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Abstract. We present a novel analysis of a quantum algorithm comput-
ing the S-unit group for a number field from Eisentréger et al. [EHKS14a]
and Biasse and Song [BS16]. We prove that this quantum algorithm runs
within polynomial time, where we explicitly quantify the polynomials of
the quantum gate and memory complexity (under GRH). We do so by
carefully analyzing an implementation of an Continuous Hidden Sub-
group Problem (CHSP) oracle function whose period is the (logarithm
of the) S-unit group, and provide it to an CHSP-solving algorithm as in
[BDF19].

Our analysis is novel due to minimizing the use of the quantum memory-
inefficient LLL-reduction, by resorting to strategically chosen precompu-
tations of approximations of high powers of prime ideals. Additionally,
we provide a new quantum algorithm computing a discrete Gaussian su-
perposition analogue of the GPV algorithm by Gentry et al. [GPVO08].
Lastly, we include a full and rigorous numerical analysis of all parts of the
oracle-function computing algorithm, allowing to use fixed-point preci-
sion arithmetic and thus to precisely quantify the run-time and memory.

1 Introduction

Quantum algorithms in number theory

Out of all quantum algorithms, Shor’s algorithm [Sho94] for factoring is of-
ten considered as the most ground-breaking. It is distinct in having theoretical
implications, due to its large complexity gap between classical and quantum
computing, as well as practical implications in the field of cryptography. Indeed,
this algorithm can be seen as the early cause of the current standardization of
quantum-resistant cryptographic schemes [NIS25].

The polynomial-time factoring algorithm from Shor [Sho94] can be divided
into two parts: a period finding quantum algorithm solving the hidden subgroup
problem [ME99] in commutative groups by means of a quantum Fourier trans-
form [Cop02,Sho94,NC10], and the computation of an actual function of which
one wants to find the period, which is often referred to as the oracle function.
In the case of Shor’s algorithm, the period of this oracle function found by the
period finding quantum algorithm then gives information about the factorization
of a given number.

This framework of quantumly finding the period of a certain computable or-
acle function has then be generalized to solve other number theoretic problems



in polynomial time, like the discrete logarithm problem [Sho97], Pell’s equa-
tion [Hal07] and even the problem of computing unit groups [EHKS14a] and
class groups [BS16].

The oracle function

Shor’s algorithm for factoring has quantum gate complexity O(log® N') [Sho94]
and may be further improved to O(log® N) by fast multiplication techniques [HH21].
Remarkably, the bottleneck of Shor’s algorithm is not the quantum period-
finding algorithm, but rather the computation of the oracle function, which
consists of taking powers of a number g modulo the to be factored number N.
[Sho94]

Such a precise quantum gate complexity and clear identification of the bottle-
necks of the algorithms solving other number theoretic problems, like computing
the unit group by Eisentréger, Hallgren, Kitaev and Song [EHKS14a], and com-
puting the class group by Biasse and Song [BS16], is currently not possible. The
cause for this is that no exponent of the polynomial run-time is presented in these
works (including the submitted version of [EHKS14a] to STOC [EHKS14b]), and
no clear division in complexity is made between the period-finding part and the
oracle-part. Additionally, much of the intricacies involving handling real number
operations by rounding or using finite precision numbers is overlooked.

In [BDF19], a refined analysis of the quantum period finding part of these
algorithms was presented, leading to a quantitative measure of the exponent of
the polynomial complexity in terms of quantum gates, qubits and the number
of queries to the oracle function. The actual computation of the oracle function
is not treated in this refined analysis.

S-units in cryptanalysis

In cryptanalysis studying quantum-safe protocols it is common to assume that
an adversary has access to a quantum computer. In particular, by the works of
Eisentrager et al. [EHKS14a] and Biasse and Song [BS16], in many papers, the
S-unit group (e.g., class group and unit group) is assumed to be known by the
adversary. The adversary knowing the S-unit group is in particularly relevant in
the case of the attacks on IdealSVP and PIP [CDPR16,CDW17,PHS19]. Addi-
tionally, the knowledge of the S-unit group is also assumed in the module lattice
reduction of [LPSW19].

Quantum computation being a scarce future resource, the precise complexity
of computing S-unit groups is highly relevant for these cryptographic applica-
tions. We expect quantum memory especially to be the bottle-neck, which we
hence aim to minimize in this work.

Our work

In this work, we present a refined analysis of (variants of) the oracle functions
proposed by [EHKS14a,BS16], allowing for a quantified exponent of the poly-
nomial complexity of the full algorithms. This allows as well to compare the



weight on the running time of the period-finding part with that of the oracle-
computing part. We present a variant of the CHSP oracle described in [BS16],and
analyze this oracle function in Section 3 to prove that it satisfies the hypothe-
ses of [BDF19], needed to compute the S-unit group of a number field. Those
hypotheses consists of the Lipschitz and separativity properties of the oracle
function. We then present a description of the quantum algorithm, with an ex-
plicit qubit and gate complexity analysis focusing on the polynomial dependence
on d, s = |S] and log(|]Axk]).

Our main result can be summarized by the following slightly informal state-
ments.

Theorem 1.1 (Assuming GRH). There exists a quantum algorithm that com-

putes an adequate Continuous Hidden Subgroup oracle for the S-unit group of a
number field K of degree d and discriminant Ay, using

0] <d4 (d 4|87 (log(|AK|1/d> + d) 3+O(1)) quantum memory
and

0] <d7 (d+ |S|)17'5+°(1) ) (10g<|AK|1/d) + d) 7+0(1)) quantum gates,
and polynomially many classical operations in the size of the input.

Corollary 1.1 (Assuming GRH). There exists a quantum algorithm that
computes a basis of the S-unit group of a number field K of degree d and dis-
criminant Ak, using

5 3+o(1)
0 <d4 (d+ |SD7'Q+O(1) ‘ (10g(|AK|1/d> + d) ) quantum memory
and

8+o(1)
0 (d7 - (d 4 15])18FeM (10g<|AK|1/d) + d) ’ ) quantum gates,

and polynomially many classical operations in the size of the input.

This theorem and corollary are derived from Theorem 5.1 and Corollary 5.1,
with the conservative estimates LLLMem(n,b) = O(n*b*/?), LLLGates(n,b) =
O(n™-b3?) [TS19, Eq 7, 8 and p.15] and w = 2.81 for the polynomial complexity
exponent for matrix multiplication [Str69]. The GRH assumption is here only
to give a polynomial-time procedure to complete a set S into a set S’ that
generates the class group of K. If S already generates Clg, the previous results
hold without GRH.



Technical overview. Let K be a number field of degree d = dg + 2dc,
let S = {p1,...,ps} be a factor basis and Ozxgs be the S-unit group of K.
We define the (possibly infinite) distance between two ideals I; and Iy of the
same norm as the 5 norm of the smallest total logarithmic embedding of x € Kg
such that - I; = I. As was noted in [BS16], Of ¢ can be represented as the
kernel of the morphism f : (e;,x) — (x) - [[, p;" where (e;) € Z° and = € Kg of
norm 1. This fact allows use a Continuous Hidden Subgroup Problem (CHSP)
solver [EHKS14a,BDF19] to efficiently find a basis of O g, under some condi-
tions on f. Those conditions are:

1. f must be Lipschitz (it should not to vary too quickly);
2. f must be separative (it should not vary too slowly);
3. f must be efficiently implementable as a quantum algorithm.

The realization of the function F' we build in this work is, as previously in-
troduced in [EHKS14a,BS16], a “quantum fingerprint” of an ideal lattice I =
(x) - TI, p;*. This fingerprint is constructed as a tail-cut Gaussian superposition
of the elements of I, encoded using the straddle encoding. In contrast to [BS16],
we encode the extended logarithm of the elements of Ky instead of their complex
embeddings.

Lipschitzianity. To our knowledge, the previous literature did not anticipate
the tail-cut Gaussian superposition to be non-Lipschitz, though in generally it
is not as it can even be non-continuous. In order to overcome this problem,
we introduce the notion of almost-Lipschitz continuity (i.e., functions that sat-
isfy || f(z) — f(y)|| < a- ||z —y|| +¢) and show in Appendix G that any periodic
and almost Lipschitz function is close (in maximum norm) to some (fully) Lips-
chitz function with the same periodicity. We then prove that the oracle function f
that we construct is almost-Lipschitz (Lemma 3.3).

Separativity. The separativity condition is the following: if x and y are two
points that are far enough modulo the period of f, then (f(z)|f(y)) should
be small. This property is proven in Section 3.4. We prove it, similar as in
[EHKS14a,BS25], in two steps. First, we show that if the encodings of two ide-
als I} and I have an inner product that is close to 1, then there exists a small
distortion g € K such that g-I; shares a sublattice with I5. As a second step, we
then prove that if two different ideals share a sublattice, then the inner product
of their Gaussian encoding cannot be too large, hence g - Iy = I>.

Efficient Quantum Implementation. In previous analysis of the S-unit compu-
tation algorithm [BS16,Ng24], the quantum complexity of the CHSP oracle is
either ignored or extended from the its classical description, which does not try to
minimize the amount of quantum memory used. In order to fill this gap, use sev-
eral techniques. Since the CHSP-solving algorithm queries the oracle function
on dyadic rationals, we can strategically precompute integral approximations
of high powers of the prime ideals in S to minimize ideal multiplication and
LLL-reduction. These integral approximations allow to use the Hermite Normal



Form on products of those, which makes that we perform ideal multiplications
reversely and hence minimize the quantum memory cost of the algorithm. Then
a single quantum-LLL reduction of this HNF is performed (instead of one per
single multiplication as in [BS25], which is much more). We aim to minimize the
number of quantum-LLL calls due to their heavy usage of quantum memory.
This LLL-reduced basis allows us to compute a (tail-cut and punctured) Gaus-
sian superposition, by using a new quantum analogue of GPV [GPV08]. For
this, we compute the R, the R-factor of its QR-factorization using a quantum
adaptation of Householder’s algorithm.

Quantum analogue of GPV. The (classical) GPV algorithm [GPV08] allows to
sample from a discrete Gaussian over a lattice, with the special property that
the parameter o can be chosen almost as small as the largest Gram-Schmidt
norm of the given basis of the lattice. In this paper, propose a novel algorithm
to construct an approximate discrete Gaussian quantum superposition, by com-
bining the original techniques of the classical algorithm by Gentry, Peikert and
Vaikuntanathan [GPVO08] and an algorithm of Kitaev and Webb [KW09] that
computes a Gaussian superposition over Z efficiently. Much of the proof that the
approximation is sufficiently close consists of numerical analysis.

Parameters of the algorithm. In Section 5, we collect all relations and constraints
related to the parameters of our algorithm, in order to fix values that minimize
the exponents of the polynomials defining the quantum gate and memory costs.

Relation between our work and [BS25], the full version of [BS16]. This
paper heavily builds on an extended abstract published on SODA in 2016 [BS16],
whose complete version was released shortly (1 day) before the release of this
work. We will cite it as [BS25], and consider it as concurent work. We highlight
the differences and similarities between our approach and [BS25] during the
course of the paper.

Our current understanding is that the running time of the oracle defined in [BS25]
has polynomial growth in V| which is the upper bound on the Euclidean norm
of its input [BS25, Theorem 2]. The analysis of [BDF19] gives that this V has
linear growth in 1/7 (see Theorem J.1), where 7 is the absolute error on the basis
output by the CHSP solver. This dependency makes the oracle defined in [BS25]
exponential in quantum space and gate count when one wants 7 exponentially
small. Our oracle does not present this problem, and allows 7 to be as small as
(24 . \AKD_O(U while preserving a polynomial gate and memory complexity.
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2 Preliminaries

2.1 Notations

We denote N, Z,Q, R, C for respectively the natural numbers, the integers, the
rational numbers, the real numbers and the complex numbers. Vectors are con-
sidered column vectors and are, like matrices, denoted with bold letters. The
inner product, except for the bra-ket notation, is denoted with a simple dot -.
We make use of the Landau notation O(-), in which, in this work, the hidden con-
stant is always absolute, meaning that it does not depend on any other quantity.
For any a,b € R, we denote [a,b] := [a,b] NZ and [a] := [0, a] to simplify nota-
tion involving integer intervals. The proofs of the preliminary results presented
in this section are available in Appendix B.

2.2 Quantum algorithms, complexity and analysis

In this paper, H will denote a Hilbert space, S(H) the unit sphere of H (with
respect to the induced norm on H). When H is defined as a qubit-space, S(H)
is the set of all quantum states of these qubits. For any function f : X — H
and k € Z~q we define the function f®* : X — H®¥ as f®*(z) = f(2)®...0f(x)
for any x € X. We make use of the following result, which describes how a
classical algorithm can be simulated on a quantum computer.

Theorem 2.1 ([NC10, Sec. 1.4.1]). Suppose A is an algorithm that uses N
NAND operations, operates on M bits of memory and output O bits. Then it can
be simulated by a quantum circuit C , using 2N Toffoli gates, in the following
way:

Cu - [m)|o)|ONY := [m)|o & Am))|ONY  for all m € {0,1}" and o € {0,1}°

2.3 Lipschitz continuity and separativity

Throughout this work, unless otherwise specified, we denote ||-|| as the Euclidean
norm of vectors, and we denote ||A[| = sup, =1 [[A - |, as the spectral norm
on matrices.

Definition 2.1. Let (X,0) denote a metric field. Let f : X — H. The func-
tion f is said to be (a,a)-almost Lipschitz continuous if, for all z,y € X,

1f(2) = FW)l < a-d(z,y) +a.

In this work, we study a function described by a tail-cut Gaussian super-
position, which cannot be Lipschitz continuous since it is not even continuous
in the ordinary sense. We tackle this issue by proving that this function is al-
most-Lipschitz continuous and therefore close to a Lipschitz continuous function
with respect to the uniform norm, see Theorem G.1. This contrasts with [BS25],
where the functions are proven to be close to the infinite Gaussian sum.



Definition 2.2. Let (X,0) be a metric space, v > 0 and ¢ € [0,1). We say
that f : X — S(H) is (v,e)-separating over (X, 08) if for any x,y € X it holds
that

oz, y) >v= [{f@)f(y)l <e

We say that f is v-totally separating over (X, 9) if it is (v, 0)-separating.

This property is named “pseudo-injectivity” in [BS25]. Note that the separativity
property depends heavily on the distance notation § on X. In the use-case of
this paper, f : R® — S(H) will be a A-periodic function for some full-rank
lattice A C R™. As can be readily verified, such a function cannot be separating
for any parameter. But if we instead consider the induced function f over R” /4,
it might be (v, e)-separating over the quotient space R"/A (equipped with the
quotient metric).

2.4 Lattices

A lattice L is a discrete additive subgroup of R™. For any lattice £ of R™, there
exists a set of R-linearly independent vectors (b;)1<i<m, such that £ = 5" | Z-b;.
The family (b;)1<;<m is called a basis of £, and it is unique up to the (right)
action of GL,,(Z). In this work we only consider full rank lattices, i.e., m = n. We
define the ith minimum of £ as A\;(£) := inf {r > 0, dim(span(£ N B(0,r))) = i}
and the (co-)volume of £ as Vol(£) := Vol(R"/L). If £ is full-rank and has a
basis B, then we have Vol(£) = | det(B)|. Note that the volume of £ does not
depend on the basis of L.

Lemma 2.1 (Consequence of [MGO02, Cor.7.2]). Let L1, Ls two (full rank)
lattices of R, Let R > /d - max(A\g(£1), A\a(L2)). Then

Ly =Ly if and only if £, N B(0,R) = L3N B(0, R).

Gaussian measures The Gaussian function with parameter ¢ > 0 is defined
by pe(x) = exp(—7r(||ac||2)/(c72))7 and satisfies [5, po(x)dz = o™. For any dis-

crete X C R", we define po(X) := Y. .y po(2). For € > 0 and a lattice £ C R?,
the smoothing parameter of £ is defined as

n-(L) :=inf {o >0, p1,,(L*\ {0}) < e},

where £* is the dual lattice of L.

2.5 Number theory

We succinctly present the notions of algebraic number theory used in this work.
The interested reader is referred to [Neul3]. In the current paper, K denotes
a number field of degree d, Ok its ring of integers and Ag its discriminant.
Let & = (0i)1<i<a : K — C? be the canonical embedding of K. We order



the embeddings o; in such a way that o;(K) C R for 1 < ¢ < dg are the
real embeddings, and 04,4, = Taptdet: for any 1 < ¢ < d¢ are the complex
embeddings. Note that d = dr + 2dc.

We denote Kg = K ® R and extend the canonical embedding & = (o;); to
the entirety of Kr by extension of scalars. This canonical embedding endows K
with the structure of a normed space, where the norm of z € Ky is ||®(x)||. For
sake of brevity, we will write ||z|| = ||@(x)| and ||z| = [|P(2)] -

9

We define the algebraic norm of any element of Kg as N (x) = ’Hle oi(x)
which extends the algebraic norm of K to Kg in the sense that N'(z) = |NK/Q (x)
for x € K. We denote by Ky = {z € Kg | 0;(x) # 0 for all i} the group of in-
vertible elements of Kg and by K C Ky the group of norm-1 elements of K .
The unit group O C Ok is the set of integers of K whose inverse also are
integers. We define the logarithmic embedding of Ky,

Log : (K3, x) — (Rdetde 1)
z+— ((In(loi(2)]))i=1,....ds> 2 In(|0(Tap+i)]))i=1,....dc) -

which is a surjective group morphism. The logarithmic embedding is not injec-
tive, as its kernel is exactly the group of # € Ky such that |o(z)] = 1 for
any ¢ = 1,...,d (in contains in particular the roots of unity of K). In order to
turn Log into an injective group morphism, we introduce the extended logarith-
mic embedding.

