 1) (64N77M/9 + eiN) (Proposition 13)
< 2(51M° + 1)e™ N < e IN/2, O
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As a consequence of our proof technique, the analogous statement holds if we swap position
and momentum in the nested commutator.

Corollary 15. Choose N = yM/(40log(2M)). Then

s (S g ) o

t=3

< exp(—yN/2).

Proof. The bounds in the proofs of Lemmas 8, 10 and 12 remain unchanged when swapping position
and momentum. Thus, following the proof of Theorem 14, we obtain the exact same bound on the
projected higher-order nested commutators of p* and Z2. O

Theorem 16. Choose N = yM/(40log(2M)). Then

HHN (i; [ﬁ27 {z, ML) Iy

< exp(—yN/2).

Just as in the proof of Corollary 15, the proofs of Lemmas 8, 11 and 12 hold with the same scaling
if p? is nested instead of 2. What remains is to bound the new defect A’ = [p?,{Z,p}| — 4ip> =
P2Tp+p°T—4ip?. In the continuum, the corresponding operator is 0, and we now prove an analogous
statement to Lemma 10 for this defect.

Lemma 17. Let M be sufficiently large.

1. |TINATIN| < exp(—yM/2).
2. ||A|| < 5M?

Proof. The proof will be very similar to that of Lemma 10. First we show the the second point:

|’ < |[pam]| + [P + 4 7] <2 (”é”)Q +4 <”;”) < 5M?

whenever M is sufficiently large. O
To bound this quantity we will need the following bound.
Lemma 18. | (| PP [vr) — (Wx| P2 [W1)| < 10 exp(—yM)

Proof. We use the canonical commutation relation to derive p?Zp = p°% — ip® + p*A’ where A/ =
pT — il — Tp. Now, using the Fact 4 we can bound the first two terms after applying triangle
inequality. Thus, the only remaining task is to bound |{¢y| P2A |y)] is small.

To do this we use the expansion,

P [Un) = on [r—2) + a2 [Ur) + a3 [Vrs2) + B 19) (33)

where || < 2exp(—vyM), as in the proof of Lemma 10. Using this we can rewrite the above as

(o (Bl + o (Bl + s (vl + 8 (0]) A [)| < exp(—yM) + TMZexp(—M)  (34)
where the second term is just bounded using |3] ||A/|. O

Now we are ready to prove Theorem 6. We recall it below.

20



Theorem 6. For any constants ci,ca such that max(|ci|,|c2]|) <1, and N = vM/(40log(2M)), we

have -
||HN (Ztl, [0152, C2P2L> Iy

t=3 7"

1
HHN <Z a {61]327 62332]t> IIn

t=3

HHN <§: % [01272, c2 {7, p}L) Uy

t=2 "

< exp(—yN/2).

< exp(—yN/2)

< exp(—7N/2).

Proof of Theorem 6. Notice that the bound in Lemma 12 holds when replacing the operator T (or
p) with ¢z where |c¢| < 1. Nothing else changes in the proofs. O

4 Quantum Hermite transform

Building on our fast-forwarding result, we can implement an efficient QHT if we can implement the
state preparation, filtering, and QPE algorithms efficiently. We now discuss these steps and then
present the algorithm. The main result of this section is the formal version of Theorem 2.

Theorem 19 (Quantum Hermite transform, formal). Let N be the dimension for the quantum
Hermite transform and € > 0 be the error. Then, there exists a quantum circuit that performs the
transformation

N-1 N-1
Z an [n) = Z an |n) (35)
n=0 n=0

within additive error €, where the coefficients oy, are arbitrary and satisfy 2711\;—01 lan|? = 1. The
quantum circuit acts on a Hilbert space of dimension M = poly(N,1/¢) and, if N > log(1/e), the
complexity of the quantum circuit is

O ((log N +log(1/2))* x log(1/2)) - (36)

This result is based on the state preparation steps outlined in Section 2. More generally, we
can choose any dimension M > ¢N9/4 / e13/4 where ¢ > 0 is some constant. The cost of the QHT
is then O(log® M x log(1/¢)), and choosing M = poly(N, 1/e) gives Theorem 19.

4.1 State preparation

We first show how to efficiently prepare a set of quantum states that have constant overlap with
the Hermite states [i,) of (2) in a low-energy subspace of interest. We will then used fixed-
point amplitude amplification to increase the overlap with |¢,,) arbitrarily. Our strategy is based
on the Plancherel-Rotach approximation, which approximates the Hermite functions 1, (x) in the
‘oscillatory’ region, specified by the domain |z| < x¢p := v/2n + 1.

Lemma 20 (Plancherel-Rotach asymptotics for Hermite functions, Thm. 8.22.9 [Sze39]). Let p(z) =
arccos(z/v/2n + 1). Let ¢ > 0 be any fized positive constant and define the domain

De={zeR:|z|<v2n+1and c< p(z) <7 —c}. (37)
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Then, for each n > 0 and all x € D., we have

nol
(_11) 124 - ! (sin [(n + 1) (sin(2¢(x)) — 2¢(x)) + 371 +0 < >) : (38)
mini +/sinp(z) 2 4 4

In Appendix C we describe other properties of these approximations. For the case n = 0, it will
suffice to approximate 1y(x) by a constant like 1y(0) =~ .75, assuring constant overlap.

Hence, the Hermite functions can be approximated by an oscillatory term and an amplitude
that depends on x via 1/4/sin(¢(x)), in the oscillatory region. This motivates the definition of a
set of quantum states that have constant overlap with the finite-dimensional Hermite states |i,)
by considering, for example, a domain included in the oscillatory region and far from the ‘turning
points’ ¢, where, for example, |z| < 1/(3/4)(2n + 1). In the following we disregard the phase
(—=1)™ in the definition of ¢, (x) to ease the exposition.

Yn(z) =

Lemma 21 (Plancherel-Rotach states). Let N > 0 be the dimension for the QHT and and € > 0 be
the error. For all0 <n < N —1, let

On(x) =

1 -
Tani /Sine(x

311 ! O <sin Kg + i) (sin(2p(z)) — 2¢(x)) + %f]) X gn(z), (39)

where @(x) := arccos(x/v/2n + 1), be the Plancherel-Rotach approzimation of the n'® Hermite
function. The function g,(x) is some smooth approximation to the indicator function and satisfies

0 if |z| > +/(3/4)(2n+1) +1/(10y/2n + 1),
gn(z) := 1 if |z] < /(3/4)( 2n+ 1) (40)
(0,1) if \/(3/4)(2n+1) +1/(10v/2n +1) > |x\ > V(3/4)(2n+1)

For any M > N, define the M -dimensional ‘Plancherel-Rotach’ quantum states

9 1/4 J(n)—1
|¢n>:—(M) Z <z>nxg ) ,0<n<N-1, (41)
where xj := j/2m /M denotes the discretized space coordinate, and
3(2n+1)M
= - 42
J(n) { S (42)

is such that J(n)\/2n/M ~ \/(3/4)(2n+ 1) and J(n) < M/2. Let |ip,) be Hermite states of (2),

that is,

9 1/4 M/2-1

on) = (1) 3wl 0N (13)

Then, there exist constants ¢ > 0 and ¢ > 0 such that, for all M > c(N)9/4/513/4 and all 0 <n <
N — 1, the overlap is

("ﬁn’ Q;Z)n> > d. (44)
For every such M there exists Npijgh = O(N/¢) satisfying N < Nypigh < M and, for alln < N —1,
T Ny 160) (12 <€, (45)

where 11> Ny, @ a ‘high-energy’ projector onto the subspace orthogonal to the subspace spanned by
{|¥n) Yo<n< Ny, - (Note that Nyign < M asymptotically.)
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Proof. The quantum states |¢,,) are suggested by the Plancherel-Rotach approximation of Lemma 20.
Asymptotically, they can be shown to be subnormalized for n < N —1 because we are cutting off the
domain by choosing J(n) < M /2. Our goal is then to carry the Plancherel-Rotach approximation
to the discrete space, which involves approximating integrals by finite sums. We also note that in
the subspace of interest, where n < N — 1, we will satisfy n < M asymptotically.

For each n < N — 1, we are selecting as the domain of interest one where |x| < Zyax =
V/(3/4)(2n +1). In the definition of |¢,), we let x; run up to +.J(n)y/27r/M, and our choice of
J(n) is such that |z;| is upper bounded by Zmax up to an asymptotically small correction. This
domain is purposely far from, and does not include, the turning points ¢, = £+/(2n + 1) where
the Plancherel-Rotach approximations are known to fail (e.g., p(z) = 0 at z = zyp).

We will start by obtaining some properties of these approximations in the domain of interest.
Note that rather than considering Lemma 20 directly in this domain, we are modifying the ap-
proximations slightly to avoid issues when considering the momentum operator and the Fourier
transform. For example, rather than assuming the functions to be exactly 0 for all & such that
|x| > Tmax and oscillating otherwise, we introduced smooth envelope functions g, (x) in the defini-
tion with the following properties (for each n > 0):

0 if |z| > Zmax +1/(10v2n + 1) |
gn(x) := 1 if |2| < Tmax , (46)
€(0,1) if zmax +1/(10v/2n + 1) > |2| > Tmax -

There is nothing special about the term 1/(10y/2n + 1), other that it still guarantees the relevant
x to be far from the turning points, and that the magnitudes of the derivatives of g,(x) can be
properly bounded. A good choice for these functions is given in Ref. [Som19] and obtained by
convolving the indicator function with the bump function. Formally, if § := 1/(20+/2n + 1), these
are the convolutions

2a Tmax+0
gn(z) 1= 5

da’ exp(—1 — 4(33,1_ x)2/52> (47)

—Tmax—0

The constant is a ~ 2.25. We will use these to prove Lemma 21, but note that other choices
can also work. Besides the properties in (46), they also satisfy %gn(x) = C{‘l—;gn(m) = 0 for |z| >
Tmax +1/(10y/2n + 1) and |2| < Tmax. Also, |Lg,(z)| = O(v/2n + 1) and ]J‘—;gn(x)\ =02n+1).
From now on the domain where || < Zmax + 1/(10v/2n + 1) will be referred to as the ‘domain of
interest’.

