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Abstract

We investigate the security assumptions behind three public-key quantum money schemes.
Aaronson and Christiano proposed a scheme based on hidden subspaces of the vector space F5
in 2012. It was conjectured by Pena et al in 2015 that the hard problem underlying the scheme
can be solved in quasi-polynomial time. We confirm this conjecture by giving a polynomial
time quantum algorithm for the underlying problem. Our algorithm is based on computing the
Zariski tangent space of a random point in the hidden subspace.

Zhandry proposed a scheme based on multivariate hash functions in 2017. We give a poly-
nomial time quantum algorithm for cloning a money state with high probability. Our algorithm
uses the verification circuit of the scheme to produce a banknote from a given serial number.

Kane, Sharif and Silverberg proposed a scheme based on quaternion algebras in 2021. The
underlying hard problem in their scheme is cloning a quantum state that represents an eigenvec-
tor of a set of Hecke operators. We give a polynomial time quantum reduction from this hard
problem to a linear algebra problem. The latter problem is much easier to understand, and we
hope that our reduction opens new avenues to future cryptanalyses of this scheme.
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1 Introduction

The first quantum money scheme was proposed by Wiesner [28] around 1970. The idea was to
represent banknotes using quantum states which, by the laws of quantum mechanics, would be
impossible to copy. Wiesner’s scheme, which is nowadays called a private-key quantum money
scheme, worked as follows. The bank generates a pair (s, ps) consisting of a classical serial number
s and a quantum state pg, and stores s along with a classical description of p in a database. Without
access to the database, no algorithm would be able to copy ps with non-negligible probability.
Therefore, only the issuing bank would be able to verify the banknotes. Although this scheme
is information-theoretically secure, it suffers major drawbacks in terms of practicality: First, the
issuing bank has to maintain a huge database containing classical descriptions of every banknote
ever produced. Second, only the bank can verify a banknote, and therefore the users have to take
the money back to the bank for every transaction.

Subsequent efforts to address the drawbacks of Wiesner’s scheme led to the idea of public-key
quantum money. The first formal treatment of public-key quantum money was given by Aaronson
[1]. Intuitively, in such a scheme, a banknote can be verified by everyone, using a publicly known
algorithm, but cannot be copied by anyone. The first explicit construction of public-key quantum
money, which was based on stabilizer states, was given in [1]. The construction was later proved
to be insecure by Lutomirski et al. [19].

Public-key quantum money cannot be information-theoretically secure, it has to be based on
a computational assumption. There have been many attempts at building a secure public-key
quantum money scheme. Farhi et al. [11] proposed a scheme based on knot theory. A banknote in
their scheme consists of a quantum state p, representing a superposition of certain grid diagrams,
and serial number s which is the Alexander polynomial of the grids in ps. A banknote is verified
using a procedure based on a classical Markov chain.

Aaronson and Christiano [3] proposed a scheme based on hidden subspaces of the vector space
F5. In their scheme, a banknote consists of a quantum state ps that is a uniform superposition
of elements in a random linear subspace A; C F§ of dimension n/2, and a serial number s that
provides membership oracles for Ay and the orthogonal complement A-. The verification of a
banknote is done using a projection operator built from the membership oracles for Ay and AL.

Zhandry [30] adapted the idea proposed in [19] to give a construction of public-key quantum
money based on multivariate hash functions. In their scheme, even the issuing bank cannot repro-
duce the same banknote. A bank note in their scheme consists of a quantum state that is a uniform
superposition of the preimages of a random output y of a hash function, and a serial number which
is the point y. To be able to verify banknotes, a restricted class of hash functions are used. The
verification is done using the quantum Fourier transform and computing the ranks of matrices in a
certain superposition.