Definition 2.3. For any z € C\{0}, recall that z can be written as z = ' *&().
|z| for arg(z) € R/(2nZ). If z € R\ {0}, we have arg(z) € {0,7} depending on
the sign of z. Let Arg : K — {0,7}% x (R/(27Z))% be the function defined
by arg(z) = (arg(oi(x)))1<i<dp+dc- We write Argy = Arg(Ky ) and define the
extended logarithmic embedding as follows:

LogEx : K — Argy @ Log Kr
x +— (Arg(z), Log(z))

The function LogEx is a group isomorphism, and we denote by ExpEx its
inuverse.

Via the extended log embedding we can introduce a distance on Ky by defin-
ing 5KRX (z,y) := d(LogEx(z), LogEx(y)) (where the latter is induced from the

standard metric on R and R/(27Z)). This distance is translation invariant with
respect to multiplication by Ky, i.e., for any a,z,y € Ky , we have 5KRX (ax,ay) =
0 K (z,y). Additionally, if the sign of every real embedding of z,y € Ky coin-
cides, we have 5KRX (z,y) = |LogEx(z) — LogEx(y)||.

Note that, since the definition of ¢ K involves a discrete distance over {0, 7},
it can take infinite values. For example, if dg > 0, we have 5K]Rx (1I,-1) = o0, a

case in which (K%, 8, x) is a disconnected space.
R



2.6 Ideals

A fractional ideal of K is a discrete additive subgroup I of K that satisfies
a-1 C 1 for all @« € Ok. A fractional ideal is integral if it is included in Ok.
A replete ideal is a subgroup of Ky of the form z - a for a an integral ideal
and z € Ky .

The set of replete ideals forms a group: The product of two replete ideals

isI-J:= {Zle a;-b; | k € Zso,a; € I,b; € J} and the inverse of a replete

ideal I is I=! = {z € Kg,2-I C Ok}. The fractional ideals forms a group in
the same fashion. The norm of a replete ideal is N'(x - a) := N (z) - M(a), which
matches the usual ideal norm in the case of fractional ideals. A principal replete
ideal is an ideal of the form z - Ox with « € K. Any fractional ideal I can be
written in a unique way (up to ordering) as a finite product of prime ideals I =
I, p» (1) where v, (I) € Z is the p-adic valuation of T (if z € K, we write v, (z) =
vp(x - OK)). The canonical embedding of any replete ideal is a full rank lattice
in @(Kg); such a lattice is said to be an ideal lattice. In this work we identify
replete ideals and their embeddings, and denote by IdLatyx the set of replete
ideals of K and IdLat% the set of norm-1 replete ideals.

Definition 2.4. We equip the set IdLat% with the distance
ideal (I, J) = inf {||LogEx(z)|| | = € Kr such that z- I = J} € R>o U {oo}.

Note that the distance between two ideals is finite if and only if the two ide-
als are in the same co-set of Clg. In [BS25], another distance is considered,
namely the “matrix distance”, defined for any lattices £q,Ls as d(L1,L2) =
inf {|| M|, L1 = exp(M) - L2}. This distance is more general as it applies to all
lattices, but in our case we choose to restrict it to “diagonal matrices” as it
highlights the commutative nature of ideals, and lead to simpler computations.

S-units Let S be a finite set of prime ideals of K. We denote the set of fractional
ideals generated by S as (S). The set of S-units is denoted OIXQ g and is the set
of elements of K whose prime factorization only involves primes from S:

(’)IXQS ={a € K such that - Ok € (S)},

Note that O 0= O, and Ozxgs - (9;(75/ whenever S C 5’.

Properties of ideal lattices Ideal lattices are not typical lattices. They have
some properties that we highlight in the next lemmas. In the first of these lemmas
is shown that ideal lattices have bounded smoothing parameters.

Lemma 2.2 ([PRSD17, Lemma 6.9]). Let I € IdLatg. It holds that n.(I) <

V(D) - 1Ak - max (1, /(1)) /d)

The successive minima of ideal lattices are constrained, unlike those of general
lattices. This is shown in the next lemma.



Lemma 2.3 ([LPSW19, Le. 2.2], [ BDPW20, Le. 2.8] and [Boe22, Le. 2.22]).
For any J € IdLatg it holds that A\ (J) > \/cj-N(J)l/d, and Ag(J) < Vd -
2a(Ok) - |AK|1/(2d) N4, furthermore, \g(Of) < Vd - |AK|1/d.

For any R > 0 and X C K we denote X|p = {z € X, ||z|| < R}.

Lemma 2.4. Let I € IdLatyx and R > N(I)Y?. Then for any = € I\ {0},
y € Il \ {0} with = # y, it holds that dyx (x,y) > N()Y/2R.

Lemma 2.5. Let R > V/d, and let I,J € IdLat([){ such that there exists x €
(INJ)\ {0} satisfying ||z||,, < R. Then for any (u,v) € I|r x J|gr with u # v,
we have dyx (u,v) > 1/(2R? - | Ak |V 3D,

In the following lemma, we show that the discrete Gaussian distribution over
a lattice cannot have most of its weight on any strict sublattice.

Lemma 2.6 (see also [EHKS14b, Lemma E.5]). Let J C I € IdLatg.
Then, for any o > 3-d3/% - | A [/ CD . N (I)V4 it holds that py(J)/ps(I) < 2/3.

Balancedness Multiplying an ideal I by some = € K changes the geometry
of I. In order to measure the geometrical impact of the multiplication by such z €
Kg , we use the notion of balancedness.

Definition 2.5 ([FPSW23, Def. 2.4]). Let n € Ry1. An element x € Kg is
said to be n-balanced if, for any i € [dr + dc], it holds that |o;(z)| € |J\/(x)|1/d .
(1/n,m].

Lemma 2.7. Let my,m2 > 1 and z,y € Kr such that x is n;-balanced and y
is ny-balanced. Then x -y is (01 - n2)-balanced.

Lemma 2.8 (Derived of [FPSW23, Alg C.1]). There exists a polynomial
time algorithm SampleBalanced that, on input an ideal I with basis By of ®(I) C
R? and a balancedness parameter n > 1, outputs v € I\ {0} such that

(i) z| < % - d3/? - max;<i<q ||bf]|, where (b%)1<i<a is the Gram-Schmidt
basis of By,

(ii) |oi(z)/N(@)/4=1| € [L—n~tn—1] for all i € [1,d]. In particular, x
is n-balanced.

2.7 Computation of the S-Units and CHSP Oracle

The purpose of this paper is to compute an approximation of a basis of the
Log-S unit lattice of a number field. For sufficiently good approximation, it
will yield large elements (in efficient compact representation) generating O o
(see [BS16]). Acquiring this basis is done by feeding an adequate oracle function
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to the CHSP algorithm described in [EHKS14a,BDF19]. For our use-case, we
will rephrase the main statement of [BDF19] in the particular case of the Log-S
unit lattice.

Let S = {p1,...,ps} be a set of prime ideals of K, let Ng = max,cg(N(p))
and Brg € R(drtde—1)x(detde) e an orthonormal basis of Log KH%. We assume
that the size of the ideals is polynomial in d and log | Ak |, that is to say that Ng =

o(1)
|Ax \d . We say that we compute the S-unit group if we compute a sufficiently
close approximation of a basis of the following lattice, that we call Ag:

{(O,a:,a) € Argy x Rl&=tde=l y 75 ExpEx(, V) - H (N(;)l/d) - OK}
i=1 g

C RQ(dR-‘rdc)—l-i-s.

In Appendix I we show that Ag is full rank in R2(@+dc)=1+s and we bound
its minima and volume. Any (6,xz,a) € Ag is associated to an S-unit o =
ExpEx(0, V) - [[._, N(pi:)*/? € OF along with the relation: [[[;_, p‘] =
[Ok] € Clg. Conversely, any element of a € Oy ¢ satisfying (o) = []7_; p{"
is associated with (LogEx(a/N (a)/?), —a) € Ag so the knowledge of the full
lattice Ag gives the full group Oy  as well as a matrix of relations of the ideals
of S in the class group.
The set S can be any set of prime ideals, but in this paper, in order to simplify
the analysis of Ag, we assume that S generates Clg. Our result can be amended
to any S by extending it to a larger set S’ that generates Clg (which can be done,
using GRH, by including all prime ideals with norm bounded by 12log? |Ak|
[Bac90]), and post-process the resulting S’-unit lattice into the S-unit lattice,
by straightforward lattice algorithms like HNF.

Let V > 0, n and Q be integers. We define VDP, = V279 . [-29,29]" C
[V, V]™. Our main result is the following.

Theorem 2.2. Let H be a qubit space of dimension 2™, a € (0,1/32) and 7 €
(0,1) be error parameters, A > 1 and v < poly(d)~! two real numbers, then
there exists Q,k € Zwg, V € Rsg such that for any f : R2(detde)—l+s _ 94
which is (A, a)-almost-Lipschitz, (v,1/4 — 8a)-separative and Ag-periodic, there
exists a quantum procedure

making k oracle calls to f over the set V}D)é(dk+d‘3)_1+s
using O((d + )@ + n) qubits,
using O (kQ(d + 5) - (log(kQ(d + s)))2) quantum gates,

poly(s,log(a)) classical bit operations,

)

which outputs with probability > 1/2 — 4ka a LLL-reduced matrix B such that

for some B satisfying |AB|| < T, B+ AB is a basis of Ag. Furthermore, Q, k
and V' satisfy

~0=0 ((d+ 8)2+o(1) -log(A) + log(T)),
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— V > 1 with log(V) = O ((d + s)'*°M) +log(n) + log(|Ax|)),
- k=0 ((d+ s)'*°Wlog(A)),

This theorem is a modified version of [BDF19, Theorem 3.3], specialized for
the lattice Ag. For the sake of completeness, we provide a proof in Appendix J.

3 A quantum encoding of ideal lattices

3.1 Introduction

The goal of this paper is to construct an oracle function for which the period
tells us something about the S-unit group of a number field. Invoking a period-
finding quantum algorithm then allows us to actually compute a representation
of this S-unit group.

As already explained in Section 2.7, a crucial ingredient of this oracle func-
tion is a sound quantum encoding of ideal lattices. Sound, in the way that the
encoding should be well-defined, has a periodicity that allows us to extract in-
formation about the S-unit group, and it should be almost-Lipschitz continuous
and separating. This is respectively shown in Sections 3.2 to 3.4

In this work, a quantum encoding of ideal lattices I € IdLat(I)(, ie., an in-
jective function F : IdLat} — S(H), is constructed by a (tail-cut) Gaussian
superposition over the logarithmic embedded elements of I. This map is similar
to the one presented in [BS16,BS25], which generalize the one first presented
in [EHKS14a]. It differs in the sense that [EHKS14a,BS16] encode elements of I
directly, whereas we encode their logarithmic embedding. We deemed this more
natural, as it maps the multiplicative distance between ideal lattices to an addi-
tive one in the log space. Our encoding also does not encode 0, which is present
in every ideal, as its logarithm is not defined.

The quantum encoding The quantum encoding used in the present work is
defined as follows.

Definition 3.1. Let a,0,v € Rwg and R > V/d, and let Enc be an a-Lipschitz
(for some a € Rsg) and v-totally separative map Ky |r — S(H). For any J €
IdLat(;{, the punctured tail-cut Gaussian distribution with parameter o and ra-
dius R on J is the distribution on J\ {0} |r defined by the following rule.

R 2 CO N
PRo(J @) = 2 (J\ {0} )

The tail-cut Gaussian superposition with parameter o > 0 and radius R > 0 is
defined by

Fro :IdLat}, — S(H)

J—|J) = Z Pr,o(J, z)|Enc(z)) -
z€J\{0}|r

12



Theorem 3.1. Leto and R such that o > 3-d3/2~|AK|3/(2d) ; R>204/dIn(320).
Let v =1/(4R), v/ < (30 (5d + 2a))~', & < 1/30 and Enc : K — H a map
that is injective, a-Lipschitz for some a > 0, totally v-separative and (v',1 —¢')-
separative.

Then Fr o is well-defined, [(5d + 2a),4e’(R/U)2/2]—almost Lipschitz continuous
and (V',1 — €')-separative.

Proof. The conditions on o, R and v match the conditions of Lemmas 3.1 and 3.3,
hence Fg o is well defined and [(5d + 2a), 4e~(B/9)*/2]_almost Lipschitz contin-
uous. Note that for our value of R and o, it holds that 4¢=(®/9)*/2 < 1/30. We
can then apply Lemma 3.6 and the result follows. a

Remark 3.1. The two types of separativity of Enc capture different properties
of Enc and serve different goals. The total separativity captures the moment at
which (Enc(z)|Enc(y)) is zero; it is indispensable for the Lipschitz analysis, as it
allows to control the interference between different elements z,y € Ky . In con-
trast, the (v, 1—¢’)-separativity captures the moment at which (Enc(x)|Enc(y))
is just a small bit away from 1, and therefore concerns =,y € K that are much
closer to each other; it is this latter separativity that is inherited by the total
fingerprint Fr ..

3.2 Well-definedness of Fg .

The following lemma shows that the quantum encoding Fr ., for adequate pa-
rameters, is well-defined (indeed takes values in S(H)) and injective.

Lemma 3.1. Assume that 0 < v < v/d/(2R) and R > d°/? - |AK|1/2+1/(2d).
Let Enc be an injective, a-Lipschitz (for some a € Rsq) and v-totally separative
map K |r + S(H). Then for any I € IdLaty, we have Fr,(I) € S(H).
Furthermore, the function Fr  is injective.

Proof. Let I € IdLatY. We first show that Fr ,(I) € S(H). Lemma 2.4 implies
that the distance between two distinct non-zero points of I is always greater
than v, so (Enc(z)|Enc(y)) = 0 for any x # y € I\ {0} |z. Hence ||Fr.,(I)||* =
> wen (o PRo(L,2) = 1.

We conclude with the injectivity of Fr . Let I, J € IdLat%, satisfying Fro(I) =
Fr - (J). Then, by injectivity of Enc, I and J coincide on the ball of radius R.
Then, by Lemmas 2.1 and 2.3, we can conclude that I = J. a

3.3 Almost Lipschitz continuity

In this lemma, we give a Lipschitz constant on Fi, ,. The proof is similar to the
one of [EHKS14b, Section D], but adapted with our metric digeal(, ), and the
embedding which is Lipschitz over K and not over Kg. We also use differential
analysis instead of infinitely close lattices.

13



Lemma 3.2. Leto > 2|AK|1/d, let v < (804/dIn(320))~! and let Enc be an a-
Lipschitz (for some a € Rsg), v-totally separative and injective map. Then the
function Fs o is (5d + 2a)-Lipschitz.

Proof. We may without loss of generality assume that I,J € IdLat(I){ satisfy
Gideal (I, J) < o0, since the statement follows trivially otherwise. So there ex-
ists u € K satisfying ||LogEx(u)|| = idear({, J) with J = - I.
Writing [V) = Fuoo(I) = X ep joy 9(@)[Enc(z)) and [¥) = Fooo(ul) =
> ven oy u(ux)[Enc(ux)) (where q(z) = \/poc,o (1, 2) and gu(uz) = \/Poc,s (ul, uz)),

we have, by the triangle inequality

=2 < | Y (a(2) = quua)|Enc@)ll+ ]| DY qu(uz)(|Enc(z)) — [Enc(uz)))|

zel\{0} zeI\{0}

[@a) [¥5)

Let R = 1/(4v). We have, by Lemma 2.4 and v-total separativity,

)= > (a(@) = qu(uz))(aly) — u(uy)) (Enc(z)Enc(y))

2,ye1\{0}

< Y (a@) —qua)’+ Y (a(@) — qu(ua))(a(y) — quluy))
z€I|r\{0} z,yel\l|r

<[ S 2+ Y L, tosmsw)?

z€I|r\{0} z,y€I\I|r

where L, is the Lipschitz-constant of the function u — ¢, (uz) at LogEx(u) =0
with respect to the metric LogEx(u).
By Lemma C.2, we have 3- oy L7 < d?n” and by Lemma C.3 we have

Sweniln Le 1,50 30, e LaLly = (X ,en gy, Le)? < 1. Hence,

)l < v d?m? + 1| LogEx(u)]].

We finish by bounding |||¥g)||. We may assume || LogEx(u)|| < v. For x €
I|r,y € I with & # y, by Lemma 2.4 and the triangle inequality, it holds that
dKRx (z,y), dKﬂg (z,u - y),dKRx (u - z,y) and dKKx (u-z,u-y) are all greater than
1/(4R) = v. Hence, by v-total separativity of Enc, for z € I|g \ {0} and y €
I\ {0}, the inner product between |Enc(z)) — |Enc(ux)) and |Enc(y)) — |Enc(uy))
equals zero if x # y. Hence, by using the Cauchy-Schwarz inequality for the inner
products of |Enc(z)) — |Enc(uz)) and |Enc(y)) — |Enc(uy)), and their a-Lipschitz
continuity, we obtain, by Lemma C.3,

1Z5)[* = a® - [ LogEx(w)[* | > qu(uz)®*+ > qu(uz)qu(uy)
zel|r\{0} z,y€I\I|r

<2-a®- | LogEx(u)]?
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Hence. ||V — @, || < (Vd272 + 1+ v/2a)|| LogEx(u)|| < (5d + 2a)| LogEx(u)||,
which finishes the proof. a

We now give the almost-Lipschitz parameters for Fr ,, which allows to take
into account that this map is not continuous due to the tail-cut, which is novel
compared to [EHKS14a,BS25].

Lemma 3.3. Let o, v and Enc satisfy the conditions of Lemma 3.2. Then Fr 4
is [(5d + 2a), 4e=(R/9)* /2| _qlmost Lipschitz continuous.

The proof of this lemma can be found in Appendix B

3.4 Separativity

In this section, we describe the separativity condition for the function Fg ,. We
show that if (Fr,([1)|Frs(I2)) is sufficiently close to 1, then there exists a
small distortion u € Kg such that u - I; = I5. The proof technique is similar
to the one of [EHKS14b,BS25], but the details are different as we make use of
the (v, 1 —¢’)-separativity of Enc. This and the fact that Enc encodes over Ky
and not Kr makes that we do not derive the same conditions on the parameters
o, R and Enc. The proof of those statements can be found in Appendix B.