We will first establish the desired properties by working in the continuum, and use the follow-
ing properties of the relevant functions. In the domain of interest, the Hermite functions satisfy

[ (x)] = O(1/n'/*) and we can use the property Lopp(z) = %(\/ﬁl/)n_l(x) —V/n + 1hpi1(x)) to
show that |14, (2)| = O(n'/*), and Schrédinger equation %wn(x) = (22— (2n+1)),(z) to show
that \f—;@bn(xﬂ = O(n®*). According to Lemma 20, we have ¢, () = ¢, (x) + O(1/n%/4) in this
domain. Also, we can use the bounds in Appendix C and the chain rule for ¢, (z) = ¢n(x) X gn(x)
to determine |¢y,(z)| = O(1/n'/4), | L ¢,(z)| = O(n'/*), and ‘%¢n($)‘ = O(n®*) in the domain
of interest.
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These properties allow us to establish a lower bound on the overlap:

00 Tmax+1/(10v/2n+1)
| devn@ona) = [ oy, 4 n@n(@) (48)

Tmax+1/(10v/2n+1) o » .
B /:L"max 1/(10+/2n+1) dz w"(l‘)(?/)n(x) + ( /n )) ( )
= [ e @ 00/ 1/2) (50)
In addition,

/f“""“‘ da [¢n (@) =1~ 2/0O da ¢ ()] (51)

2 o0
=1 m /xmx dz ”[pn () (52)
= G / dw 2 (@)f (53)

1

=1/3. (55)

Hence, the overlap is lower bounded by 1/3+O(1/n). Numerical calculations show that this overlap
actually approximates 2/3 and remains close to 2/3 for all n > 0.

Next, we show that the functions ¢, (x) have negligible overlap with the high-energy sector,
defined by some Npign. This proof is the one that will use the smoothness property of g,(x) (i.e.,
a bounded second derivative); otherwise, a sharp cutoff could result in high energies. Recall that
in the continuum, the QHO Hamiltonian is %(—% + 2%). The expected value of 22 on ¢, (),
corresponding to the potential term, satisfies

/o; dz 22|6n(2)]? < /1 dz 22| (z) (56)
_ _zm“ 22| () + O(1/n/4) 2 (57)
_ _“I‘n dz 22|, (2)|? + O((#max)® /n°/?) (58)
_ _ dz 2|1, (2))2 + O(1) (59)

and we also know for the Hermite functions

[ awtn@l < [ ar @l =nt1/2. (60)

—ZTmax

It follows that
| o an(@)l = O+ 172). (61)

The expected value of the kinetic term satisfies

00 4 d2 Tmax+1/(10v/2n+1) 4 d2 6
[ a@gaon@ == [T e gu(e) gpon(@ (62)

=0(n+1/2), (63)
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where we used the above properties of ¢, (z). It follows that the energy given by these functions,
which is the expectation of the QHO Hamiltonian on ¢, (z), satisfies

<C(n+1/2), (64)

for some C > 0 that can be determined. We can then use Markov’s inequality to bound the support
of ¢p(2) in the high-energy space, spanned by Hermite functions with n’ > Nyep; that is

S ([T w o) < Qo2 (65)

n/=Npjgh+1 - B Nhigh + 1/2

We readily proved some desired features of the approximated Hermite functions ¢, (x) in the
oscillatory domain of interest. Our next goal is to prove that the finite-dimensional Plancherel-
Rotach states of (41) satisfy similar properties: their overlaps with the discrete Hermite states
|tn) is bounded by a constant, and their support on the high-energy subspace can be arbitrarily
bounded. We will obtain these results via approximations of integrals by finite sums. We will make
repeatedly use of a standard trapezoidal rule:

[ o g - ny T 1| O,
a =1 )

2 e |l @) (66)

d2 |

Here h is the size of the discretization, M = (b—a)/h, and z = a + kh. While this rule will suffice
because the scaling of the algorithm is only logarithmic in the dimension, we note that improved
results could be obtained with a detailed analysis that uses exponentially convergent trapezoidal
rules, since the functions are smooth. Nevertheless, we follow the standard trapezoidal rule to
simplify the proof.

Consider the overlap

ox\1/2 M/2
Yn| On) = | Yn Z; ®n Zj), 67
whod=(5) 2 wnteents) (o7)

which approximates (48) using a discretization of size /27w /M. Indeed, using the trapezoidal rule
above we can show that (¢n|¢n) = [°5 da ¢y, (2)¢dn(2) within additive error

o <”J;wl/2> (68)

since ¢y, () is zero for |z| > Tmax +1/(104/2n + 1). For this we used the properties of the functions
to show

_.|_

2 2 ’
|(iv2(¢n(:n)¢n(ﬂc))‘ < 'fan@wn(m ko) gzt (60

= 0(n'?) (70)

d d
42| bn(2) 4 0n(2)

Then, a lower bound to (| ¢y,) is

1/3+o(”*]‘\41/2>+0(n+11/2) . (71)
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Figure 3: The overlap between the Plancherel-Rotach states and the Hermite states for dimension
M = 10° and 0 < n < 100. The overlap approaches 2/3, which corresponds to the probability mass
of the Hermite functions in the domain |z| < 4/(3/4)(2n + 1).

Note that we obtained a constant lower bound in the asymptotic regime, which suffices for our goal
of the efficient Hermite transform (i.e., we will always choose M large enough to make (n+1/2)/M
very small), but a suitable value of ¢ > 0 in (44) for all n > 0 can be obtained with a detailed
analysis. Indeed, numerical simulations show that this overlap is approximately 2/3 for many n’s.
See Figure 3.

Our next goal is to prove that the support of the Plancherel-Rotach states |¢,,), where 0 < n <
N — 1, is arbitrarily small in the subspace of the discrete QHO states specified by an Npig, > N.
In the continuum we already proved that, expressing ¢,(x) = > 7_ o /¥y (), then

S Janw]? < CLW _ (72)
n/>Nhigh 7 Nhigh T 1/2

This is equivalent to (65) since Hermite functions are orthogonal. Consider now |¢,) and [i),) for
0<n<N-—1and0<n' < Nygn. Note that, in general for all z € R,

2
e (@) 1086 , | S| < e+ ) | D)) < don 1 0P ()

for some constants ¢ > 0 and ¢’ > 0. Since n/ can be larger than n, then we cannot use improved
bounds for these functions. It follows that

d2
da?

(wn/(x)cbn(x))‘ = O ((Nusgn +1/2)*4) . (74)
Then, using the trapezoidal rule we have (V| ¢n) ~ [0 dx ], (2)dn(x) within additive error

0 (<n  1/2)Y2(Nyggn + 1/ 2)3/4> -0 (whigh i WW) | "

M M
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since we only need to integrate in the domain of interest. Then,

() = g+ 0 (P U (10

The trapezoidal rule also implies
o 1= [ e o +0 (W) )
::iémmwﬁ+0<0%igmwj, (78)

n'=0

since the prior bounds imply |$¢n (z)] = O(n*/*) in the domain of interest.

Let M > Npign, > N. Consider the subspace spanned by {|tn) Yo<n< Nuigh and its orthogonal
complement; both span CM. Let ITs Nuign D€ the projector onto the latter. Without loss of generality
we can write

Nhigh

60) = D Baw [w) + |o75) (79)

n'=0

where |¢) =I5 n,,,. |¢n) is subnormalized and the amplitudes are Zgi%h |Bnn|? < 1. Note that
(| Bn) = Brns + O(Nnigh exp(—Q(M))) for n’ < Npign. Our goal is to bound || [¢;) ||. Combining
the prior results we have

Nhigh

Hom) 12 = 1dn) 12 = 1| Y- Bawr [ton) |12 (80)

n/=0

oo n 5/4 Nhigh
=S Janwl?+0 (“;ﬁ) =3 Bl + O(Niggn exp(~0(M))) (31)

n’=0 n/=0

00 n 5/4 Nhigh
=S Janwl?+0 (“}ﬁ) =3 Wl )P + O((Nugg)?exp(~Q(M))) (82)

n/=0 n/=0
[e'e) Nhigh 5/4
_ 2 (n+ 1/2)5/4 o 2 , (NVhigh +1/2)
E%Mm4+0< i E;Ww4+OvM@ i (83)
N9/4
2 high
= 12 _— 4
N+1/2 Nign + 1/2)%/4
Co( ) o (What iy -
ig

We dropped the term exponentially small in M since it is asymptotically subdominant. To establish
| |5 |2 = O(e) it suffices to choose Nyigh = Q(N/e) and M = Q((Nyign)®/*/¢). This shows (45)
and completes the proof.

O
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Efficient preparation of the Plancherel-Rotach states. Thus far we considered the Plancherel-
Rotach states defined in (41) as good initial states to prepare the corresponding |, ), since they
have overlap bounded by a positive constant. For the quantum Hermite transform to be efficient,
we need to show that these states can be efficiently prepared. Note that it suffices to produce
O(e)-approximations to the |¢,) since this will imply a QHT with error O(g). Unfortunately, we
cannot allow for a constant-error approximation to |¢,) because we need to make sure that the
support of the state in the high-energy space is still bounded by O(e).

Lemma 22 (Efficient state preparation). Let 0 < n < N — 1 and € the error. Then there is a
quantum circuit that performs the map

|6n)
on)l

[n) = |n) (86)

within error € using O((log N + log(1/¢))3) gates.

Proof. The states |¢,) admit a simple form, being a linear combination of basis states with ampli-
tudes proportional to

1 1
Ap(z) i= —— X gn(1) = —— X gn(x
)= Ty * ) = o <0 (57)
and phases
+0,(x) =+ [(g + i) (sin(ng(x) —2p(z)) + 32) , (88)

where @(z) = arccos(z/v/2n + 1). That is, ¢n(z) o A, (x)(eTOn®) — ¢710n@)) We will describe
a method to prepare a state with one of these phases, say +0,(x), and the linear combination
can be obtained via a simple Hadamard gate. This is because, while |¢,) are subnormalized, they
have norm bounded by a positive constant. There are several known state preparation methods
that can be useful for our context. For example, we could repurpose the algorithm of conditional
rotations [Zal98, GR0O2] and, to restrict the domain to within the oscillatory region we can use
quantum rejection sampling [ORR12]. A more recent approach is that based on inequality testing
in [SLSB19] and is the one we will follow here.