Lemma 3.4. Let Enc be (V',1 — €')-separative injective for some v',e" € (0,1),
and let I,J € IdLat}; satisfy (Fr.o(I)|Fro(J)) > 1—¢'. Then there exists I' €
IdLat g with digear(L, I') < V' such that I' N J # {0}.

The next lemma is adapted from [EHKS14b, Lemma E.7].

Lemma 3.5. Leto > 3~d3/2~|AK\3/(2d), R>+Vd-oc andv < 1/(2R). Let I, J €
IdLat}, satisfying (I N J)|g # {0}. Then either I = J or

(IlJ) < g

We now state the separativity of Fr .

Lemma 3.6. Let o > 3-d%/?. |AK|3/(2d), v < 1/(2R) and Enc an injective map
which is v-totally separative over (K£,5KRX ). Furthermore, assume that o,v, R

and Enc are such that Fr, is (A, «)-almost Lipschitz for some A € R with
a < 1/30, and that Enc is (v/,1 — &')-separative for some ¢ € (0,1/30) and
v' <1/(30A). Then the function Fr, is (v',1 — &')-separative.

4 Implementation of the Quantum algorithm

4.1 Introduction

The goal of the current section is to show how to construct a quantum circuit
evaluating Gr,, and to precisely analyze its quantum complexity. In particular,
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we focus on deriving a precise polynomial bound on the number of quantum
gates and qubits required to build the quantum circuit. For the classical oper-
ations that might occur in-between, we are less precise and merely show their
polynomial running time.

We start with defining the quantum oracle G in Section 4.2, which consists
of a composition of two functions: one that defines the replete ideal I from
exponents of the prime ideals from S (for which holds |S| = s), the embeddings
and the phases. This oracle function is very similar to that of [EHKS14a,BS16].

RérFde=1 5 R 5 7= 7° —IdLatg — {quantum states}
embeddings ‘phases’  prime ideals
x, 0,s, a =1 — Fro(I).

We show that a repetition of this oracle function (meaning, a manifold tensor
product) is sufficient for this function to satisfy the conditions of Theorem 2.2.

In Section 4.3, we make the important observation that the CHSP algorithm
(see Theorem 2.2) as in [BDF19] only queries the oracle functions on vectors con-
sisting of dyadic rationals (i.e., rationals with a power of two as a denominator);
in other words it queries the oracle function on a specific grid. This allows for the
precomputation of the ideals, embeddings and phases in a specific power-of-two
way, that vastly diminishes the number of expensive ideal multiplications and
lattice reductions.

These precomputations of these ideals involve exponentially large powers of
prime ideals, for which extra care needs to be taken to to represent them in such
a way that they can be handled and computed with efficiently. This is the object
of Sections 4.4 and 4.5.

The rest of this section is devoted to making precise the computations in Al-
gorithm 4.1 (that computes the quantum function Gg ) and carefully determine
their quantum gate and memory complexity. We note that a special algorithm
is devised (see Section 4.7) to make ideal multiplication more memory-efficient
in the quantum setting. Also, a new, quantum variant of the GPV algorithm
[GPVO08] is used in Algorithm 4.1, of which the algorithm definition, its com-
plexity and numerical analysis is presented in Section 6.

4.2 From ideal lattice encoding to CHSP Oracle

Recall that S = {p1,...,ps} be a set of prime ideals of Ok of size s generating
Clg, V € Rldatde)x(dztdc=1) 5 fixed orthonormal basis of Log(KY), we define
the function

GRo : RlTde=l s Ric x 792 x 75 — S(H),

by

i=1

Gro(@.0,5.0) = Fr, (ExpEx (6. 8', Brog @) - H(m/Af(pi)l/d)ai) ()
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where 8’ = 8 mod 27 and s, = 7 if s; is even, 0 else. Apart from the differences
on Fr , highlighted in the previous sections, this function is essentially the same
as the one presented if [BS25, Section 4].

Lemma 4.1. Assume that R,o,v,v', and Enc satisfy the hypotheses of Theo-
rem 3.1, then there exists | = O(1) € Z such that G%fd is (V',1/5)-separative.

Proof. This follows directly from Theorem 3.1 and the fact that if a function f
is (v,1 — e)-separative, then the function f®! is (v, 1 — l¢)-separative. O

Lemma 4.2. Assume that R,o,v,V,a, and Enc satisfy the hypotheses of Theo-
rem 3.1 and let | be as in Lemma 4.1. Then GR » i (O(d+a), O(exp(—R?/c?)))-
almost Lipschitz.

4.3 From continuous to polynomial-size input space

n [BS25], the product ExpEx ((6',8", Brog - ®)) - [ 11—, (pi/N(p;)1/?)% is per-
formed using E-ideal arithmetic [BS25, Section 4.2] and approximation of the
exponential function. Overall, this technique consists in representing high power
of ideals p® as a product of smaller elements of small norms and a small norm
ideal. The algorithm is presented in a classic setting but it is implied that it is
transformed into a quantum algorithm by means such as Theorem 2.1. Here, we
twist this approach by noting that in Theorem 2.2, the oracle Gr is only called
on a finite set. This set is equal to V]Ing(dR{J”d‘CHS_1 = 25 [-29, 2Q]2(dr+de) -1
meaning that if V' and @) can be computed beforehand, our algorithm’s parameter
set can be restricted to V]D)?Q(dpﬁd“:)+571
putation.

Given V and @, the strategy we choose is to pre-compute classically two-
element representation of a finite (polynomial size) set of integral ideals and
to transform the calls to G, into a (polynomial size) multiplication of ide-
als, which can be done exactly with a quantum algorithm. Recall that V =
[b1, ..., bag+d.—1] is an orthonormal basis of Log(K2); we have that for any 6,
s, x =y V/29 with y € [-29,29]%+dc~1 and a € [-29,29]°,

, allowing for a lot of classical precom-

S

ExpEx ((0', 8",V - 2)) - [J(hs/N(p)"/ )™

i=1
dp+dc—1
= Exp(i( H Exp(b; - 7;) - H(p N (pi)t/ )
i=1
dR+dc 1 S Q
= Exp(i( H H Exp(SIgn(yz bi-2) -] (ps /N (p) /)2
bit; (|y1|) 1 l:1b1t](j) 1

Where bit;(x) is the jth bit in the binary decomposition of @ € Zsq. This
equality implies that if a Z-basis of the ideals

+27

I:I:zJ—EXpEX( ) OKandFikJ_pk

V
2Q 7"

17



has been pre-computed, then up to rescaling by constant factor and multiplying
by a phase, computing the ideal involved in Gg ,(-) is reduced to computing a
polynomially large ideal product. This technique is similar to the one presented
in [BS25, Section 4.1], but with classical precomputation and without needing
E-ideal arithmetic (described in [BS25, Section 4.2]), since we precompute inte-
gral ideals. This also allows us to evaluate our oracle at input 8, x with |0, s||
exponentially large (which is not the case in [BS25, Theorem 2]).

4.4 Interlude: small approximations of ideals

As said before, the ideals we are considering have exponential size and would
lead to exponential gate and memory complexity. In order to represent and
manipulate those large ideals, the usual method is to use compact representation
of ideals, namely a representation of the form ((o;)o<i<k, ) such that

k
k i
I? :1_10412 -a
i=0

with a and the «; of polynomial size. We propose a modification of this method
and show that up to taking a larger (but still polynomially-sized) a, we can have

almost all the geometric information of the ideal I 2" represented in the ideal a.

Lemma 4.3. Let pm > 1, and k > 0. For any I C Kgr replete ideal, there
exists an integral ideal a and an element o € Ky such that and

I =a-a
with a satisfying N'(a) < Bk p.m,k where
log(Bk pm.k) < C - d- (log(m) +d +k +p+log(|Ak])) -
for some absolute C' > 1, and
Saeat (12 IN (I a/ N (a) /1) < 277 /m
Furthermore, if I is a fractional ideal, then there exists a polynomial time algo-
rithm in size(I), m, p,log(|Ak|), k and d computing a basis of a and a polynomial-
size representation of c.

The proof of this lemma is available in Appendix D.

4.5 Classical precomputations

We precompute classically in polynomial-time the integral ideals (I/iv”)” and

(F4 k,j)k,; which are the integral approximation of the ideals (I4;;);; and
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(Fy k,j)k,; as described in Lemma 4.3 for m = @ - (dgr + dc + s). These ide-
als are represented by a two element representation (see Appendix H for a pre-
sentation of our computation model), which have Euclidean norm (24N (I)*/4 .
|A K\l/ (2d))0(1) for an ideal I. We also pre-compute a two-element representation

of the inverses of the Ii/_:/] and }i\;g/], which will be used to quantumly compute
the product in an invertible way (see Algorithm 4.2).

These pre-computations allow us to describe the quantum algorithm com-
puting the function Gr, in Algorithm 4.1. We study its complexity and the
required precision in the next few subsections. The outline of the algorithm is
essentially the same as the one described in [BS25], with explicit Gaussian su-
perposition computation and classical precomputations. In the next subsection,
we detail Algorithm 4.1 step by step.

Algorithm 4.1 Overview of GComputeg , .,

Input: x € (V/29) - [-29,29]% T~ g c R% s € Z% a € [-29,2°]°

Output: |¢p') e-close to Gr,-(x, 0, s,a).
1: Compute |s'), |8") and |y) = 29/V - & (see Eq. (1).

: Compute the list A of ideals associated with y and a (see Eq. (2)).

: Define b =[] . 4 a, compute Hp < HNF(J] 4 a).

: Let My + QuantumLLL,a(Hp).

: Compute By = BoK - My /N (6)'/¢ an approximation of a basis of the canonical
embedding of b/N(b)*/%.

6: Compute R; = Householder(Bj) an approximation of the R-factor of the QR-
factorization of Bj,.

7: Compute |¢') = QGaussian (R}), an approximation of the Gaussian superposition
using Algorithm 6.1 with error parameter /2, periodization parameter ¢, devia-
tion 27 - o, matrix 2 - R}, € 4% .

8: Apply multiplication by diag(8, s’) - By, to the coordinate qubits of |¢') to get |¢’).

9: Compute |¢)') = Enc’(|¢’)) an approximation of Enc with precision 277 over the
state |¢').

10: Un-compute Ry, By, My, Hy, A,y,0" and s’.
11: Return |¢).

Uk W N

4.6 Determination of the set of ideals A in Line 2

Let x € (V/29) . [-29,29]d+dc=1 9 € Ric s € Z% a € [-29,29]° be the
input of the algorithm. We approximate the ideal (up to the norm and phase
factors)

dp+dc—1 Q v s Q ,
— — .. j . 2]
I= H H Exp(55bi - 2') - H pZ.
i=1 7=0 i=1 ji=
bltJ(lilill):l bltj(lllll)zl
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Recall that we have pre-computed polynomial-size approximations of all of the
ideals of this product (see Section 4.5 for the definitions of F' and I). We can
then define the set

A= {Isign(a:i),i,ja blt](|xl|) = 1} U {Es‘ign(ak),k,ja bitj(|ak|) = 1} ) (2)

where ¢ € [0,dgr + dr — 1],7 € [0,Q] and & € [1, s]. Note that |A| < Q - (dr +
dc 4+ s) = m. Finally, A can be computed with a number of quantum gates and
memory negligible compared to the rest of the algorithm.

4.7 Computation of the product of ideals in Line 3

A quantum algorithm to compute the product of two ideals in place.
The classical algorithm to multiply two ideals is described in [Coh93, §4.7.1],
and works as follows: if I = (x7) + (yr) and J is given by its HNF (bq,...,bq)
with zr,yr, (b;) € K, then the lattice spanned by B = [z - by, ys - b1,..., 21 -
b, yr - ba] is I-J and a basis of it can be extracted by computing the HNF of B.
By Theorem 2.1, there exists a quantum circuit QIdMult such that

QUAMult - |z7,yr)[H ) |C € {0,137 ¥y = |21, y1) [ H ) |C & Hy.),

where the @ stands for bit-wise xor. In order to adapt this algorithm to the
quantum context and minimize the quantum memory used, we use an ”in-place”
version of it that we call QIdMultInPlace , described in Algorithm 4.2.

Algorithm 4.2 QIdMultInPlace
Input: |z4,y.) a two-element representation of a, |2,-1,y,-1) a two-element represen-
tation of a™', |Hy) the HNF of an ideal b.
Output: ‘mu, yu> |xn*1 yYa—1 > |Hﬂ‘b>'
1: Initialize the state |Za, Ya) |Za—1,Ya—1) | He) [07%)
e~ ————— N ——

R Ro R3 Ry
2: Apply QIdMult on registers Ri, Rs, R4 yielding |Za, Ya)|Zq-1, Yq-1)| Ho )| Hap)
3: Uncompute the state |Hp) in Rs by applying QIdMult on Rs, R4, R3, yielding (by
deletion with bit-wise XOR) |Za, Ya)|Za—1, Ya—1)|0")| Hap)
4: Swap Rs and R4 and Return Ri, Rz, R4, R3

As described in Appendix H.2, the classical algorithm computing the product
of two ideals runs in time

O ((dw+1 (size(xq) + size(yq) + log(N (a - b))))1+o(1)) .

In our context, all a are obtained from Lemma 4.3 so that their two element
representation have size O(log (B%i7m7Q)). The size of b will change during

the algorithm. The overall amount of quantum gates and memory for one call
to QIdMultInPlace is then

O ((d*" (10( B pum.@) + log(N(8))) +0)) .
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The product algorithm of Line 3. Let A = {ay,...,a;}. We start by by =
Ok, represented by the identity matrix, and let b;11 = a; - b;. We then re-
peatedly use the two-element representation of any ideal a; and their inverse to
multiply b;_1 by a; using QIdMultInPlace .

Complexity. The norm of every a; is bounded by Bg , m,q, the norm of b; =
[1;<;a; then satisfies N'(b;) < By , . . The fact that QIdMultInPlace is in
place implies that the quantum memory is re-used from the computation of one
product to the next one. There are at most m terms in the product, the number

of memory qubits used in order to compute the product is then

@) ((dw+1 -m - log(BK,p,7rL,Q))1+0(l)> 5

and the required number of quantum gates is
0 ((derl . m2 . IOg(BK,p,m,Q))1+O(1)) .

The final norm of the ideal b is then bounded by B¢, -

Error analysis. Let I = Exp(z) [[;_; (pi/N(p:)*/?)% be the ideal whose su-
perposition is computed. The ideal distance between b/N(6)Y/? and I is, by
Lemma 4.3, bounded by |A| -277/m < 27P.

4.8 Matrix reduction of Step 4

We implement the 2%-reduction of the integral matrix Hy by using the Quan-
tum LLL procedure. Assessing the complexity of this procedure is not an easy
task. Our first idea would be to simulate the classical LLL algorithm (either
the textbook version [LLL82] or the quadratic complexity version [NS09]) using
Theorem 2.1, but doing so requires a very large amount of quantum memory.
Tiepelt and Szepieniec [T'S19] proposed a version of the implementation of text-
book LLL with a new technique to achieve a trade-off between quantum memory
and gates, leading to a better memory efficiency. They claim that their technique
apply to the quadratic-complexity version of LLL, but do not estimate the num-
ber of quantum gates needed in this case. To retain full generality, we will denote
by LLLGates(n, b) (resp. LLLMem(n, b)) the number of quantum gates (resp. of
quantum memory) needed to compute the LLL reduction of a full rank integral
matrix of size n x n whose entries are bounded by 2°. For example, for [TS19]
version of textbook LLL, we have (see [TS19, Eq 7, 8 and p.15])

LLLGates(n,b) = O (n” - b*%) and LLLMem(n, b) = O (n4b3/ 2)

Step 4 is then realized using LLLGates(d, m log(Bxk p,0)) quantum gates and a
quantum memory of LLLMem(d, mlog(Bk o)) memory qubits.
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Error analysis. These computations are made over integral matrices, hence no
error analysis is required for this step.

4.9 From the exact representation to canonical embedding in Step 5

We recall that the real computations are done within absolute precision 277 (see
Appendix H.2). As mentioned in Appendix H.2, the integral ideal b is represented
as its basis M, over By, , we now compute the embedding into K of the basis
of b. This is done by multiplying My by Bo, . Note that By, is represented in

fixed point representation with an error of 277 by the matrix Bo,, .

Complexity analysis The bit-size of E?g/K is O (d2 : (p+log(|AK\1/d))>

since Bo,. is LLL-reduced. The product B}, = Be,. - My /N (b)"/? is computed
in two steps. First, computing My /N (b)'/¢ within precision 277, which is done

in time O(d2(log(3?$m@))1+"(1)). Then the product of the two matrices is

computed in time

0 (d‘*’ ~10g(p + 10g(|AK|1/d))1+0(1))

Error analysis Now that we are working with real values, we track the er-
ror propagation in our computations step by step. We define B, = Bp, -
M, /N (6)Y/? an exact basis of b/ N (b)Y/¢ let M = My /N (b)"/¢ and M’ the 277
approximation of M. We have B}, = BOK - M’ and hence

|B; — Byl <|Bo, - M’ ~ Bo, - M'|| + | Bo,. - M’ = Bo, - M|
<277 M| + 277 - | Boy|
=poly(d) - 2477 . \AK\l/(Qd) — 90(d) . 9—p . |AK|1/(2d). 3)

4.10 QR factorization of Step 6

The R-part of the QR decomposition of By (which we denote Rj) is computed
using the Householder algorithm on Bj, with fixed point precision 277 in black
box.

Complexity Classically, computing the R-factor of a matrix of size n x n using
Householder algorithm takes O(d®) real multiplication and additions, leading

140(1)
to a classical complexity of O (d3 . (p + log(|AK\1/d>) ), the number of

quantum memory and gates is then the same as the classical complexity, up to
a constant factor.
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Error analysis In Appendix E.1, we prove that there exists an absolute con-
stant C7 > 0 such that

HR/[, . R;l _ 1|| < 9C1d 9=, |AK‘1/(2d)7

where Ry = QR(Bp).

4.11 Computing the Gaussian superposition of Step 7

We propose a quantum implementation of the GPV [GPV08] algorithm. In Ap-
pendix K, we summarize the results needed for our analysis. The Gaussian super-
position is computed by Algorithm 6.1 with error parameter /2, periodization
parameter ¢, deviation 27 - o, matrix 27 - Rj € Z%*9. At the end of this step, the
main state of the algorithm is an approximation of

C S pe(By-2)l2) (4)

z€Z\{0},
1Bo-z||<R

where C' > 0 is a normalization factor.

Complexity analysis . By Lemma K.5 and the fact that ||Rj| < 204 .
|AK\1/(2d), the implementation uses

)1+o(1)

O <d2 : (log(q) +d+ log(|AK|1/ d) + p + size(o) +d-log,(q) - (log(1 /g))3/2>

quantum gates and

)1+o(1)

O (d . (log(q) + log(|AK|1/d> + p + size(o) + log(l/a))

memory qubits.

Error analysis Theorem 6.1 and the fact that cond(Ry) = 20(d) imply that as
long as €, 0, R and ¢ satisfy

2C’1d.2—p.|AK|1/(2d) §52/(64d)7
— J2poly(d).5*4/d.2d.|AK‘1/(2d),

R=+/In(2/e)-d- o,

— ¢ is a power-of-two larger than ¢

—4/d , 90(d)

then the trace distance between Eq. (4) and |¢') is less that £/2. From now-on,
we fix ¢ to be the smallest power of two satisfying this condition.
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4.12 TUpdate of the coordinates in Step 8

We apply the linear transformation in order to bring the output state close to

=0 S pe(By-2)|By - 2), (5)
zeZ%\{0},
[Be-zl|<R
where |z) is the representation of € Ky as a d-dimensional vector of com-
plex numbers represented in fixed points with precision 27P. This register has
size O(d(p + log(R))). The complexity of this step is negligible compared to the
rest of the computations.

Error analysis Since the update is a trace-preserving operation over the qubits,
the error between |1) and |¢’) is carried from the previous computation, so it is
less than /2.

Encoding the elements of Ky in Step 9 Let b’ = ExpEx(8,s) - b/ (b)'/?.
By multiplying by the phases and applying Enc’ on the elements register (|By,-z)
in Eq. (5)), the state approximates Fg ,(b), where Fg , is defined in Section 3.

Complexity analysis . The complexity in terms of quantum gates and memory
of this step is exactly the same as the one to compute Enc with precision 277,
it is negligible compared to the rest of the computation.

Error analysis . The error analysis is described in Appendix E.2. We give here
the final result: the distance between [¢') and Fr ,(b’) is less than 277 + £/2.

4.13 Final distance to Ggr,

We have that Gg,(x,0,s,a) = Fr(I'), with I’ = ExpEx(8,s) - I with the
notation of the previous subsection. The state computed by Algorithm 4.1 is an
approximation of Fg ,(b'), the distance between I’ and b’ is bounded by 277 so
we have that as long R, o, and Enc follow the hypothesis of Theorem 3.1 for
some a,v’ €', then Fg, is

[1W) — Gro(,0,5,a)| <27P+e/2+ (5d+10a)-2 P +4exp(—(R/0)?/2). (6)

This concludes this section.

5 Parameters and final complexity

In order to simplify computations, we assume that s = |\S| = poly(d,log(|Axk]|))
(else, the number of considered ideals is exponential), and Ng < |AK|O(1) .9
in order to have polynomial-sized ideals'. Note that this is not needed for the
algorithm to work and terminate and for the polynomial complexity.

! Note that in order to compute the whole class group, assuming GRH [Bac90], it
suffices to take S to be the set of all prime ideals of norm < 12(log |Ax|).
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5.1 Choosing o, R and p

Let o, R,v,p and ¢ the parameters of Algorithm 4.1. For this analysis, we in-
stantiate Enc = Encr; where Encg; is defined in Definition L.3. We will fix
the parameter ¢ in this section. Note that by Lemma L.3, it is 2v/d - t to-
tally separative and a = +/d - 7/(2t)-Lipschitz. By Corollary L.1, it is also
(2V/d - t/(v/10 - 7),29/30) separative. The parameters need to satisfy several

hypotheses. First, we fix o, it needs to satisfy o > 3 - d/2 . |AK|3/(2d) for Theo-

rem 3.1 and o > 20(d) ~5_4/d|AK\1/2d for Corollary K.2. There exists an absolute
constant ¢, > 1 such that fixing

o= (2d . (g—l/d)c‘7 . |AK|3/(2d)

satisfies all these conditions.
We now fix R. It needs to satisfy

— R>2:-04/dIn(320) for Theorem 3.1,
— R > 0O(y/In(1/¢e) - d/7) - o for the error in the almost-Lipschitz continuity
of Theorem 3.1, equal to 4 exp(—(R/c)?/2) to be smaller than £/4,

— R >+/In(2/¢) -d - o for Theorem 6.1 with error parameter £/2.

Note that for any d > 2,e < 1, we have that In(1/e) < O(d) -e~'/?. There exists
an absolute constant cg > 1 such that fixing

C
R— (2d ) 671/d) R |AK|1/d
satisfies all these conditions.

Now we fix t. Let v = 2v/d -t and v/ = 2v/d - t/(v/10 - ), they need to satisfy

— v < 1/(2R) for Theorem 3.1 (where v = 2V/d - t);
— V' < poly(d) - s -log(Ng))~! to satisfy Theorem 2.2.

There exists an absolute constant ¢; > 1 such that fixing

;= (61/d Lg—d . |AK|—1/(2d))Ct
satisfies all these conditions. Finally, we fix the precision parameter p of Algo-
rithm 4.1. The conditions it needs to satisfy are

— 277 < &2 . poly(d)~ - 279@ . | Ag |7/ for Theorem 6.1,
— 27P4(5d+10a)-27P+3¢/4 < ¢, where a = V/d-n/(2t) for the right-hand-side
of Eq. (6) to be less than e.

So there exists an absolute constant ¢, > 1 such that fixing

p=cy- (d+10g(14x|"") +log(1/2))

satisfy those conditions.

We do amplify a constant number of time the function G, as noted in Lem-
mas 4.1 and 4.2. This has no impact on the parameter choice and the complexity,
up to a constant factor.
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5.2 Final complexity of the quantum oracle

In this subsection, we compute the final complexity of Algorithm 4.1 for the
previously computed values of o, R, ¢, p, and the value of ) of Theorem 2.2. We
also take our error parameter to be £ = 2=€(@ . |Ax|°™) This implies that we
take o = (24 |Ag|YHOW, R = (24| Ag|HOW = (274 | Ak |7V DM p =
O (d +log(|Akl)), ¢ =0 (d + log(‘Ax\l/d)). Now, we fix 7 = 270(@). |AK|@(1)

to be the error parameter of Theorem 2.2, this give that

Q=0 ((d+3)**M (1og(1ax|"") +a))

We now bound the complexity of each steps of Algorithm 4.1 for the parameter
values we computed. For readability we will omit the O notation. We have that

m=Q-(dg +dc + ) = (d+ s)>+°0) (log(|AK|1/d> n d) ,
and
10g(Bx p.m.q) = d(d + s)*>to) <log<|AK\1/d> + d) :

For the sake of brevity, we defer the step-by-step description of the costs to
Appendix F.

Overall complexity The overall complexity of computing G within preci-

sion |AK|_9(1) -279(d) i5 dominated by Steps 3 and 4.

Theorem 5.1 (Overall complexity of the oracle computation). With all
the parameter fixed in Section 5, it holds that the complexity of Algorithm 4.1 is:
Quantum memory:

+0 <dw+2+o(1) (d+ S)5+o(1) . (log(|AK|1/d) N d) 2+o(1)) .

Gate count:

2+0(1)
LLLGates (d, (d+s)5+0<1>.(1og(\AK\1/d)+d) ’ >

3+o0(1)
+0 <dw+2+0(1> (d+ )8+ (log(|AK|l/d) + d) ) :
Omitting big-O notation again, the output space is of size (see Eq. (35))

log(dim(H,/2)) =d- (d+ log(|AK\1/d)),
and the Lipschitz constant A of G satisfies

log(4) = d + log | Ak "),
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Corollary 5.1. The complezity of the quantum procedure of Theorem 2.2 run-
ning with this paper’s quantum implementation of the oracle G is:
Quantum memory:

LLLMem (d, @+ 9750 (log(1axl ) + d)2+o<1>>
+0 (dw+2+0<1> (d + )7t (10g<|AK|1/d) +d>2+o<1>) |
Gate count:
bt (d’ (@770 (log(jax]) + d>2+0(1)> 0 ((d+ 9"+ (tog Ak ) +d))

4+0(1)
+0 <dw+2+o(1) . (d+ s)9+o(1) . (log(|AK|1/d) -I—d) > .

The proof of this corollary can be found in Appendix B.

6 An efficient quantum circuit for the GPV algorithm,
computing a Gaussian lattice superposition

In this section, we will present a new and efficient algorithm to compute an
approximation of the Gaussian quantum state

Cile D Poc(B2)|2),

ZEGQ

where Gg = {-29/2,...,0,...,(29 —1)/2}"\ 0 C Z", a centered set of repre-
sentatives of (Z/297Z)", with Q € Z. This will be done by combining two tech-
niques; one of Kitaev and Webb [KWO09], which allows to compute a Gaussian
superposition over Z efficiently; and one of Gentry, Peikert and Vaikuntanathan
[GPV08], which is a classical technique computing general discrete Gaussian dis-
tributions from Gaussian distributions over Z. Though this latter technique is
classical, it is here amended for our quantum setting.

Recall the definition of the Gaussian function from Section 2.4. For ¢, € R™,
we denote p, () = e~mllz—ell*/o*

Theorem 6.1. For anye € (0,27"), and any non-singular upper triangular ma-
trizr R, R' € Z™*™ with positive diagonal satisfying ||R’R’1 — IH <e?/(16n) <
1, and 0 > /2 -1n(64n3/£2) - | R||, then the output of Algorithm 6.1 on input
(R',0,R,q,c = 0) is e-close to the state

Clil Z pU(R'Z)|Z>, (7)
ze€Z",
Rz <R
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Algorithm 6.1 QuantumGaussian

Input: An upper triangular invertible matrix R = [r1,...,7r,] € Z™*" with positive diagonal, a
center ¢ € Z™, a deviation o € Qs and a window parameter q € Zs( that is a power of 2.
Output: A quantum state e-close in the trace distance to

C71 Z §U,C,q(Rv z)|z>,

2€(Z/qz)™

where C € Rs satisfies C? = > aemn po(Rz)2.
1: Initialize |R)|c)|o)|0)|0).
’ C.

2: Compute ¢’ = 22— and (0')" = 02/1‘721,71. Put it in the state

1B)|e)|o)|<’, (o)) ]0)

3: Use QGaussg"E/(?")) the periodized discrete Gaussian over Z with center ¢’ and deviation o’
within trace distance €/(2n).

[R)e)|o) | Ic', (6")2) - Cot D7 €pr e o(1,2)]2) | 10),

2€L/qL

wfhgere Cp € Ry satisfies Cg =3 ez Po’,c’(z)2 and ¢ signifies that it is a close approximation
of &.
4: Then uncompute ¢’ and (¢/)2 to obtain

IR)|e)|o)|0) | Ca ' D Eorer 4(1,2)]2) | 10)

2€Z/qZ

5: Compute |e)|o)|0)|z) — |e.)|o)|0)|z), where ¢, := ¢ — z7,,. Then we obtain

IRy [Cot S0 &yr e (1, 2)|e2)]0)]0)2) | 10)

zZ€EL/qL

6: Recursively, use the first n — 1 basis vectors of R, the center ¢/, = m,_1(c—27,) (where m,,_1 is
the projection to the first n — 1 coordinates) and deviation o (using the ancilla space of o', ¢) to
obtain the periodized discrete Gaussian over R, = (71, ..., 7,—1) within trace distance (”;71)5

yielding

IR)-Cot D" €or o o1, 2)]ez)|o)|0)]2) - Ot > €o,ez,q(Ros 20)|20),
2€L/qL 20 €(2/qL)" 1
where C, € Ry satisfies Cz = ZZOEZ"*I Pocs (Rozo)2, and é signifies that it is a close

approximation of &.
7: Uncompute the shifts of the center ¢, i.e., |e.)|o)|0)|z) — |c)|o)|0)|z), to obtain

IR)|e)[0)|0)Cq " D" Eor s o(1,2)|2)CT" > €o.cz.a(Ro, Zo) 20).

=€2/qL 20 €(2/qz)n—1

8: Output the resulting state.

where R = +/In(1/e) - n- o and q is the smallest power of two such that

q>+/2n-In(1/¢) - In(64n3/2) - | R|| - cond(R).
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Moreover, Algorithm 6.1 uses

O (n? - 510 + 1 logy(q) - (log(1/2))*/*)

quantum gates and

) (n L pite®) 4 log(l/s))

ancillary qubits, where

B =log(n-q-||R|)+ mlax(size(ci)) + size(o).
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A Extended preliminaries

Lemma A.1 (Smoothing lemma, see the proof of [MR07, Lemma 4.4]).
Let L C R? be lattice. Then, for any € >0 and o > 1.(L) we have

d d
(1 - e)det(ﬁ) < pa(ﬁ) < (1 +€)det(£)

31



/2
Lemma A.2 (Banaszczyk’s tail bound). Let f4(k) := (%) exp(—7kK?).
Let 0 >0 and R > o -\/d. Then for all lattices £ C R?,

po(L£\ B(0, R))
po (L)
Proof. The proof of the left-most inequality of Equation (8) is by Banaszczyk

[Ban93, Lemma 1.5]. The right-most inequality follows from the following com-
putation for ¢ > 1.

< Ba(R)o) < e~ B/, (8)

Ba(Vide) = (V2me e ) < (7)==,

and hence B4(R/0) < e=(R/?)” whenever R/o > /.

B Technical proofs

Lemma 2.4. Let I € IdLatyg and R > N(I)Y?. Then for any = € I\ {0},
y € Ilg\ {0} with x # y, it holds that dyex (2, y) 2 N()Y/2R.

Proof. Let i maximizing log |o;(z)/0;(y)|. Then we have dKRx (z,y) > ||Log(z) — Log(y)|l, >
|Log(x) — Log(y) ||, = log|oi(x)/0i(y)|. Let s € {—1,1} be the sign of |o;(x)| —

|oi(y)|. Then, by Lemma 2.3 and the fact that s(|o;(z)] — |03 (y)]) > M\ (I)/Vd

(by the inequality between infinity norms and Euclidean norms),

dyex (2,y) > slog 1+ |"(I)|"(y>|’ > 1Og‘1+ W’ > 1og<1+N(I)1/d>

loi(y)] Vd|oi(y)] R
1/d
L N
- 2R
where the last inequality holds since for = € (0,1),In(1 + z) > z/2. O

Lemma 2.5. Let R > V/d, and let I,J € IdLat?( such that there ezists x €
(INJ)\ {0} satisfying ||z||,, < R. Then for any (u,v) € I|gr x J|gr with u # v,
we have d (u,v) > 1/(2R? - | Ak |/ D).

Proof. We write I = x-a and J = y-b for integral ideals a and b, note that N'(x) =

N(a)~!. The condition on I NJ implies that A'(I N J) < R%.
By Minkowski’s theorem, there exists a € 271 - (I N .J) such that

lallo <IAK[YEY N (271 (10 )
<|Ag[YCD RN (a)

In particular this implies that A(a/a) < |Ag|"?- R%. Since a € z~1- (I N J),
there exists b € b such that « - a = y - b, which implies that z/y € (1/a) - b.
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Since a € (z71) - o - a = a, we have that Ox C (1/a) - a, this implies that J C
(1/a) - a-J. On the other hand we have

I=(x/y)-y-aC(l/a)-b-y-a=(l/a)-a- .

We proved that I,J C (1/a)-a-J. Let u,v € I|g x J|gp with u # v. The fact
that J C (1/a) - a- J implies that N'((1/a) - a-J) < 1, so the condition on R
allows to apply Lemma 2.4:

N((1/a) - a-J)t/d
2R '

dKRx (u,v) >

The fact that M(a/a) > |AK|_1/2 - R~ then concludes the proof. O

Lemma 2.6 (see also [EHKS14b, Lemma E.5]). Let J C I € IdLatg.
Then, for any o > 3-d*/?. |AK|3/(2d) -N(DY it holds that py(J)/ps(I) < 2/3.

Proof. We prove this fact for arbitrary rank d lattices A’ C A and o > 3V/d -
Aa(A), which we will instantiate at the end of this proof with A’ = J and A = I.

Let A € A be a sub-lattice of A and let w € A\ A’. Then we have, by a
technique from [HR14, Claim 2.10],

po(A/ +w) + po (A —w) = 37 (e7mletul’/o? 4 gmwlamul/o?)
zeA

= e lwl?/o? Z (e‘””“”z/‘72 cosh(27r<:b,w>/a2))
zeN

> 2pq(w)ps (A7),
by applying the fact that cosh(a) is bounded by 1 for real a.. Hence,

(A + @) + po (A — w)

pa(4) 2 po(A) + 22 2

> (14 po(w))po(A).