For each 0 < n < N — 1, the states |¢,) are superpositions over basis states |j) where, in our
convention, —J(n) < j < J(n) — 1, and J(n) is described in Lemma 21. They are in the space
CM, where the number of qubits is m = log, M. To simplify the details of state preparation, we
are going to use the standard convention where basis states are labeled as {|0),[1),...,|M — 1)}.
As mentioned, we can go from one convention to the other via a cyclic permutation (see below).
Initially, we will consider setting the amplitudes proportional to A, (z) and then we set the phases
¢'®n(#) " For the amplitudes we assume access to an oracle amp that computes A(z) with r bits
of precision in an additional register. Note that A(x) is bounded by a constant in the oscillatory
region of interest. We are going to introduce ancillary registers in many steps, but the relevant
parts are flagged by the states |0).

o Step 1: Given n, compute the smallest integer ¢ that satisfies 2¢ > 2J(n). Apply ¢ Hadamard
gates to map |0)®" \/% Z?iﬁl |7). Apply an inequality test to obtain \/%(Zii%")_l |7) 10)+

Z?q:;(l](n) |7) |1), which flags the relevant support.
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o Step 2: Use amp and inequality test to perform the map [5) — [5) |45 (z5)) \/127(2124;(()13‘)71 |z) |0)+

Zifn () 2)|1)), where A, (x;) is an r-bit approximation of A, (z;) (rescaled by a constant).

o Step 3: Apply » Hadamard gates and the inverse of amp to map the prior state to |j) % |O>®T+1+

®r+1

|wj-->, where |w]J-> is orthogonal to |0) and subnormalized.

Following this steps we have essentially prepared the state

2J(n)—1 «
1 .
= An(fj) 1) 10)%72 + Jwyr) (89)
\/24 2
Jj=0

where again |w;-) is subnormalized and orthogonal to [0)*" . We can use fixed point amplitude
amplification to select the desired part of this state and obtain an O(e) approximation to

Jn)—1 An(x; .
St Azl )

2J(n)—1 Ap(z;) | - :
|2 Anled) gy

(90)

Amplitude amplification introduces a multiplicative cost that is O(log(1/¢)), since the relevant
overlaps are constant.

We discuss the relevant complexities of this approach. First note that it suffices to prepare

an O(e) approximation to |¢,), since the QHT is performed within this precision and |¢,) has
overlap with [¢,) bounded by a constant. It then suffices to compute the amplitudes A(z) within
multiplicative error O(g), but since these are bounded from above by a constant, we can compute
them within additive error O(¢). It follows that the number of bits of precision is r = O(log(1/¢)).
We can then construct amp using coherent arithmetics; one procedure would involve first computing
¢(x) within error O(e), which follows if x/y/2n + 1 is obtained within that complexity, and then
computing 1/4/sin p(x) within this error. For this step it suffices to first compute /2w /M /+/2n + 1
within error O(g/M), which can be accomplished with cost O((log M + log(1/¢))?). Then we
multiply with j, and since j is expressed with log M bits, this is subdominant. We also need to
compute g, (x) within error O(e). Since g,(x) can be obtained by rescaling some g(z) [Som19], this
translates to computing g(z) within error O(g/y/n). This function involves the bump function and
for this precision the cost is O((logn +log(1/¢))?), hiding a doubly logarithmic cost. This function
is smooth and also involves an integral, and this increases the cost by a factor of O(log(1/¢)). So
the total cost of computing g, (x) is O((logn + log(1/¢))? log(1/¢)).

There are additional gates used in the procedure, the Hadamard gates and those for inequality

tests, which are also subdominant.

The next step involves including the phases. Again, it suffices to compute these phases within

" = O(log(1/e)) bits of precision. We can construct an oracle phase that performs the map
l7) = 15)|©(x;)) and then use phase kickback and the inverse of phase and obtain €@ |5). To
this end it suffices to compute ¢(x) within additive error O(¢/N). This follows if x/v/2n +1 is
computed with that error which again can be done with cost O((log M + log(1/¢))?), as explained
in the construction of amp.

The last step is to perform the cyclic permutation, since in the standard convention the states

|¢n) involve a superposition of basis states from —J(n) + M/2 to J(n) — 1 4+ M/2. This can be
accomplished with gate cost that is log? M using the standard QFT, as explained in [Som16].

According to Lemma 21, M = poly(N, 1/¢) and including the cost of amplitude amplification

to obtain the normalized state, the result follows.

O
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Fast eigenstate filtering. The next step in the QHT is that of state ‘filtering’, which is a transfor-
mation that ideally would flag the Hermite state and perform the map

bn) = B [tn) [0)5™ +10;) (91)

where 3, = (¢n| ¢n) is the (bounded) overlap, and |0)*? and |0.) are orthogonal states of the
ancilla qubits. Since we would like to implement this transformation for an exponentially large
set of values of 0 < n < N — 1, we will combine the fast-forwarding results for the discrete QHO
in Section 3 with the conventional QPE algorithm [Kit95].

Lemma 23. Let 0 < n < N — 1 and ¢ the error, where N > log(1/e). Then there is a quantum
circuit that performs the map in (91) within error ¢ using O((log N + log(1/¢))3) gates.

Proof. For given N and e, we set M and Ny, according to Lemma 21. We also write M = 2™
and let U(t) = e 1 be the time-evolution unitary for the discrete QHO H € CM*M  where
|t| < 27. Plancherel-Rotach states are mostly supported in the subspace where n < Nyjgn. For all
0 < n < Npigh define U, := U(27r/M)ei(2“/M)(”+1/2). In the low-energy subspace of interest, where
n < Npigh, we already proved U (t) [th,) = e {1/ |4, + O(exp(—Q(M))) and hence,
1
M
for all 0 < n,n’ < Npjgh and n # n'. It follows that if we were to run the standard QPE
algorithm with m ancillas and controlled-U2’~! unitaries, we would already be performing the
desired eigenstate filtering within exponentially small error O(exp(—(M))), which is subdominant.
This approach, however, requires implementing U a number of times that is exponential and scales
with N or M.
To fast forward eigenstate filtering, we are going to replace

U2 = W, = V(2(2r/M))e? Cr/M)(n+1/2) (93)

L+ UZ") o (L4 Uy) o) = Oexp(—Q(M))) (92)

where V() is the approximation to U(t) = e~ yging the sequence of three exponentials as in
Theorem 5. The new QPE circuit would then have controlled-W,, ; operations rather than the

controlled—Uflj_l. Our fast-forwarding results also imply

S W 1) o (U W) ) = [t} + Olexp(~Q(N)) (94)
T W) o (L W) i) = Olexp(~2(N))) (95)

again for 0 < n,n’ < Npign and n # n'.
Consider now an arbitrary input Plancherel-Rotach state |¢,,). We have shown |¢,,) = Zgiigh | Un)+

|p:-), where || |¢) || = O(e), for our choice of parameters in Lemma 21. Hence, for this state our
QPE algorithm performs

[6n) = B [n) 00 +[07) (96)

within error that is O(e + exp(—Q(V))). Assuming N > log(1/¢), the O(g) term dominates, and
this is the desired eigenstate filtering operation of (91).

The number of operations for eigenstate filtering can be estimated as follows. Each W; involves
three exponentials, and there are m —1 calls to them. We already established that each exponential
requires O((log M)?) gates (using schoolbook arithmetics). Then, the gate cost is O((log M)3) =
O((log N +log(1/¢))3).

O
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Fixed-point amplitude amplification. As a next step we need to show that amplitude amplification
enables the efficient preparation of the Hermite states from the Plancherel-Rotach states, even when
the overlaps for different n < N are different, but still bounded from below by a positive constant.
After eigenstate filtering, our goal is to implement the map

N-1

Z H |¢n ﬁn |wn> |O>®m + ’OL>) Z (679 |n> |7,Z)n> s (97)

n=0

where the «, are arbitrary and (3, = (¢,| ¢,). To this end we start from results on fixed-point
amplitude amplification in Refs. [YLC14, GSLW19]. These will ultimately give the desired mapping
even when the overlaps 3, are different.

Lemma 24. Let N > 0 and ¢ the error. Let RO = (11— 2|0)0|®™) be the reflection over the ancilla
state [0)*™ and U := YN [n)Xn|@U, + S MF [nXn| @ 1 be a conditional umtary, where U, is the
um’tary that prepares the Plancherel Rotach states |on) /1 o) ||, and let V := o n)(n| @ Y, +
Zy ~ In)Xn| @ 1 be another conditional unitary, where V,, is the unitary that performs etgenstate
filtering. Then there is a quantum circuit that performs the map in (97) within error € usingU, V,
Ry, their inverses, and arbitrary one qubit gates O(log(1/e)) times.

Before providing the proof, we note that our result relies on, and generalizes the following
fixed-point amplitude amplification.

Lemma 25 (Fixed-point amplitude amplification, Thm. 27 of Ref. [GSLW19]). Let U be a unitary
and 11 be an_orthogonal projector such that a|V¢) = U |¥o), and a > 6 > 0. There is a uni-
tary circuit U such that |||Vq) — U |Wo) || < €, which uses a single ancilla qubit and consists of

O(log(1/e)/8) U, U, CuNOT, Clyyyw, NOT, and €%7% one qubit gates.

Here, a is unknown but the lower bound ¢ is known. The operation CpNOT is simply an
operation that coherently checks whether the state is supported in II or not, and flips the state
of another qubit based on the outcome. Similarly, C|g,yw,NOT performs a flip on the qubit
depending on whether the state is |¥g) or not. Also, fixed point amplitude amplification uses an
ancillary qubit, which starts in |0) and ends in |0) within error . This is important for (97) to
avoid changing the amplitudes «;,. A generalization of this lemma, which we give below as it can
be of independent interest, is used in the proof of Lemma 24.