Therefore,

po(d) 1

po(A) ~ 1+ po(w)

The set {£ € A | ||£] < Vd\a(A)} must contain a HKZ-basis of A [LJS90]. So,
for any A’ C A there exists w € A\A’ with ||w| < vd-Ag(A). So there exists w €
A\ A’ such that [|w]| < Vd-Aq(A) < /3, hence p(w) > exp (—7372) > 0.7, and
thus 1y < 1/1.7 < 2/3. Instantiating this for A = I we use the inequality

3.3 | AP CD NV >3V Ag(D),

by Lemma 2.3. This concludes the proof.
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Lemma 2.8 (Derived of [FPSW23, Alg C.1]). There exists a polynomial
time algorithm SampleBalanced that, on input an ideal I with basis By of ®(I) C
R? and a balancedness parameter n > 1, outputs x € I\ {0} such that

(i) |z| < % ~d3/? - maxi<i<q ||bf]|, where (b%)1<i<a is the Gram-Schmidt
basis of By,

(ii) |oi(x)/N(@)/4—1| € [l —n~tn—1] for all i € [1,d]. In particular, x
is n-balanced.

Proof. The algorithm consists in running the nearest-plane algorithm with ba-
sis By with target t = d- || Bj||-n/(n—1)- 1. Let y € &(I) be the output of the
algorithm. We have that ||y — t|| . < (v/d/2) - ||Bf|. This implies that y # 0,
and the bound on ||y||. The balancedness of y = ®~!(y) comes from exactly the
same computations as in the proof of [FPSW23, Lemma C.2] (where we take
M =2/(n—1) in that lemma).

Lemma 3.4. Let Enc be (V',1 — €')-separative injective for some v',e" € (0,1),
and let I,J € IdLat} satisfy (Fr.o(I)|Fro(J)) > 1—¢'. Then there exists I' €
IdLat g with digear(L, I') < V' such that I' N J # {0}.

Proof. Write |I) = Fr,(I) and |J) = Fr(J). Then, by the Cauchy-Schwarz
inequality,

A< Y \prol o)pra(Jy)|(Buc(z)[Enc(y))|

z,y€llrxJ|r

< max  ({{Enc(@)[Enc@))- Y \/preU.o)pro(Ly)

7m,y€I|R><J\R cellnxdn
)

<  max [(Enc(z)/Enc(y))|-
x,y€I|R><J\R

Thus, there must exist « € I|g and y € J|g with [(Enc(z)|Enc(y))| > [(I|J)] >
1—¢'. Hence, by separativity, we must have 5KRX (z,y) <V, ie., y/z = ExpEx(6
with ||@|| < /. Putting I’ := (y/x)-I, we have y € (ExpEx(0)-1) = (y/z)- I =1
but also y € J. We can therefore conclude that y € I' N J with igear(I,I') < v/'.

O

~—

Lemma 3.5. Leto > 3-d3/2-|AK\3/(2d), R>Vd-o andv <1/(2R). LetI,J €
IdLat% satisfying (I N J)|g # {0}. Then either I = J or

(IlJ) <

(ST

Proof. If I = J, there is nothing to prove. Hence, let us assume that I # J.
Without loss of generality, we assume that p,(J|r) < po(I|g). Lemmas 2.5, 2.6,
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A.1 and A.2 and the condition on v implies that

po (LN J)\ {0} |r)

<I|J> = Z \/pR(I,.TC) 'pR(Ja ) =

ze(INJ)|r\{0} \/Po (I \ {0} [r)ps(J \ {0} |R)
po (LN)\{O}[R) _ po (UNS)|R) =1 _  po(INJ) -1
po(I\ {0} |r) peIlr) =1 = (1—e %) py(I)—1
peINJ)  1—p,(INJ)? < 2 1
o) 1—e P —p ()71 T3 T—e® —p (1)
<2, 1
T3 l-e® —(1—e 1.\ /]Ag|/od
2 1
= 31— (1 —e~d)=1.(3y/2-dL5)—d

An analysis of this expression shows that for d > 2, it is less than 4/5, hence the
result. a

Lemma 3.6. Let o > 3-d%/?-|Ak |3/ ) < 1/(2R) and Enc an injective map

which is v-totally separative over (Ky , 5KRX ). Furthermore, assume that o,v, R

and Enc are such that Fr, is (A,«)-almost Lipschitz for some A € R with
a < 1/30, and that Enc is (v',1 — €')-separative for some ¢ € (0,1/30) and
v' <1/(30A). Then the function Fr, is (v',1 — €’)-separative.

Proof. Let I,J € IdLatY such that (Fg ,(I)|Frs(J)) > 1—¢'. By Lemma 3.4 we
can deduce that there exists I’ € IdLat g with diqea1 (I, I') < v/ with I'NJ # {0}.

Our next aim is to show that I’ = J, and hence Sigeal (I, J) = didear (I, I') < v/
which then finishes the proof. Writing |J) := Fg,(J) (and similarly for I’,I),
we have

(1) =(11.7) = ({I| = (T"D|T)

>1—¢ —(A-V +a) by (A, a)-almost Lipschitz continuity
>9/10.
Now, by Lemma 3.5, this implies that I’ = J, which finishes the proof. a

Lemma 3.3. Let o, v and Enc satisfy the conditions of Lemma 3.2. Then Fr 4
is [(5d + 2a), 4e=B/9)* /2| qlmost Lipschitz continuous.
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Proof. Using that [|[|¥r) — |¥s0)||? = 2 — 2Re((¥r|¥s)) we concentrate on this
latter inner product. We have

Trllo) = S0 \/pre(.2)y Do (Ty) (Bnc(a) [Enc(y))
z€I\{0}|r,y€I\{0}

R A po ()
> prallalfpmallie) = 3 s

z€I\{0}|r z€I\{0}|r

_ \/w\ 0} n) _ \/png) 1 \/—e—R2/02 F1-po(D) !
po(1\{0}) po(l) —1 1— po (1)1
o V=20 o > 1 20/

where the second equality follows from Lemma 2.4, and the last equality from
Banaszczyk’s tail bound (Lemma A.2). In the second last inequality we use
that po(I) > 20%//|Ak| > 2 by smoothing arguments (Lemma A.1), and in
the last inequality we use /1 — 2z > 1 — 2z for x € [0, 1]. Hence

I1FR,0)(ul) = [Fro) (D
S FRo) (W) = |Foo,o) ()| + || Foc,0) (ul) = [Foo.o) (Dl + [ Foc,0) (1) = [Fr.0) (D)

< V4ellR/9)? + (5d + 2a)|| LogEx(u) || + V 4e(f/o)*,

Hence Fr, is [(5d + 2a), 4e=(B/9)*/2]_almost Lipschitz continuous. O

Corollary 5.1. The complexity of the quantum procedure of Theorem 2.2 run-
ning with this paper’s quantum implementation of the oracle G is:
Quantum memory:

+0 <dW+2+o(1) (d+ S)5+o(1) ) (log(|AK|1/d) N d)2+0(1)) |

Gate count:

phbGates (d’ (d+ )70 <log(|AK|1/d) + d) 2+0(1)> o) ((d + g)Lto® <log(|AK\1/d) + d))
+0 <dw+2+0(1) (450 - (log(| A ) + d)4+o(1>) |

Proof. Note that the quantum complexity, both time and space, of the whole
procedure to compute a basis of Ag is dominated by the computation of G.
By Theorem 2.2 we need to compute the oracle k = O((d + s)'t°( log(A)) =

O((d + s)1+0(1)(log(|AK|1/d> + d)) times. By re-using memory, the quantum
memory count is the same as in Theorem 5.1, whereas the quantum gate count
is multiplied by k = O((d + s)1+0<1>(1og(|AK\1/ d) +d)), which yields the result.
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C Lipschitz bound on difference of Gaussian sums

Lemma C.1. Let A a full rank lattice in R™, and let 1 > ¢ > 0 and o > 2n.(A).
Let X be a random wvariable sampled from the discrete Gaussian over A with
parameter o. Let i,j € {1,...,n}.

Then
- B -] < 22
- [Bexy) - 3] < 22 (B + ).
Proof. This is a generalization of the proof of [MR07, Lemma 4.2]. O

Corollary C.1. Let I € IdLat} and o > |AK|1/d. Let X be a random variable

sampled from the discrete Gaussian distribution over I \ {0} with parameter o.
Then for any i,j € {1,...,n},

- E(f(f) <0402 .

Proof. One can prove that if we set § = p,(I'\ {0})~!, then for any function f :
Kgr — Rx¢ satisfying f(0) = 0 it holds that

E(f(X)) = (1+6) - E(f(X)),

where X is sampled from the Gaussian distribution over I with parameter o.
By Lemma 2.2, it holds that o > 1y—a(I), which implies that p,(I) > (1 —279)-
ad/|AK|1/2 > /|Ak| > 242 where the last bound follows from Minkowski’s
theorem. In particular, it holds that § < (2%/2 — 1)~. The result follows from
applying Lemma C.1 with ¢ = 27¢ and multiplying by 1 + 4. O

In this subsection, for any I € IdLat%, z € I and u € KQ we write h, (I,z) =
po(2)/po(I) and v 1(0) = (V/ho(€®1,€02))zer-

Lemma C.2. Let 0 > |AK|1/d. Then the function 0 — v, 1(0) is (7w - d)-
Lipschitz.

Proof. Note that the derivative with respect to the imaginary parts of 6 is equal
to zero, due to the fact that the Gaussian only depends on the norm. Hence,
we only consider @ € R%*dc_ Then, by applying standard derivative rules, we
obtain

B, ha(e"Leex):;—Z- ho (€01, ¢02) - (|Ji(eex)|2—E(|ai(Y)\2))
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where Y is a discrete Gaussian sampled over eI with parameter o. For any 1,
the sequence (6 +— 0g,\/ho(e?-1,e%-x)),cpr converges uniformly to (0 —

09, v/ ho(€? - I,€% - ) er when R — oo. This implies that
801' |:0 = ( h0<60 : Ivee : x))ze]} =0 (601 ha(ee : I7eB 'x))IGL

In particular, if we denote Dv, r|¢ the differential operator of v, 1 at 0, we have
for all a € Rd=+dc

d
Do, rlo(a) = ;—;r . Zai . < he(ePI,ez) - (’0,»(6%6)’2 - E(Ui(Y)|2))) .
. (9)
We then have

42204 - he(€91,6%2) (’O’z e x)|2—]E(\oi(Y)|2))2

xzel 1=1

d

<ol S 01, 60) - 3 (Jout e — B v’
zel =1
d

< ol S 01, e%2) - 3 (Jos(e) |+ Bl (V) 2?)
zel i=1
d

||a|| ™S (1, ) )3 (Joiteo)|" + Eou(v)2)?)
xel =1

||04||2'7T2 2\ or 6 0.4
< (E(IVI) + Y hole1, %) - [|efal|
zel

2 2 2
« - T
<. (E (7)) +E (||Y||4)> <d-7

where the last inequality comes from Corollary C.1. This concludes the proof.
O

Lemma C.3. Let 0 > 2|AK|1/d, let R > max(vdo,40logo) and let 1 €
IdLat%.. Write
9o (1, 2) = po(2)/ps(1\ {0})
Define L, := ( d]ﬁd“ (09,1/ 9o (€P1,€92)|g,—0 ) , which are Lipschitz con-

stants of the components of the function 0 — v, 1(0) = (\/9-(€%1,€92)),cr. We

have 2 2
S Lo <+ aVd) 42002 AT e G
z€I\B(0,R)
and
S Vao(ha) < 42U A | VA F o)
z€I\B(0,R)
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Additionally, if R > 20+/dlog(320), both sums are bounded by 1.

Proof. By the chain rule, we have

Op,

i

1
90(6915 eax) = 5 ’ ga(eelv 691‘)71/2 : agiga(€917 69)' (10)

By the quotient rule, we have

ol T\ 10)00,02(c"5) — po(e)0 o T\ (0]
Do (P1,) = (T 0]

=27 py(e®x) . e*%10i(x)]? ps (e°1\ {0}) — > wen\{o} e*i|os(2)[? po ()
i P2 (T {0})?
—27 - pg (O 20, 2 &9
= pg«fez( \ {o)}> (o) - ELX2)
= 2 (L) (o) LK) (1)

where X; is the o;-th component of the random variable over the replete ideal
€I defined by the probability distribution e®x + g, (91, e%2).

Combining Equations (10) and (11), we obtain

897: \/ go(eo-[a eex) = ;;T \/ 90(6017 691,) (6201-
g

Hence, evaluating the derivative at @ = 0 and taking the square of the Euclidean
norm,

oi(@)? - E[X7]).

7T2 dr+dc B 7T2 dr+dc 5
L2 =g, (L) Y (joi(@)? ~ E[X?)? < 75 - g, (L.2) <||x||4+ 2 E[X?F)
=1 i=1
m? 4 4
< 5 g0 (L) (Jlo]* + do)

where the last inequality follows from Corollary C.1. Therefore, by using va + b <
Va+ Vb for a,b € Ry,

> L<s Voe@oz|? +avd > g (Ix). (12)

2z€I\B(0,R) z€I\B(0,R) 2e€I\B(0,R)
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We concentrate on the left-hand summand, for which we have

> mllw\ﬁém T eslel ezl

z€I\B(0,R) ze€I\B(0,R)

v o~z llall?
S IO

2€I\B(0,R)
< p20(I\B(0, R)) < o~ R2/(20) pao (1)
= po(I\N{OH2 T po(I\{0})1/2
—R?/(20)? 2- (20)d|AK|_1/2
V050t AT -1
< 420682 Ay |7 AR/ (20)7,

<e

: : : 1 2
where the second inequality holds since 1 < 1 — 2¢° n(‘lm! ) whenever ||z| >
Y 2 T el”

R > 40 log o; the fourth inequality by the fact that R > v/do and Banaszczyk’s
bound (Lemma A.2); the fifth inequality by smoothing arguments (Lemma A.1)

Y ); the sixth inequality by the fact

(which gives an error of e~¢ for o > |Ax]|
that 0@ > 4| Ag|"/?.

The right-hand summand of Equation (12) can be similarly bounded by the
fact that

< P2o(\BOR) _ g2/ p2oc(l)
EEI\;O R) \/7 po(1\ {0})1/2 = po(I\ {0})1/2

<4. 2d0d/2|AK|71/4e_R2/(2”)2.

By combining these two bounds, we obtain the bound on the sum over L,
whereas just the last computation yields the bound on the sum over /g, (I, ).

For the last statement, we only have to prove the bound of 1 of the first sum,
as the last sum easily follows. If R > 20+/dlog(320), we have that e~ R/(20)” <
(320)~% and hence

(14 7Vd) -4 2702 A7 e BT < (14 nV/d) - 41670792 < 1,

Lemma C.4. Let Enc, v, R, a, o satisfying the hypothesis of Lemma 3.3.
Let I € IdLat}, and u,v € K3 and X = {x € I\ {0} |uz|| < R and |Jvz| < R}.
We have

< dﬂ'dKRx (u,v)+O0(\/Ba(R/0))

Z <\/pR70(uI, ux) - \/pR,a(U[, UI)) |Enc(uz)>

zeX

Proof. Without loss of generality we can assume that d KX (u,v) < oo and arg(o;(u)) =
arg(o;(v)) = 1 for all ¢ = 1,...,dg. This implies that there exists a (resp 3)
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in R% x (R +4-R/Z)% such that u = e (resp v = €®), and that dx (u,v) =
|l — B]|- Let vq = <\/pR7U(uI, ux) — \/pRJ(UI, va:)) y € C!. We have that
HAS

Z (\/pR,a(UL uzr) — \/pR,g(vI, vx)) |Enc(uz))

zeX

‘ = [loa|

Now, let vy = v, 1(a) — v,.1(B) € C!. We have

o2 = o1l < (Voratul u) = Voo al) = (fomo (ol 00) ~ VooGoT o))

N H (Voo lul uz) — /o (0T 01))

zeX

zel\X H

Let us bound the two parts of this inequality.

= Y (Vorluhoww) - Voo Gl

zel\X

< 3 polul,uz) + po(vl,vz)
zel\X

(W \ BOR) _ oo\ BO, R)
po(ul) po(vI)
< 2B4(R/o0).

On the other hand we have, since pgr ,(ul,uz) > hy(ul, uzx) for any u,z, I:

|(Vomatul.ue) = VooGaoa) = (foma (ol ) - pa<v1,m>>)mex
= 3 (oot — Vool - (fomatoL o) ~ Voo T ) )

H (Vpo(u,uz) = v/, (0, v2))

wEI\XH

2

xeX
<3 (Yimetute) - Voot + (yfomotelon VoI )

Lemma A.1 gives us that

\/Pr.o (Ul ux) — \/ps(ul,ux) < ( 1— By R/O’ ) po(ul,ux)
= O(\/Ba(R/0))\/ po(ul , ux)

This implies that

(wag (ul,ux) — \/po(ul,ux > < O(B4(R/0))- pg(iéﬂ])%) O(Ba(R/0)).

zeX
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and finally |lvz — v1]| = O(\/Ba(R/0)).
Now, by Lemma C.2 we have ||vs|| < 7-d- dKRx (u,v), which allows to conclude.
O

D Compact representation of high powers of an ideal

Algorithm D.1 CompRep
Input: An ideal lattice I represented as its basis over Bo,, a power k € N, and a
real n € (1,2)

Output: (a,ao,...,a:) such that a- H;:o a?-j =TI"

1: If k =0, return a = (Ok).

2: Compute (aog, Bo, ..., Bt—1) = CompRep(I, |k/2]).

3: Put o/ = a? if k is even, a’ = I - af else.

4: Compute a LLL-reduced basis B of &(a’ ).

5: Compute o’ = SampleBalanced(B,n), and put a = o’ - a'.
6: Put a; = Bj—1 for j € {1,...,t} and oo = 1/c’.

7: Output (a,ag, ..., o)

Lemma D.1. Algorithm D.1 is correct and runs in polynomial time in log(k), d
and in the size of its input. Additionally, a is an integral ideal satisfying N'(a) <
C’f]l- |AK|1/2 for Cy =24-d3-(n—1)"1, and the a; are n-balanced elements of K
with size polynomial in log(C,),log(|Ak|) and size(I). Furthermore, we always
have t < [logy(k)] for k > 0.

Proof. We prove the correctness by induction on k, where the ground case k = 0
is trivial. We assume k > 0 and k is even. Then, by induction, (ag, Bo, - .., Bi—1) =

CompRep([, k/2) satisfies (I)*/? = ag - H;;é BJQJ By definition, we have a3 =
a-(a/)71, hence

2

t—1 t—1 t t

k 27 2 2d+1 -1 27 27

0 = (w0 T1#' ) = T[#" = @) [To2 =[]0
Jj=0 Jj=0 j=1 Jj=0

For k is odd we have, by induction (1)*~1/2 = a;- H;;IO szj. Since, by definition

we have a- (a’)~! =1 - a3, we obtain

t—1 t t

k 27 2 27 29

=1 (e [167) =1-@[[oF =a- [[oF"
7=0 j=1 Jj=0

which finishes the proof.
We will now show the bounds on a and «; of the output. In all cases, a
is either O or @’ - o’ where o is output of SampleBalancedwith a LLL-short
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basis of a’~!. This implies that a C Ok, that ||/ < C), - det(a’)fl/d and
that o’ (and hence also ap = 1/a’) is n-balanced and that its size is polynomial
in log(Cy),log(|Ak|) and size(I). By the arithmetic-geometric mean inequality
we obtain that

N(@) < (/| Vi) < Cif - det(a') ™" = Cff - N(a') - |Ax] 2,
hence N (a) = N'(a') - N(a') < C4 - |Ag ">,

For the bound on ¢, use induction: for & = 1 note that only By is de-
fined, hence t = 0. For k£ > 1, a new a; added to a list of, by induction,
of < [log,(k/2)] < [logy (k)] — 1 elements, which proves the claim.

The fact that k is at least divided by 2 at each recursive call to CompRepimplies
that |log, (k) recursive call are made on input k. The LLL algorithm and ideal
multiplications run in polynomial time on the size of their input, which implies
the claimed running time. a

Note that when computing a compact representation for I Qk, a compact
representation for 12 is computed along the way for all j =1,...,k — 1.

Lemma D.2. Let a output from Algorithm D.1 on input I,k,n. Then we have
that
Biaear(a/N (@), IF /N (I) /) < 2 V- (n — 1)

for k' = Tlog,(k)].
Proof. One can check that for any I,J € IdLat%, one has igea(1?,J%) <

28ideal (I, J). We now show the result for k = 1. We have that o’ = I, and a = o/-1
for o satisfying, by Lemma 2.8, that

ai(a!) /N (/)4 — 1‘ ell—ntn—1.

We denote @ = a/N(a)V/4, T = I/N(I)Y/? and o/ = o/ /N (a/)'/4. We have
that I = (&) - d, and hence Sigear(Z,d) < HLogEX(OZ’)H. Now, for every i =
1,...,d, we have that 1n(|0i(&’)|) < lai(d’)| —1 < n-—1. 1t is also true for
any i = dg + 1,...,dp + 2dc that arg(c;(a/)) < tan~'(|joy(a’) —1]) < n — 1.
Finally, it holds that
[LogEx(a’)[| < Vd - (n—1).

For k£ > 2, by induction we have that the distance between the normalized target
ideal and a’ is multiplied by two at Step 3 and then by the same argument as
for k = 1, the distance is increased by at most v/d-(—1). A bound is then given
by a sequence di = Vd(n — 1), dy = 2dj/2 + Vd(n — 1). We bound dj, by dow
for k' = [logy(k)], and get dyw = (2¥+1 —1)-V/d - (n — 1), which gives us the
desired result. O

Lemma 4.3. Let pm > 1, and k > 0. For any I C Kgr replete ideal, there
exists an integral ideal a and an element o € Ky such that and

k
I =a-a.
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with a satisfying N'(a) < B pm,k where
log(Bk pmk) < C - d- (log(m) +d + k +p+log(|Ak])) .
for some absolute C' > 1, and
Sieat (12 JN(IZYY a/N (a)Y ) < 277 /m

Furthermore, if I is a fractional ideal, then there exists a polynomial time algo-
rithm in size(I), m, p,log(|Ak|), k and d computing a basis of a and a polynomial-
size representation of c.

Proof. Let n = 1+27%=1=?/(y/d-m). By Lemma D.1, (a, (o;)) can be computed
(in polynomial time if T is fractional), with «; n-balanced and

k
2k 27
I =a- o
l I J

Jj=0

We have (n —1)~1 = 2k147.\/d . m, the bound on N (a) then becomes
Nl QEH4959. 59yt ]
— md . 35, 9d®  9d(p+k+1) Ax|

< 2O(dlog(m)+d2+dk+dp) m

Now we have, by Lemma D.2:

Sugem (12" [NT(IZ ), 0/ N (2)!/) < 241 VA (25047 Vdm)
=277 /m,

which allows to conclude the proof. a

E Error analysis of Section 5

E.1 Error analysis of Step 6 of Algorithm 4.1

We use the notations defined in Section 4. We define Ry = QR(Bj). Our goal
here is to bound the relative difference between R, and Rj. By [CSV12, The-
orem 6.4], there exists a matrix By within distance poly(d) - 277 - ||By| <
20(d) . 9=p . |AK|1/(2d) of By, such that R} = QR(BY), combining with Eq. (3)
we have that

|BY — Byl <20 .27P. |AK|1/(2d)_

Now, by [CSV12, Theorem 2.3] we have that as long as p is big enough (p = £2(d)
is enough),

|1 R, — Ryl < poly(d) - [| Bl| - cond(Be) - || By — B||
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The fact that Be, is LLL-reduced and Mj too, this implies by [CSV12,
Lemma 5.5] that cond(By) < 2°(9), which finally gives

|R, - R,' —I| < poly(d) - 277 - cond(By)” - || Be|
< 90(d) 9= ‘AK|1/(2d)~

E.2 Error analysis of Step 9 of Algorithm 4.1

We use the notations defined in Section 4. In this section we are bounding the
distance in trace norm between the state output by Step 9 of Algorithm 4.1 (that
we denote [¢')) and the state Fr,(b"). We denote by By = diag(0,s’) - By
a basis of b’.By the previous computations and the fact that a multiplication
by ExpEx(6, s) preserves the norm, the state |¢) is an £/2-approximation of

o) =C"" >~ po(Bya)|By - ).
xcZ\ {0}
| By || <R

Now, since the Enc is computed with precision 277 (we denote the approximated
version Enc’) we have that

| Enc’[¢") — Fro ()| < ||Enc’ — Enc|| + [[|¢/) — |¢)]] < 277 +¢/2.

F Complexity of Algorithm 4.1 step by step

Recall that we take our error parameter to be & = 2-9@ . |Ax|®" | This im-
plies that we take o = (27 |Ag|/HOW, R = (2¢. |Ag|YHOW ¢ = (24 .
|AK\71/d)Q(1), p = O(d+1log(|AK])), ¢ = O(d+log(|AK|l/d>). Now, we

fix 7 = 279@ . |Ax|°M 1o be the error parameter of Theorem 2.2, this give
that

Q=0 ((d +5)' W (log(|Ak|) + loglog(Ns) + (d + 5) log(Lip(Gr,0))) + log(f))
=0 ((d+ 52+ (10g(14x|"") + a))

We now bound the complexity of each steps of Algorithm 4.1 for the parameter
values we computed. For readability we will omit the O notation. We have that

m=Q-(dg+dc+s)=(d+s)3+°1) (log(|AK|1/d> + d) ,
and

log(Br,p,m,@) =d (log(m) +d + Q + p) + log(|Ax|)
—d(d + s)+oW) <log(\AK|1/d) ¥ d) .
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Step 3. Memory:

w 1+o(1
(d 1. m - 1Og(BK,p,m7Q)) )

=0 (@4 )70 - (log(j Ak ) +a)

Gate count:
(@ + - m? log(Bx pm.g)) T

— 0+ o0 (log(|ax] 1) +0) T

Step 4. Memory
2+0(1)
LLLMem (d, (d+ s)5+°(1) . (log(|AK|1/d> + d) ) .

Gate count

2+0(1)
LLLGates (d, (d+ s)5*+e) . (1og(\AK|1/d) n d) ’ > .

Step 5. Memory and gate count:

4% - (d + s)7ToW) . (1og<|AK|1/d) + d)2+o)

Step 6 Memory and gate count:

d® - (d+log(|Ak ) T

Step 7. Memory:
O (d(d+1og(| Ak ))*"?)

Gate Count:
d(d +log(|Ak|))

G A result on almost-Lipschitz periodic functions

In this section, we prove the following result.

Theorem G.1. Let m be an integer, a € (0,1/4),e € (0,1), A,v >0, A CR™
a full rank lattice and H a Hilbert space. Let f : R™ — H that is (A, a)-almost
Lipschitz and (v, €)-separative. Then there exists a function g : R™ — H that
is O(m - A) Lipschitz, (v,e + 8a)-separative such that

max [lg(x) - f(x)[| < 4-a
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Proof. The majority of the proof is done in Lemma G.2. We only need to prove
the separativity. Let x,y € R™ such that |x —y|| > v, then we have

(g)gy N < [KF &gy +4a < [(f(x)|F(¥)] +8a < & +4a.
O

The method to prove the result is to define a mollified version of the almost-
Lipschitz function, to show that this mollified version is close to the original
function and still have the relevant properties.

Definition G.1. For x € R, we define

N2 (x+n) if x€[-n,0]
S(x)=qn 2 - (n—=) ifzel0n),
0 otherwise

This function has the shape of a isosceles triangle starting from —n and end-
ing at n, having height 1/n (at zero). It is symmetric around zero, positive, is
supported on [—n,n)], integrates to 1 and has mazimum absolute slope n=2.

Forx = (z1,...,%y) € R™, we set §(x) =[]~ 6(z;).

Lemma G.1. The function 6 : R — R is symmetric around zero, positive, is
supported on [—n,n|™, integrates to 1 and has mazimum absolute slope np~(m+D)
and satisfies

| s n) iy —ada <2 eyl (13

for any x,y € R™.

Proof. The fact that § is symmetric around zero (i.e., §(—x) = §(x)), positive,
and is supported on [—n,n|" follows from the definition of § on R in Defini-
tion G.1. The function § integrates to 1 since it can be integrated component-
wise. The statement about the maximum absolute slope follows from an appli-
cation of the product rule ‘3%,;5(’(” <n? [1;4:6(x;). Hence

IVol < Vsl <2 Y [To;) <m-n=tmrh.

i=1 j#i

We finish with the proof of the statement in Equation (13), where we assume y =
0 without loss of generality and use the fact that § is symmetric. Note that from
the trick rs — o’ = (r — r')o — r'(0/ — o) with r = §(a; — z1) and ' = §(aq)
follows that

\ [T 6t =) = [T é@)| < I3(ar = 1) = o(a)| [ 8(as — )
+o(an)| T oai - 2) - [T oa)
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Therefore, since fa2 s 6(as — xi)das . . . day, = 1 and fal §(ar)day = 1,

we obtain

m

das . ..da,,

S/al |5(a1—xl)—5(a1)|da1+/a2.../am‘f[(S(ai—fi)—ﬁé(ai)

< Z/ 16(a; — z:) — 0(a)lda; <Y 2p7Ma| = 297 x|y < 2v/m 7" - [x])2.
i=1" i =1

The second inequality follows from induction, and the third by inspection: as-
suming without loss of generality that x; > 0, the function |§(a; + ;) — §(a;)|
looks like a isosceles trapezoid (with a "puncture’ in the middle), see Figure 1.
Hence its surface area is at most 2 - n~2z; = 2n~lx;.

Fig. 1. The surface of |§(a — z) — §(a)| can be upper bounded by the surface of the
isosceles trapezoid with base length 21 + = and top length 217 —  and height ™2 - .

This surface equals 27 - x.

Lemma G.2. Let A CR™ be a lattice, let H be a Hilbert space and let S C H
be the unit vectors in that Hilbert space. Let a € R and o € [0, i], and let f:
R™ — S be a A-periodic function that satisfies || f(x) — f(¥)|| < a|lx —y| + «
for all x,y € R™; that is, f is (a,«)-almost Lipschitz.

Then there exists a A-periodic function g : R™ — S such that,

max [lg(x) — f(x)[| < 4-a
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and
lg(x) —g(¥)|| <24-m-alx—y| for all x,y € R™,

that is, g is A-periodic, 4a-close to f, and (24 - m - a)-Lipschitz.

Proof. Definition of ¢
We first put

go(x) := (f %) (x) := / f(a)é(x — a)da (14)

acR™

with § : R™ — R as in Definition G.1, with n = «/(y/m - a). Since H is a
complete space, and go(x) = [, g f(a)d(x —a)da can be seen as a limit (for a
fixed x € R™), we have that go(x) is a well-defined value in H for every x. In
order to have g(x) € S (i.e., the elements in H with norm 1), we put

. go(x)
90 = g0l (15)

g is A-periodic.

As g(+) = ”‘3278”, it is sufficient to show that go as in Equation (14) is A-
periodic. For all x € R™ and ¢ € A, we have go(x +¢) = (f xd)(x+ ¢) =
L. FOc+ € — a)d(a)da = [, f(x — a)d(a)da = (f * 6)(x) = go(x).

g is close to f.

Write f(x) = [, gm f(x)d(a)da (use that ¢ integrates to 1). Then, using the
definition of gy (Equation (14)), we obtain

Hﬂ@—%@m=/

acRk™

wwwfw—ww&wws/ (allall + a)b(a)da

acRk™

<a+a max] ||a||/ d(a)da < a+aym-n < 2a.
ac
(16)

where we use that d(a) only has support on [—n,7]™, and where we use the
instantiation = a/(y/ma). Since this inequality holds for all x € R™, we
obtain maxxegm || f(x) — go(X)]| < 2a.

By the ‘reverse triangle inequality’, we have |||go(x)|| — 1| < 2« for every x €
R™. Writing a = go(x) and b = g(x) = a/||al|, we have |||a|]| — 1| < 2a and ||b]| =
1. We can therefore deduce

1 1
l906<) =Gl = lla =l = o [lall-a—af| = ]| dlall=1)-a| = lall =11 < 20
(17)
Combining Equation (16) and Equation (17) we thus obtain

max [lg(x) — f(x)[ < 4-e.
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g is Lipschitz.
We first focus on the Lipschitz constant of the function go( ). At the end of this

proof we will show that the Lipschitz constant of g(-) = Too E o1l is then obtained

by multiplying the Lipschitz constant of g by < 4 (by the assumption a €

[0, 1))
4VVe distinguish two cases, namely |[|[x—y| > a/a and ||x—y|| < a/a. For ||x—
yll = a/a, we have |[f(x) = f(y)]| < alx —y[ + o < 2allx = y|. So
90(x) = go(y) = (f x0)(x) = (f % 0)(y) = / (f(x—t) = fly —t))d(t)dt.
tern (18)

172a

Therefore, by the triangle inequality, the positivity of §, the fact that the distance
between x — t and y — t is the same as the distance between x and y, and the
fact that 0 integrates to 1,

o) a0l < [ 17Ge=) = £y = o)ty

ézg/ Ix — yllé(€)dt < 2- allx — y].
teR‘lﬂ,

So it remains to show Lipschitzianity for x,y € R™ that are closer to each other
than a/a. For this, we assume ||x—y|| < a/a, which implies || f(x) — f(y)|| < 2a.
Put a = (x + y)/2 for the average of these points. Write fo(-) = f(-) — f(a).
Then

[fo@®)] = 1If(t) = f(@)] < allt —al| + a < 3a
for all t € R™ satisfying ||t —al| < 2a/a. Notice that points t satisfying ||t —x|| <
afaor ||t —y| < ofa satisty ||t —al| < 2a/a. We have

90(x) = go(y) = (f x 0)(x) = (f % 0)(y) = (fox 6)(x) — (fox 6)(y)
= [ fo®laec— )~y ~ 0t (19)

Now choose 7 = —2=, such that d(-) is supported on the a/a-ball around 0.

Hence, the integrand of Equation (19) is nonzero only if ||t — al| < 2a/a, hence
only if || fo(t)]] < 3a. Therefore, Equation (19) is bounded by

3a~/ |6(x —t) — 8(y —t)|dt <3a-2ym-n~'-|x -yl
te[—nn]™
~6m-a-|x—yl.

where we use the property in Equation (13) of Lemma G.1.
Note that, by definition, g(x) = Hggggl\‘ Hence, writing a = g(x),a’ =
9(¥);b = go(x),b" = go(y), we have a = b/||bl|, o’ = b'/||'|| and [|']],[|b]] €

(1 — 2,14 2a) (by the fact that gg is 2a-close to f). Hence, we obtain

o)~ 9l = la =l = ol 55 =]
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_ bl| 2 2
= o)~ (|5 = b ’” —1‘ V) < |6 =] = : - .
= (= 0+ e = 1101 < =250l = {5 lan) a0l
Hence, the Lipschitz constant of g is bounded by 1127# < 24-m-a (by the

assumption that o € [0, §].

H Arithmetic over algebraic objects

In this section we show how we represent algebraic elements and how we perform
classical number theoretic algorithms. In the quantum setting, we do not have
specific quantum versions of these algorithm, but rather simulate the classical
algorithms by means of Theorem 2.1.

Arithmetic Real numbers are represented in fixed point precision 277, for a
value of p determined in Section 4. We have that

— The sum of two integers z,y < B can be computed with O(log(B)) quantum
gates and memory.

— The multiplication of two integers z, y can be computed with O (log(B)
quantum gates and memory using FFT.

— The inversion of an integer x < B can be computed with O((log(B) +
p)'T°M) quantum gates and memory.

— Operations over real numbers are done by multiplying the real numbers
by 2?7 (yielding an integer by fixed precision 277) and performing operations
on the resulting integers. So, for real numbers the complexities for addition,
multiplication and inversion is the same as above, with log(B) being replaced
by log(B) + p.