Lemma 26 (Fixed-point amplitude amplification in subspaces). Let N > 0 be the dimension. For
all 0 < n < N —1, let Uy be a unitary, 1, be an orthogonal projector such that an W) =
.U, |98, and a, > 6 > 0. There is a unitary quantum circuit U such that || o ) W) —
USN Loy, |n) U8 || < e, where the amplitudes o, are arbitrary and Y, |an|?> = 1 which uses a
single ancilla qubit and consists of O(log(1/¢)/8) U, UT, CyuNOT, Cy, NOT, and eid"’z one qubit
gates, where U =, |n)Xn| @ U,, I1 =3, In¥n| @ 11, and Iy = Y, [n)n| @ [LEN Y.

Proof. Fixed-point amplitude amplification is based on Chebyshev approximations; in the case
of Lemma 25, we can assume these to be, for example, linear combinations of Chebyshev polynomials
of

B = <£T é) ;A= W)W | UTTT = a W) (Vg (98)

where a is the complex conjugate. The linear combination can be implemented with techniques like
QSVT and implements the map |¥g) — |¥q). The complexity is determined by the degree of the
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Chebyshev polynomials in the approximation, and this is O(log(1/¢)/d); even when a is unknown
(but ¢ is known), the polynomial allows for the correct mapping.
To work in subspaces, we simply replace B by the direct sum: B := ,, B;,, where

B, = ( o “3) A = ORI UL, = a, 105) (0] (99)
The Chebyshev polynomial approximation in each subspace will perform the mapping |¥g) —
|W%), within error ¢, and the transformation carries to an arbitrary state SN v, [n) [U2) due to
linearity. Note that while fixed-point amplitude amplification uses an ancilla qubit, the ancilla state
stays in |0) at the end, within error O(e), for all n. Since we are using the same approximation,
the degree is unchanged and still O(log(1/¢)/9).

We also note that B =}, |n)n| ® By, and accordingly we can define

A= (Z|n><n|®|\1f3>< ’SI> (Z rn><nr®U,1) <Z|n><n|®nn> =Y Innl ® A, . (100)

It follows that we can build the walk operator to implement the Chebyshev polynomials using U,
CnNOT, Cp,NOT, their inverses and arbitrary gates, a constant number of times. The result
follows from multiplying these complexities with the degree. O

Proof of Lemma 24: Given N and ¢, the dimension M is set according to Lemma 21. As
mentioned, the proof relies on Lemma 26 and we need to define the corresponding operations. For
all0 <n < N —1, we let [¥8) = [0)%*™ and |U%) = [1h,)]|0)®™. The unitaries U,, are a sequence
of two unitaries, the unitary U, to prepare the Plancherel-Rotach state |¢,) /|| |¢n) || and another
unitary V, that performs eigenstate filtering as in Lemma 23:

Bn
) |

The projectors are then II,, = [0)0|*™ for all n. The subspace where M — 1 > n > N is irrelevant
since we only need to perform the right transform when n < N — 1. Hence, we can freely define U,
and IT,, in that subspace; for example we can set U,, = 1 and II,, = [0)(0|®*™ for n > N.

With these definitions we fit the framework of Lemma 26. Note that, since we showed 5, /|| |¢n) ||
is bounded from below by a positive constant, the number of amplitude amplification rounds is
O(log(1/e)). This is the largest degree of the Chebyshev polynomial in the approximation to
implement fixed-point amplitude amplification. The overall complexity, as determined by the uses
of U = X, |InXn| @ Un, V = 3, In)n| @ Va, Ry = 1 — 2]|0X0/*™, and their inverses, is then
O(log(1/¢e)). The number of one-qubit gates scales similarly due to Lemma 25. O

[¥n) [0)2™ = (1@ [0)0|*™)U, [0)%*™ . (101)

Last we comment on the complexity of implementing the conditional unitaries. The unitary
U, is discussed in Lemma 22. It requires performing a sequence of computations that depend
on n, including J(n), z;/v/2n + 1, and it uses amp. We can run these computations coherently
without adding a relevant factor to the gate cost and produce a version of amp that now is not
only conditional on |j) but also on |n). Hence the gate complexity of the conditional gate U is
dominated by the largest gate complexity of the U,’s, which is the one of Lemma 22. The unitary
Vy is discussed in Lemma 23. It requires implementing a version of QPE with unitaries W), ; that
depend on n in that there is a phase ei2’ @7/M)(n+1/2) hyt all other operations are independent of
n; see (93). This is a simple phase gate on |n) that needs to be performed for 0 < 5 < m — 1, but
does not add a relevant factor to the overall gate complexity either. Hence, implementing ¢/ and V
can also be done with complexity O((log N + log(1/¢))?). For more general results on constructing
conditional unitaries efficiently, Cf. [BFGH10].
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Uncomputation via quantum phase estimation. The last step is to ‘uncompute’ the register that
contains |n), that is, to perform the map

1) [tn) = 10)°™ [thn) - (102)

Similar to eigenstate filtering, we can leverage the fast-forwarding property to perform exponentially-
precise QPE that would allows us to obtain |n) on input |¢,,). QPE can then be used to uncompute.

Lemma 27. Let 0 < n < N — 1 and ¢ the error, where N > log(1/e). Then there is a quantum
circuit that performs the map in (102) within error ¢ using O((log N + log(1/¢))3) gates.

Proof. As before, for given IV and ¢, we set the dimension M = 2™ and Nygp, as in Lemma 21. Let
Vj i= V(20 (21 /M))ei? Cm/M)/2 for 0 < j < m — 1, where V (t) is the approximation to U(t) = e~ H?
using the three exponentials in Theorem 5. Consider the action of the QPE algorithm using m
ancilla qubits initially in uniform superposition and using controlled-Vj, on the Hermite state. Prior
to the action of the QFT, the state is transformed as

1
T2

10, lm—1€{0,1}

’lo . lm_1> |¢n> — Z |l0 o lm—1> (Vm—l)lﬁh1 s (VO)lO |¢n> )

l0,--lm—1€{0,1}

al-

(103)

and using Theorem 5 this is

—i(2mn/M)(lo+...42™ 1) ‘l l > W} > -
— E e 0 lm—1) ) + Oexp(—Q(N))) . (104)
loydlm—1€{0,1}

We now apply the QFT to complete the QPE. Since the ancillary system is a superposition over basis
states |j) with phases e~ 27/ then the QFT maps it to |n) [¢b,) within error O(exp(—Q(N)))
that is subdominant under the assumption N > log(1/e). QPE applied then the inverse of (102),
so the quantum circuit for uncomputation is the inverse of this QPE procedure.

Like in eigenstate filtering, the gate complexity of this approach is given by that of all the Vj’ s.
This is also O(log®(M)), since each V; involves three exponentials of complexity O(log?(M)) each.
Since M = poly(N,1/¢), the result follows.

O

4.2 The algorithm

We are now ready to provide a quantum algorithm that implements the QHT. This essentially
follows the steps outlined in Section 2.

Algorithm 2 Quantum Hermite Transform

1: Let N > 0 be the dimension of the QHT and € > 0 be the error. Set M = O(N%/*/e13/4)
according to Lemma 21 and let m = logy M.
2: For an m-qubit state 7" a, |n), use Lemma 22 to prepare 2" ai, [n) |on) /|| |1dn) |-
3: Use eigenstate filtering and fixed-point amplitude amplification in Lemma 25 to prepare
N3 i ) ).
4: Use uncomputation in Lemma 27 to reset the state [n) and prepare SN ay, [4h,).

33



Proof of Theorem 19. The combination of the above steps and results allows us to perform the map

N-1 N-1
Z an [n) — Z an [¥n) (105)
n=0 n=0

within additive error e, and hence imply the QHT. Before using amplitude amplification, for
both the preparation of Plancherel-Rotach states and eigenstate filtering, the size of the circuit
is O ((log N +log(1/¢))3). Combining this with the complexity of amplitude amplification itself,
we have an overall complexity of

O ((log N +log(1/2))* x log(1/e)) - (106)
L]

In Theorem 19 we assumed N > log(1/e). This implies that all error terms O(exp(—Q(NV)))
are subdominant. As N is exponentially large in some problem size, this assumes € not to be
double-exponentially small. Nevertheless, it is also possible to avoid this assumption and follow the
same steps of our proofs, while keeping track of all errors that are exponentially small in V.

5 Hermite sampling

In this section we discuss an application of the Hermite transform in theoretical computer science.
We solve problems in property testing and learning using Hermite sampling as a subroutine. The
goal here is to return a sample v € N with probability |f,|?, where f, is the coefficient of the
Hermite polynomial corresponding to v in the representation of f. This gives a simple algorithm
to solve the Gaussian Goldreich-Levin problem, an analogue of the well-known Goldreich-Levin
problem in boolean functions and cryptography, in the Hermite function basis. We also show some
property testing results which also hold for boolean functions using QFT as a subroutine, although
we do not elaborate on that here.

Suppose we have a function f : R® — [—1,1] and a discrete set of input points S C R. We
fix P € N assume that f is constant over subcubes of R™ whose endpoints are integer multiples of
2P In other words, f acts with P, bits of precision. Furthermore, we assume the output of f
is recorded with P bits of precision. Finally, we assume that f is “well-conditioned” in the sense
that there exists a distortion x > 0 such that ||f|| > ~~!. This distortion parameter captures the
“spikiness” of f, it is the max value of f (one can imagine the tails are cut off) divided by the
average fo-norm of f under the Gaussian distribution. The dependence on this parameter comes
from the complexity of preparing a state whose amplitudes are proportional to the values of f using
phase kickback, conditional rotations, and postselection.

We note that technically we do not need the full power of the Hermite transform in this section.
In particular, we do not need to perform the uncomputation step (Lemma 27) to be able to sample
proportional to \j‘;|2, since the absolute value is agnostic to the relative phase.

In the following section, we give an algorithm that takes an oracle to f : R" — {—1,1} and
implements Hermite sampling, for a cleaner exposition. Later in Section 5.2, we generalize this to
general functions f : R™ — R. Finally, in Sections 5.3 and 5.4 we give applications in property
testing and learning, respectively.
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5.1 Boolean-output functions

In this section we restrict our attention to Boolean-output functions — that is, functions whose
outputs are in {—1,+1}. Since there is no output precision, we write P, as opposed to Pj, to be
the input precision of f, for simplicity.

For a resolution parameter h and bound L > 0 define

Spl-L.,L] ={kh:ke€Z,—L<kh<L}.

This constitutes a set of points with log(1/h) bits of precision over which we will discretize the
QHO eigenstates. Define M = |Sy[—L, L]| = |2L/h|. This is the number of evaluation points. We
will use the state preparation algorithm from Section 4.1 to construct approximate hermite states

of dimension
M = max{2C'L -2 P . (n + logn + log(8/¢)), 40y D log(2D)}.

For simplicity, we first give an algorithm for the case where the output of f is {—1,+1}.

Algorithm 3 Approximate Boolean Hermite Sampling

1: Let P be the number of bits of precision that f acts with.

2: Choose M = max{2y~'L-2PP . (n+logn + log(8/¢)),40yDlog(2D)}, let m = logy M.

3: Let V' that implements the Hermite transform up to degree D and ambient dimension M.
4: Prepare the state [¢g)"" = (V |0™))®n
5
6
7

: Apply the oracle Uy to |%)®n

. Apply VI®" to the state Uy |%>®n
: Measure in the computational basis and return the result.

In the remainder of the section, we will prove the correctness of Algorithm 3. For succinctness
we write for some x € {0,1}", [¢y,) @ ...|1bs,) as [1b;) in the rest of this section. We begin by
employing a standard result in approximation theory which states that Riemann sums converge
exponentially fast for analytic functions such as the hermite functions.

Fact 28 ([TCW14]). Let f : C — C be analytic on a strip S = {z € C: Re(z) € [a,b], [Im(2)| < a}
and suppose further that |f(z)| < Q for z in this strip. Then we have

3 (o O [ ] < 250

27raM -1
We show that the product of convergent univariate Riemann sums converges to the product of
the corresponding integrals.

< AnQe M,

Proposition 29. Let {al(»k)}f\il be finite sequences for k € [n|. For each k choose a by such that

M
Z agk) b <e
i=1

Furthermore, suppose that there exists an QQ such that for all k

Wl <L |l <Q.

Then we have

n M
1> a0~ T <
k=11=1




Proof. The proof proceeds via a simple hybrid argument. Let

n M n M n
HOZ Hzagk)7 lebl' Hzaz(k)7 vy Hn: ku
k=1

k=1i=1 k=2 i=1

For ¢ € [n] we bound the difference between the hybrids Hy and Hy_1. We have

J4 n M . /-1 n M L
Hy— Hea| =TT T Sa® — [Ioe-TI> o
=(+11i=1 k=1 k=01i=1

1
=
&ME
£

M
_ Qéfl . anﬁ . Zal(@) — bl < anlg
i=1
Since this holds for any choice of ¢ € [n], we have
n M X n n
13- a™ — [ bk| = [Ho — Hal <3 |Hesr — Hy < nQ" e, O
k=11i=1 k=1 =1

Next, we bound the probability mass of hermite functions outside the region L. In the sections
that follow, we denote by v the Gaussian probability density function e~ /v/2m. Recall that
Jr Hi(z)He(2)v(z)dx = Ok

Proposition 30. Fiz L > 1 and let R = [-L,L]. We have
[ @ @) < e
Rn\Rn

Proof. Define R = [—L, L]". We have

L t@H@u@ds] = | [ w2 @) @ @) ds
n\R R\ R

= \//R"\R f(x)QV(x)\/ Rm\R Hy(z)?v(x) (Cauchy-Schwarz)

= n\RV(W [ Hi(@Pv()

o0 TL/2 9
< (2/ V(x)) <e A, O

L

As our first major step towards proving the correctness of Algorithm 3, we show that Riemann
sums that are approximately induced by the discretized QHO eigenstates converges to the correct
quantity.

Proposition 31. Let f: R — [—1,1] be constant on subsets of the form [2=Fk,27F(k +1)]. For a
sufficiently large M € N, take h = \/QM’T, L= 1/%, and S; = Sp|—L, L]. Then for any v € N",

<2n. (2L 2Fyre 2 DMLy mnl?/d

S M@ H @)~ [ @) @)

z€ST "
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Proof. For each = € S, define Sa(x) = Sp[z — 277, 2] and Ta(z) = {[z,z + h] : © € Sa(x)}. We
remark that the Th(x)™ are cubes over which f is constant, by assumption. We denote

R = Z M™"f(x)Hy(z)v(zx).

zeST

This is a Riemann sum that approximates the integral f(z)H,(x)v(x) within the region [—L, L].
First we bound the error of this approximation and later show using Proposition 30 that restricting
to this region accrues very little error.

=1y (M—” 3 f(y)Hv(y)V(y)—/TQ(m)f(y)Hv(y)V(y)dyﬂ

|R— / F(@)Hy(2)v () de
[-L,L] zESH yESa ()"

=[> fl=) (M" > Huyvly) - Hv(y)V(y)dy)

z€SY yE€Sa(z)™ Tz (x)
<> MY Hy( — Hy(y)v(y)dy
zESY yES(z)n Ty (x)

We will bound the inner term of the above sum. First, we observe that the both the sum and the
integral can be expressed as products of individual sums and integrals. Thus, applying Proposi-
tion 29, we have

<n-max
1€[n]

‘M” > Hy(yvly) - Hy(y)v(y)dy

yESQ (x)n TQ(x)

Z H,, (= /Tz(x-) H,, (z)v(z)dz

2E€Sy xl)

Note that the variable z above is univariate. We can now use Fact 28 to bound the inner term.
Indeed, invoking the application of the trapezoid rule in (17), we have for any i € [n]

Z - / H,,(2)v(2)dz| < e=2 " (M/2L)?
Ty ()

zESg(ml)

whenever M > 3 -2F. The sum over S results in an additional multiplicative factor of (2L27)".
As such, we have

‘R B / f(@)Hy(2)v(2)da| < 2n - (2L - 27)re > (M20"
[—L,L]"

We now conclude the proof by showing that the exclusion of the region R™\ [-L, L]" results in
a very small additive error. Indeed, applying Proposition 30 we have

/ f(@)H, () (2)de
Rn\[—L,L]"

/ (@) H, (z)v(z)dz
R7\[-L,L]™

<2n-(2L- 2P)ne—Q*P.(M/M)? + e—nL2/4. 0

<

‘R - f(z)Hy(x)v(z)
R?

R— /{LW F(x) Hy(2)v(z)de| +

< 2n- (2L 2F)ne=27 " (M/2L)* |

Now we show that applying the oracle to the discrete, unnormalized ground state |¢gn) and
measuring in the |¢,) basis corresponds to a Riemann sum that converges to f(v).
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Lemma 32. For each v € [D]", let |¢y) = ®j_; [1n,;), where each |1)y,) is formed with resolution
parameter h = M~1 and limit L. We have, for every v € [D]"

|l Uy [toon) = F0)] < &/4.
Proof. We can write

(0ol Ug [oon) = M"Y fl2)Ho(z)v(z).

z€ST

By Proposition 31, we have the bound
@l Us lon) = F@)|| < 2n - (2L - 2Py "MLy gmnE2/a,
For our choice of M we have that the right hand side of this is bounded by /8 + ¢/8 =¢/4. [

Since the (orthonormal) approximations |¢) of the discrete QHO eigenstates are very close in
trace distance to the |1)) above, we can show that they satisfy a similar property.

Corollary 33. For each v € [D]", let [1h,) = @14 [by,), where each |1hy,) is formed with resolution
parameter h = M~t. We have, for every v € [D]"

|l Uy [on) — Fw)| < /2.

Proof. Now we argue that replacing |1o») with |)gn) doesn’t result in too much error. Recall that
we assume the existence of a constant « such that

dister (|on) , [907)) < ndistes ([40) . [¢0) ) < nexp(—yM).
Thus we have
|(Bol Ug [om) — F@)| < | @ol Ug [om) — (Wl Uy [om)| + |0l Uy [10n) — F()]
= | @ol Uf ([0} = ltbon)) | + |0 Uy [to0n) = F()|
< nexp(—yM) + (| Uy [toon) — F(v)|
e/12+ |(@u] Uy [thon) = (60| Uy [toom)
(o] Uy [thon) — (| Uy |thon )| + /3
(o

|
= (@l = (al) Ur lwon) | + /3
<nexp(—yM) +¢/3 <¢e/2. O

A

IN

+ (Wl Uy lon) = F(0)

IN

Now, we are ready to prove the correctness of Algorithm 3

Theorem 34. For each v € [D]", Algorithm 3 outputs v with a probability p,

- fw)?| <
. Furthermore, it runs in time O(npolylog(n, D,1/¢)).

Proof. The correctness of the algorithm follows from Corollary 33. Indeed, for every v € [D]™ we
have

" fw)?
+ )]
~ fw)?| <

po = 0P| = || @810y B0

= ||@s1uy [Gon) |Gs1 Uy [dor)| — Fw)?

_ 2
2 “<¢S’ Uy |1on ) Corollary 33
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We now analyze the time complexity. We will prepare the QHO ground states |1g=) with preci-
sion M and approximation error £/3n. Using Theorem 19 this can be done in time O((logn +
log D + log(1/e))3lognlog(1/¢)). Then, after applying the oracle, we apply the unitary that
maps |¢) to |k) for k in the low-energy subspace for each qubit, with approximation error
£/6n. Since these states lie in a Hilbert space of dimension M this also takes O((logn + log D +
log(1/¢))3lognlog(1/¢)) time for each i € [n]. Overall, the runtime is O(n polylog(n, D, 1/¢)), and
the additional error from implementing the states |¢gn) and inverse Hermite transform unitary is
/2, for an overall error of . O

Furthermore, with a slight overhead in runtime, we can guarantee that our Hermite sampling
procedure approximates the true distribution in total variation distance.

Corollary 35. Let f be v-concentrated on Hermite coefficients with univariate degree at most D.
With a runtime overhead of O(nlog D), Algorithm 3 returns a distribution D = {py }ye[p» such
that the total variation distribution between D and the true Hermite distribution is at most € 4+ v.

Proof. This follows easily from Theorem 34 by choosing an error ¢’ = ¢-(D+1)~" and applying the
union bound over all elements in {0, 1, ..., D}". The overhead in incurred runtime is nlog D. O

5.2 General functions

In this section, we describe how to generalize our algorithm to functions whose output is now in
[—1,1]. We remark that the algorithm is effectively the same as in the Boolean case, with the
addition of a quantum multiplication step that multiplies the amplitude of each |z) by f(x). This
involves controlled rotations and postselection. These steps require a more careful analysis and
increase the query and time complexity by a factor depending on the “well-behavedness” of f. This
property is what we call distortion, as defined below.