1+O(1))

H.1 Representation of algebraic objects

Representation of the field We assume that the field K is given by a defin-
ing polynomial Px of degree d such that K = Q[X]/Px with? size(Px) =
O(log?(|Ak|)). We assume that a Z-basis of elements (ws, ... ,wg) for the ring of
integers O is given, with the additional property that Bo, = [®(w1),...,P(wq)]
which is LLL-reduced. Here, every w; is given as a rational polynomial P,
of degree < d — 1 (seen as element in K = Q[X]/Pg). We define |Ag| =
max; [|P(w;)||,, and sx = maxsize(P,,) where size(P) is the bit-size of the ra-
tional polynomial P. Since Bg,. is LLL-reduced, we have log(|Ak|) = O(d +
log(|AK|1/d)). Let Pp, € Q%9 the column matrix of the P, over the ba-

sis 1,X,...,X% !, we assume that the matrix P(;; € Q%4 is pre-computed

and given. This Py, and P(;Il( then allows to go back and forth efficiently be-
tween the polynomial representation of an element o € K and its representation
with respect to the basis (w1, ...,wq).

2 Such a polynomial always exists and can be found efficiently, given a good basis of
the ring of integers, see [BPW25, §A 4]
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Representation of elements of K Every x € Ok is represented as a tu-
ple ((z;)iz1,..4,P:) € Z% x Q[X], with z = ), z;w; and P, is the represen-
tation of x as an element of Q[X]/Px. By LLL-reduction of Bp, we have
that max; |z;| < 2%||®(z)||. We have that P, = >, x;P.,, the bit-size of P, is
then bounded by d - (log(max(z;)) + sk). Finally, the bit-size of z € O is
bounded by

size(z) < d- mlaxsize(xi) +size(Py) = O (d - (d + sk +log(||z])))

For any = € K, there exists N € Z~q such that N -z € Ok. Such an element
is then represented by the triple (N, ((y;)i=1,....a, Py)) withy = N-z € Og. Such
a representation of of x € K then satisfies

size(z) = size(y/N) < log(N) + size(y)

Representation of ideals of K There are two ways to represent integral
ideals. The first one is a Z-basis in Hermite normal form (HNF) over Bo,..
When an ideal a is represented by a matrix H,, we have that A (a) = det(H,),
and the size of every element in H, is bounded by A (a), we then have

size(H,) < d* - log(N(a))

The other way to represent the ideal a is to write it in two-element representation:
a = (2q4) + (ya). In this case, the size of the two-element representation is just
the sum of the sizes of x4, and y,.

Every fractional ideal can be written I = a/N, with N € Z<( and a an integral
ideal. We represent the ideal I by the tuple (IV,a) for which then holds

size(I) = size(a/N) = log(N) + size(a)

H.2 Algorithms on K

We will now provide the time and memory complexity of the operations on
the algebraic objects discussed. We write w € (2, 3] for the polynomial expo-
nent of the complexity of matrix multiplication over Z. Addition of two integers
of size B can be performed in time O(B), multiplication can be performed in
time O(B'*°M) using the Schénhage-Strassen algorithm.
The addition of two elements =,y € Ok is done coordinate-wise within time O(d
size(z,y)). Multiplication of two elements is done by subsequently applying fast-
Fourier multiplication on the respective polynomial parts of their representation,
yielding a polynomial representation of the product, and apply P(;; to obtain the
Ox-basis representation as well. This can be done within O(d? - size(z, y) +0(1))
operations.

Let a = (z4) + (ya) be an ideal given in two element representation and b
given by its HNF [by,...,bq]. The HNF of a-b is computed by computing B’ =
[q-b1,.. ., Ta-bd, Ya b1, ..., Ya ba), computing the HNF [H € Z4*¢ 09%4] of B’
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and then computing the polynomial representation of the elements represented
by the columns of H by applying P(;Il(. The first computation can be done
within time O(d®-size(b, 24, Y4 )] operations; the HNF is computed in time [SLI6]
O((a* log(max(||xql|, |yall) - M(6)))1+°M), and the final matrix multiplication
is done in time O(d* - log(N (a - b))). So, the cost of computing the HNF of the
ideal a-b given the two-element representation of a and the HNF of b is bounded
by
0 ((dw+1 (size(2a) + size(ya) + 1og(/\/(ab))))1+°<1>)

I Computations for Ag

In this section, we compute bounds on the lattices invariants of Ag. Recall that

As = {<w, a) € (Argye © Log K9) x Z°, ExpEx(z) -] [(ps/N(p:) /%) = oK}
i=1
C RZ(dR-‘rdc)-‘ré‘.

We prove here the following proposition, some of those follows from compu-
tations in [BPW25, (eprint)]:

Lemma I.1. It holds that

— VOI(AS) < |AK|,
— Ai(4s) > (poly(d)),
)\1(/1%) > (2d+ s)—(2d+s)/2+1 . |AK‘71'

Lemma 1.2. If S is a set of prime ideals generating the class group, then it
holds that ® Vol(Ag) = hg - Vol(Log(Ok ™)) = hi - Rk - Vdr + dc, where hy is
the class number of K, Ry is the requlator, dg is the number of real embedding
and dc is the number of complex pairs of embeddings. In particular, Vol(Ag)
does not depend on the choice of S (as long as it generates the class group).

Moreover, we have
log(Vol(Ag)) < log |Ak]|.

Proof. The lemma follows from the fact that the volume of the group Pic)
in [BDPMW20] is equal to the volume of spang(Ag)/Ag, whenever S generates
the class group. Hence, using a bound by Louboutin [Lou00] on the residue px of
the Dedekind zeta function at s = 1, applying the class number formula [NS13,
VIL.§5, Cor 5.11], we obtain

_ rr - VIAk| ekl - Vdr + dc

Vol(Pick) < hi - Ric - /dz + dc = 20 - (27)
elog | Ak| -t
< VIAkl - px < V1Al Gy
< |Agl.

3 We understand Vol(As) as the Volume of the disconnected quotient group.
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|pr]Vdrtde d3/?
24r (27r)9C — 2d

The first inequality follows from < 1. The last inequality

follows from the fact that clog|z|

2] < 1 for all x € R. This inequality instantiated
x

d—1
with z = |AK|2(d1—1> then yields (6120517&?') < /|Ak].
The first minimum of the log-S-unit lattice Ag can be lower bounded by applying

Kessler’s lower bound on the first minimum of the (ordinary) log-unit lattice
([Kes91]).

A ~ 1
Lemma 1.3. For any set of prime ideals S, it holds that A1 (Ag) > T000valos(@)® "

Proof. Let a € O ¢ be such that Logg(a) reaches the first minimum of Ag. If

a ¢ OF (and hence has a prime ideal divisor, say p), || Logg(a)|| > |vp()] >

-1
12 1000v/d log(d)® "

For a € O} we apply the lower bound of Kessler [Kes91] to obtain || Logg(a)|| =
1
I Log(a)[| = 1000v/d log(d)®*

I.1 Bound on the first minimum of Ag

Let m = dr + dc — 1 be the rank of the unit group of Ok. The upper bound
on A (A%) is computed using transference lemmas and Minkowski’s second the-
orem. By Minkowski’s second theorem we have that,

AM(As) - Aompsr1(As) < (2m 4 s + 1) HsTD/2 y0](Ag),

the lower bound on A;(Ag) and the upper bound on Vol(Ag) give that (note
that 2m + s +1 < 2d + s):

Ao st (As) < (2d + 5) /2| A,

and finally, the transference theorem [Ban93] gives us that there exists a con-
stant c¢o > 0 such that

A (A%) > (2d + 5)~@dF)/ 24| Ap |7t

J The CHSP theorem for S-units

Theorem J.1 (From [Boe22, Theorem 3.3]). Letd,a,\,\*,D >0, m,n >
1. Let H a quantum Hilbert space of dimension 2. There exists

m\/ﬁ)

Q=0(m+1on(3)) V=0 (L2

and a quantum procedure which, given oracle access to a function f : R™ — S C
H satisfying
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—  A-periodic for a full rank lattice A C R™ satisfying
o det(A) <D,
° /\1(/1) > A
o (A% >\

— f is a-Lipschitz over VD),

— £ is (v,e)-separative for v < \/6 and e < 1/4,

outputs with constant success probability an approrimate basis B=B+ Ag of
the lattice A satisfying | Ag|| < 7 and B is LLL-reduced.
This procedure makes k = O(mlog (y/m - a- DY™)) oracle calls to f, and uses mQ-+

q qubits, O (ka . (10g(ka))2> quantum gates and poly(m,log(a/\)) classical
bit operations. All calls to £ are made on the set VID where

v

VD = -

[[_2Qa QQHm
This last theorem is a modified version of [Boe22, Theorem 3.3], we emphasize
the following facts:

— The query set over which f is called is VD, it is finite.
— We give bounds for the invariants of the lattice instead of putting these
invariants directly inside the algorithm parameter.

Note that the previously introduced quantum procedure solves the CHSP
assuming that the function takes input in R™ for m € Z-q, the function pre-
sented takes values in R? x Z°, we therefore need to modify it. The way to
do this is presented in [EHKS14b, Section 6.1]. The hypothesis in [EHKS14b,
Appendix F]does not match the hypothesis of [EHKS14b, Theorem 6.1], so we
re-state this result here. The result can be summarized by the following lemma.

Lemma J.1. Let d,s € Z~g, let A\ > 1 and H a qubit space with n qubits.
Let AC R @ Z* a lattice of R¥T5 and f : R @ Z° — H a function satisfying

— f is a-Lipschitz over X & Z° for some X C RY,

— [ is (v,e)-separative,

— £ is A-periodic for a full rank lattice A C R @ Z° C R*+s.
— [ is efficiently computable as a quantum algorithm.

Assume that A (A) > X. There exists an efficiently computable function f' :
RI*s — H' which satisfies

— d'-Lipschitz on X ®R® fora’ = a+ O(W1/v).
— (v,€')-separative for & =+ O(V1-\).

—  A-periodic.
— H' is a qubit space with n+ O(s -log(1/v)) qubits.
— A call to f at the point (x1,...,24,71,...,7s) makes exactly one call in su-

perposition at f at the points {(z1, ..., 74, [r1] + 21, -+, [7s] + 25), (21,...,2s) € {0,1}°}.
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Theorem 2.2. Let H be a qubit space of dimension 2™, o € (0,1/32) and 7 €
(0,1) be error parameters, A > 1 and v < poly(d)~! two real numbers, then
there exists Q,k € Zwg, V € Rsg such that for any £ : R2(detde)—1+s _, 94
which is (A, a)-almost-Lipschitz, (v,1/4 — 8«a)-separative and Ag-periodic, there
exists a quantum procedure

— making k oracle calls to £ over the set VDZ?(dKerC)*HS,
— using O((d + s)Q +n) qubits,
using O (k:Q(d + 5) - (log(kQ(d + s)))z) quantum gates,

poly(s,log(a)) classical bit operations,

which outputs with probability > 1/2 — 4ka a LLL-reduced matriz B such that

for some B satisfying |AB|| < 7, B+ AB is a basis of As. Furthermore, Q, k
and V' satisfy

= Q=0 ((d+ s> -log(A) + log(7)),
— V> 1 with log(V) = O ((d + s)'*°M) +log(n) + log(|Ak])),
— k=0 ((d+s)"*°Wlog(A)),

Proof. This theorem follows from combining Theorem J.1 and Lemma J.1, in-
stantiating the relevant parameters from Appendix I, with the exception of the
almost Lipschitz-continuity. We mitigate this discrepancy by utilizing Theo-
rem G.1, which states that a (A, a)-almost Lipschitz, separative and Ag-periodic
function is 4a-close in the maximum norm to a (fully) Lipschitz, separative (with
slightly worse parameters) and Ag-periodic function.

The loss in probability comes from the fact that this latter, fully Lipschitz
function is approximated within error 4c, and that the oracle is queried k times.

K Quantum computing the discrete Gaussian state

K.1 A quantum version of the algorithm of Gentry, Peikert and
Vaikuntanathan

Recall the definition of the Gagss;an function from Section 2.4. For ¢, € R™,
we denote pyc(z) = e ™I#=¢ll”/7" The dimension m of the Gaussian is often
left implicit.

Definition K.1 (Periodized Discrete Gaussian). Let B € R™*™ be a (column-
oriented) basis , and let ¢ € R™ be a center, let o > 0 be the Gaussian width

and let q € Z~q be the periodization parameter. Then we define the periodized
Gaussian &, (B, z) for z € (Z/29Z)" by the following rule.

1/2

bocq(B2) = | Y poc(Blz+w)’ (20)

xeqlm
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Lemma K.1. Let B = (by,...,b,) € R™*" be a (column-oriented) basis and
let B* = (by,...,b)) its (non-normalized) Gram-Schmidt orthogonalization,
let 0 >0, let ce R™ and q € Z~y.

Put o' = o/||b%|| and ¢ = (22?;;?)‘ Then, for any z € Z/qZ and z, €

(Z/qZ)"~*, we have

€o.ca(B,2) = &or,00,4(1,2) - o, ,q(Bos 2o), (21)

where ¢, = mp_1(c — zb,) € span(by,...,b,_1), and w,_1 is the orthogonal
projection to the first n — 1 basis vectors of B*, and B, = (b1,...,b,_1).

Proof. We prove the identity Equation (21) by squaring both sides (which is
possible by positivity). This yields

60”,6',(](172) 'Ea,cz,q(Bmzo) = Z Z pa’,c’(z+x)2pa,cz(Bo(zo +wo))2

r€ql xo€qZm—1

(22)
= Y poclBlz+2) = rea(B.2) (29)
xeqZn
where z = (20,2) € Z" and * = (xo,z) € Z". The second equality is not
trivial and needs its own computation. Writing ¢t = (¢1,...,¢,) and t = ¢, and

recalling that ¢’ = o/| b} ||, we have

n—1
Pot.c (t)po.c, (Boto) = exp (—Wllbilllz(t — ) )0 —ml| Y tib; — Ct||2/02>
i=1
(24)

”2 (v,b3)?

GRE and

Using the Pythagorean theorem in the shape ||v]|? = ||m,_1(v)
using that m,_1(b;) = b; and (b}, b;) =0 for j < n, we deduce

2 b 2 *
||;tibfc|| f||;7rn_1(tlbz o)|I> + o b* th c,bt)

n? n

n—1
_ "~ oz (Eaba, b)) — (e, by))?
- ||;t,bl+wn_1(tnbn o)l?+ o b

n—1
= 1> tibi — edl* + b5, (t = ¢)
i=1

Hence, substituting this into Equation (24), we obtain, with ¢ = (., 1),

pa/,c’ (t)pa',ct (Boto) - pmc(Bt).

Substituting ¢ = z + « then yields the second inequality in Equation (23).
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Corollary K.1. Let R = [ry,...,7,] € Z™*"™ be a upper triangular invertible
matriz with positive diagonal, a center ¢ € Z", let 0 € Q<o and q € Z~y.

Put o' = o/ryn, and ¢ = en/rnn. Then, for any z € Z/qZ and z, €
(Z/qZ)"~*, we have

o.e.q( R, z) = o cr,q(1,2) 'ga,cz,q(Rm 2Zo), (25)

where ¢, = mp_1(c — zby,) with m,_1 projection to the first n — 1 coordinates,
and Ry = (r1,...,7n_1).

Proof. This is Lemma K.1 restated for upper-triangular matrices. This uses the
fact that for upper-triangular matrices we have that b} /||b}|| is the ith canonical
vector. O

Lemma K.2 ([Boe22, Lemma A.26 and Proposition A.28]). There exists
a quantum QGauss(Zq’s) algorithm taking as input |c’, (0/)?) with o,c € Q and an
empty register of size log(q) outputting a state which is within € trace-distance

from the state

| (06)?) - Cot D Eorera(1,2)]2)

2€L/qL

where Cy is the normalization factor. This quantum algorithm can be imple-
mented using O(log,(q) + log(1/€)) qubits and O (logy(q) - (log(1/))*/?) quan-
tum gates.

Lemma K.3. For any e € (0,1/2), n-(Z) < \/In(1/¢).

Proof. This is a direct application of [MR07, Lemma 3.3]. O

Lemma K.4. Let R = [ry,...,7,] € Z™™ be a upper triangular invertible

matriz with positive diagonal, a center ¢ € Z", let o € Q<o and q € Z~y.
Assume that o > /2 - \/ln(i’—f) -max; r; ;. Then, Algorithm 6.1, after ter-

minating, computes a state that is e-close in the trace distance to

Ch Y Grea(R2)2), (26)

z€(Z/qZ)"
where C' € Rsg satisfies C? = po.c(R2)%.

Proof. In line 3 of Algorithm 6.1, an approximation (signified by the tilde on é )
of the periodized discrete Gaussian state over Z is computed, within trace dis-
tance €/(2n). Since the rest of the algorithm is a (trace preserving) quantum op-
eration, we can deduce that at the expense of a final trace distance error £/(2n),
we may assume that this particular state is exact, i.e., that line 3 computes (note
the £ without tilde)

IR)e)|o) [ Ic',0") - Cot D Eorera(1,2)]2) | 10).