Definition 36 (Distortion).

@]
|f @)@

We denote this by « when f is clear from context. Note that x = 1 for all functions f : R® —
{-1,+1}.

r(f)

We first show that the probability distribution generated by Algorithm 4 is close to the true
Hermite distribution pointwise. Recall that, when the output of f is non-Boolean, the Hermite
distribution ¢, is defined to be f(v)2/||f||* for all v € N"™.

Lemma 37. Define g, to be the distribution induced on N" by the Hermite coefficients of f and let
py be the probability of sampling v € [D]™ in Algorithm /.

Py — qu] < e.

Proof. Let |1)) represents the state of the algorithm after the postselection step, assuming the initial
state was instead |1gn) ® |0F2) |0). We have that

o Seesy M2 f (@ (@) |2)
[) = — .
Vwesy M7 f (@)% ()
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Algorithm 4 Approximate Hermite Sampling
1: Let P, and P, be the number of input and output bits of precision, respectively, for f. Fur-
thermore, let x be the distortion parameter for f.
Choose M = max{2"t - (n + P + log(24x/¢))log(1/e),40vDlog D}, let m = logy M.
Let V that implements the Hermite transform up to degree D and ambient dimension M.
repeat
Prepare the state \%>®n 10F2) |0)
Apply the oracle Uy controlled on register 1 to register 2.
Define the controlled rotation R |f(z — /1 — f(x)?|f(x))|0) + f(z) | f(z))|1).
Apply R controlled by register 2 onto reglster 3.
Measure register 3 in the computational basis.
until 1) is measured
: Uncompute by applying Uy controlled on register 1 to register 2.
: Measure register 2 in the computational basis and let |1,F/;> be the state of register 1.
. Prepare a unitary V that takes |1y to |k) for all k € [D].
: return The result of applying V®" to |¢), and measuring in the computational basis.

© X TS T W

—= = = = =

The denominator (call it v/P) is the normalization factor, and we show that it is very close to || f||.
Applying Proposition 31, we have

e- |/l
12

> M f(x)Pu(z) —If))

z€ST

= |2 M @) - [ )] <

x€ST

Thus, we can bound

‘ers M= f(z)?v(x) — [pn f(z)?d ‘< e 17l -
Swes M@ + 7 2o

| SN M f(@)2u(z) - ||f|!|

zesn

We can write:

(Yol P) = Z M™" f () Hy(x)v(2).

xeS”

We show using Proposition 31 that this is a Riemann sum which well-approximates K

- i
- |75 M @)~

xES"

f(v)

|<wv P) -

| /\

S M7 f(2)Hy(z) — f(v)

z€eST

xf ”\F HfH’

<y
— 12

1
vE il

PN
—12 12~ 6

Now, let |@Z> be the actual state of the algorithm after Line 12. We compute H ) — |@Z> H Recall that

H [hon ) — [thon ) || < nv/2exp(—yM). Tt is a standard fact that postselection which occurs successfully
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-1

with probability p blows up this distance by a factor of p~. The postselection in Line 10 of the

algorithm succeeds with probability at least m, so we have that
|8 = 19)]| < 2v2n £ - exp(—yM) < /12

We replace |1,) with [, ), which gives us

S - |,
%%w W”J%w (ol 9] +| (ol 9} — T < ¢/
Finally, we replace |1gn) with |{)gn), which swaps and bound:
|mW>A ‘yww @l + | - 10 < £
17| = HinE

2
Recalling that the probability of sampling v € [D]" in Algorithm 4 is exactly ‘<¢v| w>‘ and that
J(v)?

W =z Ve conclude by bounding
o _Qv’_|‘¢v|¢’ _W
O f(v)
“w¢ W”Wwwlwu
mewﬂ%ks -

The proof of the above lemma also gives us the following stronger result:

Lemma 38. Let |1;> be the state of Algorithm j after Line 11. Then

We are now ready to prove the correctness of Algorithm 4.

Theorem 39. Let p, be the distribution induced by the Hermite spectrum of a function f with
distortion k. Algorithm J succeeds in sampling v € [D™] with probability p, such that |p, — q,| < €.
Moreover it runs in time O(knpolylog(n, D,1/¢)) and makes O(k) queries in expectation to f.

Proof. By Lemma 37, we recover the bound |p, — ¢,| < €. It remains to analyze the runtime and
query complexity of the algorithm. The postselection step in Line 10 succeeds with probability at
least Hzﬂ > 2—2 Each attempts makes a single query to f and the only other time a query is made
to f is in the uncomputation in Line 11. Thus the query complexity is O(k).

Now we analyze the computational complexity. Preparing each initial state using Theorem 19
this can be done in time O((logn + log(1/¢))3lognlog(1/¢)). So, overall, this step takes time
O(knpolylog(n,1/e)). The remainder of the complexity is dominated by the preparation of V,
which takes circuit complexity at most O(nlog M) = O(npolylog(n,D,1/¢)). Thus the overall
runtime is O(kn polylog(n, D,1/¢)). O
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Again, we can boost the guarantee to total variation distance with an additional factor of
O(nlog D).

Corollary 40. Let f be v-concentrated on Hermite coefficients with univariate degree at most D.
With a runtime overhead of O(nlog D), Algorithm J returns a distribution D = {py}y,e[pjn such
that the total variation distribution between D and the true Hermite distribution is at most € + v.

The proof is identical to that of Corollary 35.

Applications. Inspired by the work of Klivans et al. [[KOS08], we give applications of our algorithm
in the form of learning and property testing algorithms. In PAC learning, we are given samples
of the form f(x) where f belongs to some known concept class C and z is drawn from a known
distribution D. For us D will always be the Gaussian distribution. The goal is to learn some g
which agrees with f with high probability on a random input from D. Sometimes learning tasks are
also studied assuming query access to f instead of samples. In property testing, we have an easier
task. We are given query access to f, and we simply want to test if f is in C or disagrees with all
functions in C with high probability. For more background, we refer readers to surveys on learning
theory [KV94, AW17] and property testing [Can22, MW 16]. We go over some preliminaries needed
for this section below.

We will use a seminal result in the theory of Sobolev spaces, specialized for the Gaussian
distribution. This is known as the Gaussian Poincaré inequality.

Lemma 41 (Gaussian Poincaré inequality [P0i90, BLM13]). For x ~ N(0,1I), and a differentiable
function f:R"™ — R we have that

Var(f(x)) < E||Vf(x)|?

The quantity on the right is known as the Hardy-Krause variation of f (ogx(f)) in the lit-
erature on Quasi Monte-Carlo methods [Fis06]. This inequality tells us that for the Gaussian
distribution vanilla MC suffices to get a good sample complexity. We will also need a result about
the approximation of smooth functions by Hermite polynomials. We state it below.

Lemma 42 (Polynomial approximation of smooth functions ([DKIK ™24, KTZ19])). Denote by Ps,, f
the Hermite expansion of f truncated to only include terms with total degree greater than m. Then
for all almost-everywhere differentiable functions, we have that

E [Pomf(2)’] < O

1 2
E ) E Vi@

For this section we will also need some lemmas about the classical complexity of computing for
Hermite coefficients of restricted functions, which we prove below.

Definition 43. For a function f: R" — R, set J C [n] and z € R’. Then define f=(v) : R/ - R
to be the function where the scalars in J is restricted to z.

Definition 44. For a differentiable function f : R™ — R, define vy := E, o/ ||V flI3. We will denote
this by v when f is clear from context.

Lemma 45. Let f : R" — R and S € N7, then we say J C [n] is the set of indices where S; > 0.
For z € RY, write Fsf(z) = f;,(S). Then we have that

Fsf(T) = f(SUT)
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Proof. For every U € N" we write U = SUT where S € Nand T € NY. We also use the notation
hy = hghp where hyy is the Hermite polynomial with coefficient U and hg, hr are defined so that
they only contain variables in S and T respectively. Then we have that

fa)y= > fhr= Y fSUDhshr= 3 (Z f(SUT>hT) hs

UenNn SeNJ TeNT SeNJ \TeN/

If the variables in T' are fixed to z then as a function of the/zariables in S the coefficient on the
polynomial hg is 3> 7 f(SUT)hr(2). Thus, we have that Fsf(T) = f(SUT) as desired. O

We can use Lemma 45 to derive a quantity which we can estimate efficiently.

Definition 46. Let R
Wo(f)= 3 F(SuT)

TeNJ

Corollary 47 (Corollary of Lemma 45).
W(f) = [ F3(8)*(z)dz
Proof.

T (8)u(2)dz = / Fef(2)%u(2)dz
R RJI

= Z Fg(T)? (Parseval’s)
TeN/
=Y f(SuT)
TeNT
O

Using our corollary, we can estimate W9 (f) efficiently.

Lemma 48. For any S € N an algorithm with query access to a differentiable function f : R — R
can compute an estimate of W2(f) that is accurate to within 4+& with probability 1 — & using

poly(y/e)log(1/6) queries.

Proof. We rewrite W2(f) in a way which can be estimated using Monte-Carlo integration.

w() = [ vtz = [ ([ omstma) v

= [ ([, #6250 s vl )dudy' ) vie)iz
RJ RJ

= E_E_f0.9f( Dhs)hs(y)

This quantity can be estimated by a Monte-Carlo method, and due to Lemma 41 we know
that Var(f(z)) < v2, so we can get an estimate of this quantity which is accurate up to +¢ with

probability 1 — 0 using };log(l /9) samples. O
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5.3 Property testing

In this section, we give quantum algorithms for property testing using our Approximate Hermite
Sampling subroutine. In our first two examples, we give provable quantum advantage. Throughout
this section, our notion of distance will be Gaussian inner product.

Definition 49 (Distance). We say that f,g : R™ — R are e-close if we have that

[ i@ 21—
R”

Conversely, we say that f, g are e-far if the inequality does not hold.

5.3.1 Provable quantum advantage for sign functions

The problem we consider here is to test if a given function f is close to a product of k sign function
or far from every product of k sign functions.