2€Z/qZL
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Then, in line 6, another approximation of the periodized discrete Gaussian (but
this time over R,Z"~!) is recursively computed, within trace distance (n—1)e/n.
Abstractly, this state is of the shape |¢) =3 7.7 a.|z)|.) as an approxima-
tion of |§) = > cezqz 012)[Vz), where T([0.), [¥.)) < (n — 1)e/n for all z €
Z/qZ, per assumption. Using the identity T'(|¢),[¢'))? = 1 — [{¢]¢')|? [Will7,
Eq. (9.172),Eq. (9.85)] one then deduces that

=T(16),19))* = D NPl = D laaP (1 = T(1w2), 14:))%)

2€L/qZ 2€7/qZ

=1 - Z |az|2T(|wz>?|w~z>)2

2€L/qL

Hence, using 3,7,z |a:|? = 1, we obtain that T(|¢), |¢)) < =1,

1 2n—1
Therefore, up to a trace-distance error =< + = = { n—E )¢ we may assume

that the final state of Algorithm 6.1 equals (note the lack of a tllde)

IR)0)[e)|0)|0)Co ! Y Eorea(L2CTT YT o q(Ro, 20)|20)

2€ZL/qZ 20€(Z/qL)n—1
= [R)[0)[c)|0)[0)Cy " > CLlreq(R, 2)|2)
z€(Z/qZ)™

where the identity comes from Corollary K.1. To show that this is close to the
desired state in Equation (26), we compute the trace distance. Writing

9)=Cot Y Ol Geq(Roz)z)and |§) =C Y Loeg(R,2)l2),

z€(Z/qZ)"™ z€(Z/qL)™

we have, using C? = 35, 5/ 70 Eocq(R, 2)? and the identity T(|¢),[¢"))* =
1—[(el¢")]%,

—T(|0),16)> = Y., (C-Co-Ce) ™" &reg(R, 2)? (27)
z€(Z/qZ)™
=1- > (C?—(C-Co-Cs) ") &req(R 2)* (28)
z€(Z/qZ)™
C
>1- Zglza/>;2 (1 ~ o Cz) (29)

where the inequality is Holder’s inequality. So it remains to estimate the frac-

tion & =5 c By induction, one obtains that, for each z € Z/qZ, there exists c( 9 e

R for j € {1,...,n} such that

C3.C? = H(Zpg o )

j=1 \tez EERE
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Likewise, there exists ¢; € R for j € {1,...,n} such that

o= T (S 007).

j=1 \tez

By the assumption that o > v/2n.(Z) - max; r; ; with ¢’ = £2/(4n?), we can
use smoothing arguments [MRO7] similar as in the work of Gentry, Peikert and
Vaikuntanathan [GPV08] to obtain

Db =3 p o g1 +E1Y 0 o)

o
Al pyrt . tez Vi

Therefore, for all z € Z/qZ, we have C? € [(1 — &), (1 4 &")"|CZC? leading to

C
_ <1_ o n/2.
Chlaz (1 Co - CZ) s1-(-¢£)

Plugging into Equation (29), we obtain
T(|#), |¢~>>)2 <1-(1-¢&)"<né,

where we use that ¢ < 1/n. Hence T(|¢), |¢)) < Vne' < ¢/(2n), by definition

of .
Therefore, the trace distance between the computed state in line 8 of Algo-
rithm 6.1 and the desired state as in Equation (26) is at most i—l—w—i—ﬁ =e.
O

Lemma K.5. Let R = (ry,...,7,) € Z™*™ be an upper triangular invertible
matriz, let 0 € Qsg, let ¢ € Z™ and q € Z~¢ a periodization parameter which is
a power of 2. Let € € (0,27"™) > 0, Then on input |R, o, c), Algorithm 6.1 uses

O (n?- 810 4 n - logy(q) - (10g(1/¢))*/?)
quantum gates and
) (n L pite)) 4 log(l/s))
ancillary qubits, where
B=log(n-q-||R|)+ mzax(size(ci)) + size(o).
Proof. The algorithm only works on rationals, whose denominator is at most

the denominator of ¢ times ||R||. The size of ¢’ is then bounded by log(||R||) +
max; size(c¢;) (we consider the recursive calls). By the same argument, the size
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of (¢)? is bounded by size(c)+log(|| R||). This implies that the size of the (¢/, 0'?)
register is bounded by 81 = O(log(||R||) + max;(size(c;)) + size(a)).

Over the course of the recursive calls, the quantum register associated to ¢
is going to contain vectors of the form ¢+ R - z, with z € Z" and ||z|, < ¢.
Let B2 = [log(n-q- | R])], the norm of the vector contained in the register is
then bounded by 272, the size of the quantum register associated to ¢ is taken
to be n - Bs.

In line 2, the size of the elements implies that the computation can be used

using using O(BIHO(I)) qubits and quantum gates.

In line 3, QGauss(Zq’E/(zn)) is used, which cost O(log,(q) +1og(1/¢)) quantum
memory and O (log,(q) - (log(1/))*/?) quantum gates (note that we removed
the dependence in O(log(n)) since € is assumed to be < 277).

In line 4 an uncomputation of line 2 is done, hence takes the same number
of qubits and quantum gates.

In line 5, a shift of the center ¢ is computed. This operation is performed
with n multiplications and n additions of number of size 32, resulting in O(n -

14o0(1)
Ba ) quantum gates and memory.

In line 6, the algorithm is called recursively, with lower dimension and a
slightly lower error parameter.

In line 7 an uncomputation of line 5 is done. This takes the same number of
qubits and quantum gates.

Let G(n,¢€) (resp M(n,¢)) be the number of quantum gates (resp the number
of ancillary qubits) needed to perform Algorithm 6.1 in dimension n with error ¢,
we proved that

G(n,e) = 28y + 2870 1 0 (logy(a) - (1og(1/2))*/2) + G(n, (n — 1)e/n)
and that the number of ancillary qubits is
M(n,e) = max (0(8]7),00n - 3+°M), 0(1ogy(q) + log(1/2)), M(n — 1, (n 1) - £/n) )
By induction we have that
G(n,2) = 0 (n? 8+ 4 - logy(q) - (log(1/2))*?)

and
M(n,e) =0 (n - pite) 4 log(l/a))

which concludes the proof. a

Lemma K.6. Let x > \/d/(27), and assume that q¢ > HB_1H -0 - x/\@, then
the following two states

Cil Z ngQ(Baz)|z>’

z€(Z/q2)"
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and

D73 pu(B2))2)

z€[q]™

are B, (x)-close in trace distance. Here C, D € Rs satisfy C* =Y ;. pe(Bz)?
and D? = Zze[q]” Po(Bz)2.

Proof. By inequalities regarding the trace distance and a simple calculation?, we
have that the trace distance satisfies D(|¢), [¥)) < |||#) — [¢)]|. Hence, we will
bound the square of the 2-norm of the difference of the two states of this lemma.

2
c Z £o,q(B, 2)|z) = D7} Z ps(Bz)|z) (30)
z€[q]? z€[q]?
= > 0% (B,z2) =D ' p(B2)?  (31)
z€[q)n

<Y (e Y wBeroPIC =D BR | (32

z€[q)7 xeqZ\{0}

where the last inequality is due to the reverse triangle inequality (for 2-norms),
by seeing the function @ — p,(B(z + x)) as a vector in R%" as well as x —

le—0 - po(Bz).
Equation (32) can be further simplified

C? > pe(B2)+[CT =D Y py(B2)?

z€Z™\[q]7 z€[q]7

=C7*(C* = D*) +|D/C —1]* = [1 = (D/C)*| + 1 - (D/C)?

Writing D?/C? =1 — /2 for some 7 € [0, 1], we obtain that above is bounded
by n + |1 — /T —n|? < 7. Hence we will estimate such an 7.
We have, by Banaszczyk’s bound (see Lemma A.2),

D% —C?

D?/C?* -1 = o

C ) p=(Bz) < Bu(RV2/0),

z€Z™\[q]

where R = min{||Bz|| | 2 € Z"\[¢]"}. We have that R > ¢/||B~||, so by
hypothesis of ¢, Rv/2/0 >  and then §,(Rv2/0) < Bn(x). O

* For pure states, we have D(|¢),]¢)) = /1-[(¥[¢)? < [v) — |9l [Will7,
Eq. (9.172),Eq. (9.85)]. Writing (1|¢) = a + bi with a® +b*> = |a + bi|> < 1 (due
to Holders inequality), the last inequality follows from 1 — |(1]¢)]? < 1 —a® — b* <
1—a? <2 - 2a = (Yl) + (@1} — (WI6) — (61} = ) — I6)
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Lemma K.7. Let e € (0,27 ™). Assume that q, R satisfies that ¢ > R - HB‘1
IB||- ¢ > 0-+/In(2/e) and R > o - \/In(2/¢) then the following two states

AT Y po(Ba)lz)

x€[q]™

7

and
B Y pe(Ba)) (33)
xcZ™
IBz|<R

are e-close in trace distance. Here A,B € R~y are chosen such that the two
above state have norm 1.

Proof. Let x = /2In(2/e) > /n. Note that we have A = ,/p_, (B -[q]")
and B = \/pg/\@(L(B)ﬂB(O,R)). By assumption on ¢, we have that for

any @ € Z"\[¢]", | B - || > ¢/||B~!|| > R .In particular, {x € Z", |Bz| < R} C
[q)" and A > B. Let us bound the norm of the Gaussian superposition over
all x € [¢]" satisfying that | Bx|| > R. We have that

2

. by e £(B)\ BO,R))
AT D pe(Balla) = Po/va(B - [d")

x€[q]"
|Bz|>R
_PayalE(B) \ BO.R)
0o 2 L(B) N B(0, F)
Pn(z) By Lemma A.2
=1 B,() Y '

Now, we bound the norm of the remaining difference.

2

Y. pe(Ba)(AT =B a)| =(B7' AT p, 5 (B [d" N B0, R))
x€[q]"
[ Bz||<R

We have that

A ¢ PoraB- ") _ ¢ popaBla) \/H/ad(x)
B pa/ﬁ(L(B)mB(O,R))— pa/ﬂ(L(B)mB(QR))— 1— Balz)’

and finally the claimed bound follows from the fact that \/(1+2)/(1 —2)—1<
2z if 2 < 1. O
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Lemma K.8. Let ¢g > 0 and B, B € R™ ™ non-singular satisfying ||BB_1 —

I|| < eo and n1/2(L(B)),m/2(L(B)) < 0 /2. Then

C N Geq(B2)2) and C71 ST £ q(B2)|2)

z€(2/q2)" z€(Z/qZ)"
are 4 - \/n - \/gg-close in trace distance.

Proof. We use a result of Pellet-Mary and Stehlé [PMS21, Lemma 2.3], and the
following computation. Writing BB~ = I + E with ||E| < &g, we have that
the square of the two-norm distance between the states equals

Z |£o,c,q(B7 z) — ga,c,q(Bv Z)‘Q

z€(Z/qZ)™
S Z ‘pff,C(Bz) 7PU,C(BZ)‘2
z€EL™
2
< <Z |po,c(Bz) — pa,C(BZ)|>
z€Lm™

< 16n|BB~! — I|| < 16ns.

here we use [PMS21, Lemma 2.3] with S;' = ¢~'B and S;' = ¢~ 'B. The as-
sumption used by Pellet—Mary and Stehlé, that nl/g(Sle") < 1/2and r]l/z(SQ_lZ") <
1/2 is equivalent to the similar assumptions here (just a scaling by o).

As earlier in this section, the trace distance of two states can be upper
bounded by the 2-norm distance between these two states, which proves the
claim. a

Lemma K.9. Let R be a full rank matriz of dimension n and € > 0, there
exists an absolute polynomial P such that if ¢ > P(n)-£*™ - \/In(e) -det(R)*™
and R > o - /d, then the two states

C Y pe(R-2)2) and C1 Y po(R-2)|z)
zcZ™\{0 s z Zn7
el R IRsl<n

(where C,C" are normalization factors) are within distance .

Theorem 6.1. Foranye € (0,2™"), and any non-singular upper triangular ma-
trix R, R’ € Z"*™ with positive diagonal satisfying HR’R_1 — IH <e?/(16n) <
1, and o > /2 -1n(64n3/e?) - ||R||, then the output of Algorithm 6.1 on input
(R',o0,R,q,c = 0) is e-close to the state

Clil Z pU(R'Z)|Z>, (7)
ze€Z",
Rz <R
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where R = +/In(1/e) - n- o and q is the smallest power of two such that

q>+/2n-In(1/¢) - n(64n3/2) - | R|| - cond(R).

Moreover, Algorithm 6.1 uses

O (n?- 840 1 1 logy(a) - (1og(1/2))*2)

quantum gates and
0 (n- 510 +log(1/¢))

ancillary qubits, where
B =1log(n-q-||R|) + max(size(c;)) + size(o).

Proof. Let |¢g) be the output state of Algorithm 6.1 on input (R/,0, R, q,0),
let |¢1) be the state described in Eq. (26) with matrix R’, let |¢2) be the same
state but with matrix R, let |¢3) be the state described in Eq. (33) and fi-
nally |¢4) the state of Eq. (34). Now note that our choices of 0, ¢ and R satisfy:

— Lemma K.4 implies that |||¢o) — |¢1)]] < &/4;

= |llg1) = [p2)|l < /4, by Lemma K.8. We use here the fact that 7 /2(L(R)) <
IR| and that | R/ < 2| R

— Lemma K.7 with error term is < /4, implies that |||¢2) — |¢3)|| < /4,

which, in combination with the complexity statements of Lemma K.5, concludes
the proof. O

Corollary K.2. Let €,0,q, R, R, R’ satisfying the hypotheses of Theorem 6.1.
Furthermore, assume that o > 4-¢~1/". det(R)l/n. Then the output of Algo-
rithm 6.1 on input (R',0, R,q,c = 0) is 2e-close to the state

Ct Y pe(R2)2). (34)
zeZ"\{0},
IR=z|<R

Proof. The squared trace distance between Eq. (34) and Eq. (7) (recall that
c"? = Py yz(L(R)|R) and C? = (C"” —1) is equal to

11 1
> PoalR-2) (02_0/2> ton

2€2"\ {0},
IR=|I<R
c? 1 c?-1 1 2
Sl-mmtm =l Tt T o

Now, by the condition on R, it holds that p, , 5(L(R)[r) = (1—¢)-(0/v2)"/ det(R).
The condition on ¢ gives that this is > 1/(2¢), which ends the proof. O
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L About the straddle encoding

Definition L.1. The straddle encoding of parameter t is defined as:
StI‘t R — S((CZ)
2+ cos( G {w/t} ) La/t])) +sin (S {w/t} ) [Lo/t] +1)
Where {x} = © — |z]. Note that if we restrict Stry to [a,b] for a,b € R, then its
codomain becomes ClLa/t],10/t1]

In order to encode complex arguments in R/Z, we use a modified version of
the straddle encoding.

Definition L.2. Let t € (0,1) be the inverse of an integer. The torus-straddle
encoding of parameter t is defined as

Str} : R/Z — S(CIO1/t=11)
T LT
z COS(E{x/t}) lz/t]) + 51n(§{m/t}> |z/t] + 1 mod 1/%)
Lemma L.1 ([EHKS14b, Example 5.3]). The functions Str, and Str} are 3 -
Lipschitz, and 2t-totally separating.

Lemma L.2 ([EHKS14b, Lemma 5.2.b]). Let f; : X; — H; a a;-Lipschitz
function fori € [m] and let f: X, X; — @, Hi defined by f((x:)i) = @i fi(xi).
Then f is \/W—Lipschitz.
Definition L.3. Lett € (0,1) be the inverse of an integer. We define
EncArg, : Arg;, — (C?)®% g (Clo-1/t-1])®dc
(si)iefa] X (0)icfde] = Pic[az] (|51)) © Dicqac) (Stry(6:))

where we set |+1) as a basis for C?. Let Xg = {x € KJ|r, |N(z)] > 1}), we
define

EncLogp , : Log(Xg) — (CIL-(@=1)In(R)/t],[In(R)/t]])@dz+dc
(Ti)ielda+dc] F Pie[dg-+dc] Stre(2:)
Finally, we define

EHCR,t : XR — ,HR’t
x +— EncArg(arg(z)) ® EncLog(Log(z))’

where
HR,t _ ((CZ)(X)dR ® ((C[[O,l/tfl]])®dc ® ((C[[l_f(dfl)ln(R)/tJ,[1n(R)/t—H])®dR+dC
We have that
log(dim(H g ¢)) =2dr + dc - log(1/t) + (dr + dc)ln(d1n(R)/t)
—0(d- (log(dog(R)) + log(1/1)). (35)
Lemma L.3. Let t € (0,1) be the inverse of an integer. The function Encp,
is Vd - 5 -Lipschitz and 2V/d - t-totally separating.

Proof. This is a direct application of the definition of the distance function
over Ky and the separativity and Lipschitzianity of Str. a
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L.1 Properties of the straddle encoding

In this section we give properties of the straddle encoding. We use the modified
version given in the previous subsection.

Lemma L.4. Let x,y € R, then

2
(Stre(a)[Stre(y)) < max(0,1 = e = yP).

Proof. We prove the result for ¢ = 1, the general case follows. Note that for
any |z| < 7/2, it holds that cos(z) < 1 — 22/3. If |x — y| > 2, this is trivially
true. Without loss of generality, we assume that z € [0,1] and y € [z,2]. We
distinguish between y <1 and y > 1. If y < 1, it holds that

(Strq (2)|Str1 (y)) zcos(gx) cos(gy) - sin(%m) sin(gy)

2
™ m 2

= — — <1l-— —
008(2(5C y)) <1-le—yl

Now, assume that 0 <z <1 <y <2, and write z =1 —a, y = 1+ b. Note that
y—x = a -+ b. It holds that

(Stry(x)|Str1(y)) :sin(g(l — a)) cos(gb) = cos(%a) cos(gb)
:% (cos(g(a - b)) + cos(g(a + b)))

2 2

<l- T3 (@40 + (@=0)°) =1 (a® + )

m 2
<l-— — .
<1 12(a—|—b)
O

Corollary L.1. Let t € (0,1), then Str; is (2v/d - t/(v/10 - 7),29/30) separative
over R,

Proof. Let v/ =2vd-t/(v/10-7). Let @,y such that ||z — y|| > ¢/, in particular,
there exists a component which is greater than v’/ V/d, without loss of generality,
assume that it is the first. Then it holds that

2 v

(3tri (@) [3tr{” () ) < (Stro(a) Str () <1- 5+ 2,

Hence the result. O
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