Definition 50 (Product sign functions).

xs(z) = s sgn(z;)
Definition 51 (Testing k-product sign functions). Given black-box access to f : R™ — R and given
€9 > &1 > 0 determine whether
o f(z) is e1-close to xg(z) for some S C [n] such that |S| =k, or
o f(x) is eg-far from all k-product sign functions.
Let e =9 — 7.
Lemma 52. Product sign functions can be tolerantly tested with O(1/?) quantum queries.

Proof. Note that if f(z) = xs(z) for some S C [n] then the only non-zero Hermite coefficients
of f are the ones which non-zero on indices in S. We can use Approximate Hermite Sampling
(Algorithm 3) setting the TV distance to be less than /2 (Corollary 35) and observe a sample T,
then let S be its support. Set S*(i) = * whenever ¢ € S and 0 otherwise. Then we can estimate
W5 (f) upto £e/4 using O(1/e?) queries by Lemma 48 and accept if it is at least 1 — €142, [

We prove a classical lower bound of Q(k) for this problem. We use the framework of Blais et
al. [BBM11], and use a reduction in the communication setting from Disjointness, for which we
know tight lower bounds.

Theorem 53. Any classical algorithm for testing k-product sign functions requires QU (k) queries.
Proof. Tt proceeds by starting from a hard distribution for Disjointness where we sample two sets
A, B such that |A| = |B| = % + 1 and with probability 1/2 AN B = ¢ and with probability 1/2 we
have |ANB| = 1.

For our reduction, given such sets A, B Alice produces x4 = Il;c4sgn(x;) and Bob produces

xB = IL;cp sgn(z;) and they want to test xap = x4 - XB-
We have

k+2 ifANB=¢

d p—
e8(x4) {k it1ANB| =1

because if i € AN B then x4 - xp does not depend on z;, since sgn(x;)? = 1. To prove our property
testing lower bound, it sufffices to prove the following claim.
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Lemma 54. For any set S: |S|=k+2 and T : |T| =k, the functions xs and xr are Q(1)-far wrt
to the Gaussian distribution.

Proof.
dxsxr) = 1= | xs(@xr()v()de
= —/Rn Xsar(z)v(z)dz
=1
Here we used that SAT is non-empty since S is strictly larger than T O

Therefore, deciding whether the input is close to a product sign function on k£ variables or not
allows us to decide the output of the Disjointness function. This must take Q(k) queries. O

Using the lower bound for testing sign functions, we can infer a €(n) lower bound on the classical
query complexity of Gaussian Goldreich-Levin. We recall that it is known that one can solve the
Goldreich-Levin problem with constant success probability with O(n/72) classical queries [Gol01].
The factor 1/72 is optimal since Parseval’s only gaurantees that the list L of 7-correlated functions
is of size O(1/7%). In the quantum case, we can do much better and get O(1/72) queries. Here, we
ask a similar question but for functions over the domain R™.

Definition 55 (Gaussian Goldreich-Levin). Given query access to a function f : R” — R, return a
list L of indices of Hermite polynomials such that

e f(S)>7 = SelL

~

o SeL — |f(S)|>71/2
To derive this we will need a observation about the Hermite expansion of sign functions.

Lemma 56. For f(x) = Iicr sgn(z;) we have that for any S € N*, f(S) < 1/ exp(k) where k is the
max degree of a variable in S from T.

o~

Proof. Let f(z) = sgn(z), and let f(k) be the coefficient of f for the degree k univariate Hermite
polynomial. Then we first show that f(k) < 1/exp(k). Note that for even k, this coefficient is
always 0 since hy(z) is an even function. For odd k, hi(x) is an odd function and thus we have the

following.

~

f(k) = /ngn(:c)hk(m)z/(x)dm = /OOO hi(x)v(z)de — /_OOO hi(x)v(z)dz

In general, if f(x) = I;ersgn(z;) then for any S € N" with non-zero number in any index
outside of T', the coefficient f(S) = 0. For any S supported entirely on 7T, we can factor the
integral for computing the Hermite coefficient based on each variable in T" and infer a lower bound
from the univariate case. O

Corollary 57. Any classical algorithm for Gaussian Goldreich-Levin requires Q-(n) queries.
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Proof. Using LLemma 56, we can see that any algorithm for Gaussian Goldreich-Levin with param-

eter 7 = —*— can be used to test if a function f is e-close to a product of k sign functions. But

log(1/¢)
we know that for £ = Q(n) this problem requires ©(n) queries classically. O

We also give a classical algorithm that has a matching linear dependence on n for the number
of queries, but we defer this to Appendix D. Using the Quantum Hermite Transform, we can get
rid of the dependence on n entirely which gives quantum query advantage for this problem. Bel

5.3.2 Tolerant low-degree testing

We are now concerned with testing if a function f : R — {—1,+1} is well-approximated by a
low-degree Hermite expansion.

Definition 58. We say that f is (e, d)-low-degree if

S ISP =1-e

SeNn

|S|<d
Definition 59 (Testing degree-d). Given black-box access to f : R” — {—1,+1} and given g3 >
€1 > 0 determine whether

o fis (e1,d)-low-degree, or

o f fails to be (g2, d)-low-degree

With Hermite sampling, the idea is once again simple: use samples from the Hermite distribution
and compute the empirical fraction of samples below degree d. This will be a low-bias estimate
of the low-degree mass, using which we can distinguish the two cases. Denoting € = €3 — ¢1, this
approach yields an algorithm with query complexity poly(1/e). Moreover, by importing the lower
bound for sign functions (Theorem 53) we can prove that any classical algorithm requires Q(ﬁ)
queries, giving provable quantum advantage in the regime where d is large.

Algorithm 5 Tolerant Low-Degree Testing
1: Define X =0 and ¢ = &9 — €.
2: Set m = O(log(1/6)/e?).
3: for i =1tom do
4 Perform Hermite sampling on f to obtain S = (vy,...,v,) € N™.
5 if |S| < d then
6: Update X = X + 1/m.
7
8
9

if X > (61 +€2)/2 then
accept
. else
10: reject

Theorem 60. Algorithm 5 makes O(log(1/8)/€?) quantum queries to f and succeeds with probability
at least 1 — 6.

Proof. We will run Approximate Hermite Sampling (Algorithm 3) with TV distance £/10 which
requires a poly(n,logd,log(1/¢)) runtime (Corollary 35) and constant query complexity. Since we
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need to perform Hermite sampling m times and each sampling takes O(1) queries, the total number
of queries is O(m).

To see that the algorithm outputs the correct answer with probability 1 —§ notice that X would
be an unbiased estimator of the distance of f to being (g, d)-low-degree if we were getting perfect
samples. Since we are using approximate Hermite sampling, X has bias b = £/10. Therefore, by
a Chernoff bound m = O(log(1/d)/e?) independent samples suffice to get an estimate which is
(/4 + b)-close with probability 1 — ¢. This distinguishes the two cases. O

Corollary 61. Any classical algorithm for testing if f is (e, d)-low-degree requires Q-(d) queries.

Proof. We can get a lower bound by considering the special case of product of sign functions. Let
k = d, then a product of k sign functions is (g, cklog 1/¢)-low-degree by Lemma 56. Also note that
k + 2 product functions are not (g, cklog1/e)-low-degree. Since we have a (k) lower bound for
distinguishing these two cases, we have a lower bound for testing if f is (e, cklog1/e)-degree. [

5.3.3 Tolerant testing Hermite polynomials

For this subsection, we consider the problem of testing closeness to a product of Hermite polyno-
mials.

Definition 62 (Testing product of Hermite polynomials). Given black-box access to f : R" — R
and given €9 > 1 > 0 such that either

o f(z) is e1-close to hg for some S € N" such that S has k non-zero entries, or

o f(x) is eg-far from every Hermite polynomial on k variables.
Let e =9 — 7.

Lemma 63. Hermite polynomials can be tolerantly tested using O(1/e?) quantum queries.

~

Proof. If f is e-close to a Hermite polynomial, then for some S we have that f(S) > 1 —e. If
we perform Hermite sampling O(log1/¢) times then we see it with high probability. We can then
estimate it to -e/2 and accept if it’s at least 1 — =422, O

We conjecture that classically this problem requires (k) queries like in the case of product
sign functions. Note that using a classical Gaussian Goldreich-Levin algorithm, we can solve it
classically using O(n) queries so this would be tight for k = Q(n).

Conjecture 64. Testing Hermite polynomials on k variables requires Q(k) queries classically.

5.4 Agnostic learning of sparse concepts

We define sparse concepts over real-valued functions, for which we give quantum and classical
learning algorithms. First, we define cutoff weight.

Definition 65 (Cutoff weight). For a parameter 7 € R, we define the cutoff weight of a function f
as

Wo(f)= Y f(S)

~

S:f(S)>T

Definition 66 ((s, €)-sparse concepts). Let C be a concept comprising of functions f : R™ — R such
that B, |[Vf]3 < 7. We say that C is (s,e)-sparse if for all f € C, if there exists a 7(s,e) =
poly(g/s) such that there are at most s Hermite coefficients larger than 7 and W, (f) > 1 —e.
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As a consequence of Algorithm 3 we get learning algorithms for sparse concepts.

Lemma 67. For any (s,e)-sparse concept C let k be the maz distortion for any f € C, and let
be the max La-norm of Vf for f € C. Then there is an agnostic learner with poly(sk/e) quantum
queries and poly(ns~y/e) classical queries.

Proof. Since we know the concept is (s,¢)-sparse we know that for every f € C there is a 7 such
that running an algorithm for the Gaussian Goldreich-Levin problem gives us an improper agnostic
learner for the function. We know that we can do this in poly(x/7) = poly(sk/e) quantum queries
and poly(nvy/7) = poly(nyk/e) classical queries. O

Corollary 68 (Learning juntas). Let C be the class of f : R™ — {—1,+1} such that f is a polynomial
on k wvariables with individual degree 1. Then C can be agnostically learned with error € using

poly(%k) quantum queries and poly(n%k) classical queries.

6 Open problems and outlook

The most pressing question regarding our work is to find additional practical problems for which
the QHT gives quantum advantage. To give more precise directions, we consider the following
problems.

o To realize the promise of quantum advantage for learning geometric concepts [KOS08], we
ask: are there other examples of natural concept classes which are sparse concepts as in
Definition 667

e Can the QHT be used to obtain learning algorithms for Linear Threshold Functions, or
generally Polynomial Threshold Functions that beat the classical query lower bounds?

o Is there a large class of differential equations that can be simulated on a quantum computer
efficiently using the QHT, while being hard for classical computers?

e Can other quantum systems be fast forwarded using the QHT?
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A Factorization of the QHO evolution operator
In this appendix we prove Theorem 3.

Theorem 3 (Factorization of the QHO evolution [QA07]). The evolution operator of the QHO admits
the following factorization:

itan H? isin(t)z? —itan H?
exp(—iﬁt) = exp (—)5(2/2)])> exp (—g)> exp(tét/2)p> . (6)
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We will first prove a general algebraic claim, from which we will infer our required factorization.

Claim 69. Let K1, Ko, K3 be three operators obeying
(K1, Ka] = —2K3, [K3,Ki] =2K,, [K3, Ko] = —2K].

Then for allt € R,

TRt — ok K ok
where
Y tan(t/ﬁ) - sin(ﬂt)
V2o V2o
Proof. Let

U(t) = 2 oBKL oK
If we can prove
_,dU

U(t) 7

= K1 + Ko,

then the claim follows.
By direct calculation,

@ — dK2eaK2€BK16aK2 + eongBKleﬂKleaKg + 6aK2€ﬂK10.ZK2€aK2.
dt

Hence,
dU dUu
-1%¥ —aKsy —BK1 ,—aKs [ Y%
U 7 e e e ( p ) .

Using the Campbell-Hausdorff lemma
<1

eXYe X = Z

=0

ﬁ[X’Y]jv [X7Y]0 =Y, [X7Y]l = [X’Y]v [XaY]Z = [X’ [X’YH’“ <

we compute the conjugations step by step:
e_aK2K1€aK2 = K| —2aKs3 + 2a2K2,
e PR KLePKT = Ky + 2BK5 + 267K,
e_aKQngaKQ = Kg — 20(K2.
Substituting these into the expression for U~'dU/dt and collecting terms yields

U ALK+ A - A
with
Ap =208+ B, Ay =2a —4aBa+ 4aBa’ +28a%,  As = 248 — 4aB%a — 28a.
Differentiating «, 3 gives

Q= %secQ(i) , ﬁ = cos(t\@).



Substituting back and simplifying trigonometrically shows that

Ai=1, Ay=1, A3=0.

Thus
14U

— K 4+ K
dt 1+ A2,

U-

which implies
U(t) = etF1tK)t,

O

Proof of Theorem 3. Define K1 = ﬁaﬁj, Ky = %ﬁQ,Kg = % z,p}. Then we get the factorization

{
exp(\j§ (562 +ﬁ2>> = exp(\a[;ﬁ) exp(ﬁ;ﬁ) exp(%ﬁ)

This implies that for H = 1 (22 4 p?) we have

A itan(t/2)p? isin(t)2? i tan(t/2)p?
exp(—lHt) = exp <2p> exp<2> exp<2p>. ]

We can similarly infer that in the discretized case, this factorization is accurate upto the

weighted sum of the nested commutators.

Lemma 70. Let U( ) = exp( M) exp (1%) exp (iw), then we have that

U () S N B
Ul(t) di ) =—iH+ ﬁz tth/2 [,3 iz pz]t + O‘Z 11912 [O/@Q,EZL
t=3 "

o0
+O‘Zt,2t/2 [Oélp i{z, p}] + 7'
t=2

where |Inn'Ty|| < exp(—=N/4), o/ = tan(t/2)/2, B’ = sin(t)/2, ¢ = Lsec(L), 3 = cos(t).

Proof. We instantiate the operators as above but with the discretized versions, that is Kj

%TQ Ky = %ﬁQ K3 = %{f, p}. Now, the proof does not go through as is but we do the same

substitutions but keep the terms that ‘went to 0’ due to the commutator relations.

ai =2 ] ai =2

o0
_ai 1
fp 1 fp . 2 —2 .2
e \@ 2e = K; — 2aK3 + 2a Kz—l—tE: 192 [oap ,ix L,

B2 i 1
VI e 2 P
e V3 ﬂp eva' =K, +28Ks + 28 K1+Z i [51:1: L,

041 21

_ai 1
e f{x p}ef —K3—2aK2+Zt'2t/2 [alp i{z, p}]
Substituting this into the expression

dU :
E — dK2€aK265K16aK2 + eaKQBKleﬁKleaKg + eangBKldK2eaK2 + 17
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yields that upto an additive term multiplied by n with ||n|| exponentially small,

— ~1dU(t) N | o 1 o
Ul(t) 5 = —1H+ﬁtzzg i3 [5/1$2,IP2L n a; = {O/I;DZ,KEZL
=1
taY o [P i{E Y, 0

t=2

B Centered discrete Fourier transform

The centered discrete Fourier transform F € CM*M used in [Som16], where M = 2™, is defined
via its entries:

1 2wk
Fj, = \/—Mexp (1]\2) , (107)

where —M /2 < j, k < M/2 — 1 label the rows and columns of the matrix. The difference with the
standard QFT is only due to the shifting of these labels, where 0 < j,k < M — 1, and hence these
transforms are related via cyclic permutations. In particular, if m > 2, we can write

F =0 .QFT.0?, (108)

where ¢ is the diagonal Pauli matrix acting on the last of the m qubits; i.e., 0¥ = 12 ®...@ 1y ®0,
. 10 1 0
with 1y = 01 and o, = 0 —1

The complexity of F' is then that of the QFT plus two single qubit gates. For the schoolbook
version of the QFT, this complexity is alsoNO(m2). Using the quasilinear time algorithm for
QFT [CWO00] this can be implemented with O(m) gates.

C Some properties of the Plancherel-Rotach asymptotics

For n > 1, consider the Plancherel-Rotach asymptotic functions

On(x) = 2 ! (sin [(Z + le) (sin(2p(z)) — 2p(x)) + ?ZTD ; (109)

r3ini V/sinp(z)

in a domain D, where |z| < ¢/2n+1 and 0 < ¢ < 1. Here, ¢(z) := arccos(z/y/2n + 1) satisfies
m—c > p(x) > c. It follows that y/sinp(z) is bounded from below by a constant and, in this
domain, we can be simply bounde the magnitude as

[fn(2)| = O(1/n'/%) . (110)

Next we consider the derivative. We obtain

L hae) = :n (-C(;S((Sfrfaz()j})f/(f) sin (5 + 1) Gin(2e(e) ~ 26(@) + 5| +
sinlgo(:v) cos [(Z + i) (sin(2p(z)) — 2p(x)) + iﬂ (Z + i) (cos(2p(z)) — 2);x<p(aﬁ)> .
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Since cos(¢(x)) and sin(p(z)) are bounded by constants, and noting

d 1 d
< - - |2 = O(1/n"/?) f D. 112
o0) = == = |oela)| = 00/ for a € D (112
we obtain
50| =0 (113)
dz "
in D..
Last, we consider the magnitude of the second derivative. To this end we note
d? T d?
@go(x) = Gn 11— 222 = @go(m) = 0O(1/n) for z € D, . (114)
Using the chain rule it is possible to show that
d? - 3/4
- dala)| = O (115)

in D.. The term that determines this upper bound is a term that contains

2ol () v

1 1
mT2n4
D Gaussian Goldreich-Levin

In this section, we study a fundamental learning problem first introduced by Goldreich-Levin [GL&9]
in the context of cryptography.

Definition 71 (Goldreich-Levin problem, informal). Given query access to f : F§ — Fo, output a
list of all the linear functions which are 7-correlated with f.

It is known that one can solve the Goldreich-Levin problem with constant success probability
with O(n/7?) classical queries [C0l01]. The factor 1/72 is optimal since Parseval’s only gaurantees
that the list L of T-correlated functions is of size O(1/72). In the quantum case, we can do much

better and get O(1/72) queries. Here, we ask a similar question but for functions over the domain
R™.

Definition 72 (Gaussian Goldreich-Levin). Given query access to a function f : R™ — R, return a
list L of indices of Hermite polynomials such that

e |f(9)>7 = SelL

~

e SeL — |f(S)|>1/2

The main claim of this section is that this real-analogue of the Goldreich-Levin problem is
also tractable. To prove this, we will need to build some machinery analogous to the classical
Goldreich-Levin algorithm, a great exposition for which can be found in the book by O’Donnell
[O'D14]. We now prove an analogue of the Godlreich-Levin theorem for Hermite coefficients. Below
¢ = Ezn || f(x)]||5, and we drop the subscript f when it’s clear from context.
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Algorithm 6 Gaussian Goldreich-Levin learning algorithm
1: Set m = 0(1—2)
20 L+ (%, ..., %)
3: for k =1ton do
4: for each S e L, S = (a1,...,a5_1,%,...,%) do

5: for a; = 0 to m do

6: Let Sq, = (a1,...,ak_1, @, *, ..., %)

7: Estimate W54 (f) to within 472 /4 with probability at least 1 — & Lemma 48
8: if the estimate of W% (f) is at least 72/2 then

9: Add S,, to L

10: Remove S from L

11: return L

Theorem 73 (Gaussian Goldreich-Levin). Given query access to a function f : R™ — R, Algorithm 6
runs in time poly(nvy/7). It returns a list L of indices of Hermite polynomials such that

e f(S)>7 = SelL

e SeL — |f(S)>1/2

Proof. Because (1/2)? + 72/4 < 7%/2, the only Hermite coefficients in L are ones which are at
least 7/2. Since 72 — 72/4 > 72/2, all Hermite coefficients which are at least 7 are in the set L.
The runtime can be analysed by multiplying the runtime of all three loops and the complexity of
estimation.

e The outermost loop runs for n steps,

« The middle loop runs in O(1/72) steps since at any given point |L| < O(1/72),

« The runtime of the inner loop is m = 0(y%/7),

o The query complexity of estimation is poly(y/7) by Lemma 48.
Thus, the overall query complexity and runtime is poly(ny/7). O

Note that while our algorithm assumes knowledge of 7, one can always estimate v by simu-
lating gradient queries.
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