Kane, Sharif and Silverberg [14] proposed a completely different construction for public-key
quantum money based on quaternion algebras. There exists a set of commuting operators, called
Hecke operators, on the space of modular forms. The Hecke operators are Hermitian, and therefore
the space of modular forms has a basis consisting of simultaneous eigenvectors for these operators. A
banknote in this scheme consists of a quantum state ps that is an eigenstate of the Hecke operators,
and a serial number s that is a set of eigenvalues corresponding to ps and a certain set of Hecke
operators. The verification of a banknote is done using phase estimation.



1.1 Previous cryptanalysis

Unfortunately, the security of all proposed public-key quantum money schemes to this date have
been based on ad hoc/nonstandard computational assumptions. However, there has been a limited
number of attempts, many of which were not convincing, at cryptanalyzing these assumption. As
mentioned above, the public-key quantum money scheme of [1] was broken by Lutomirski et al.
[19] who presented two attacks that worked in different parameter regimes. Their first attack was
classical and used only the description of the verification circuit, while their second attack was a
quantum algorithm that could generate banknotes that were different from the intended banknotes
but could pass verification with non-negligible probability.

Pena et al. [21] presented an attack on the scheme [3], but their attack was not on the original
parameters. In particular, the explicit construction proposed in [3] is defined over Fa, but the
attack presented in [21] is only efficient if the scheme was defined over F), for a larger prime p. Pena
et al. conjectured that for p = 2 their algorithm would run in quasi-polynomial time. Their attack
is entirely classical and uses only the serial number given in the banknote.

Roberts [23] proposed an attack on the assumption underlying the scheme of [30] for a certain
parameter regime. However, as discussed in a later version of [30], the attack does not make the
system insecure. Moreover, the hardness assumption behind the scheme could be modified in a way
that renders the attack useless.

1.2 This work

In this paper, we carry out cryptanalysis on the following three schemes:

e Aaronson and Christiano [3]. As mentioned above, this scheme is based on hidden subspaces of
the vector space Fy. The hard problem behind this scheme is to recover a secret linear subspace
of Fy from the the set of common roots of a set of random polynomials over Fy. The previous
attack, carried out by Pena et al. [21], against this scheme uses the Grobner basis algorithm.
Their attack is only effective if the scheme was defined over ), for larger p, instead of Fy. It was
conjectured in [21] that there exists a quasi-polynomial time algorithm for the original scheme
over [Fy.

We give a polynomial time quantum algorithm for the case Fy. Our attack is geometric, it uses
the fact that a linear variety is isomorphic to its Zariski tangent space at any point. In particular,
the subspace hidden by a set of polynomials can be viewed as a linear variety Y included in an
affine variety X. We show that one can recover the hidden subspace by simply computing the
kernel of the Jacobian matrix of X at a random point of the subspace Y. Such a random point
is obtained by measuring a money state.

e Zhandry [30]. This scheme is based on Multivariate Hash Functions. There are different versions
of the paper [30] that give slightly different formulations of the scheme, but the underlying
hardness assumptions can all be stated using the idea of multi-collision of multivariate polynomial
hash functions. We will focus on the version [29], in which the hardness assumption is directly
stated using quadratic forms.

We give a polynomial time quantum algorithm, using which one can obtain arbitrarily many
copies of a given banknote. Our algorithm uses the verification circuit of the scheme to produce
a certain superposition of “bolts”. A measurement on this superposition then produces a copy
of the money state with high probability. The ability to produce arbitrarily many copies of
the money state comes from the fact the measurement outcome 3’ can be compared against the



given serial number y. If 3y = y then desired money state has been produced, otherwise the
whole process is repeated.

e Kane, Sharif and Silverberg [14]. This scheme is based on quaternion algebras. There have not
been any attempts at cryptanalyzing this scheme yet, partly because of the mathematics involved
which is rather nontrivial. The underlying hard problem in this scheme is simply cloning the
money state which is an eigenstate of the set of all Hecke operators.

Although we have not been able to break this scheme, we give a polynomial time quantum
reduction from the underlying hard problem to the problem of inverting a certain matrix A. Our
algorithm is based on a deep connection between ideal classes in a rational quaternion algebra and
the space of modular forms of weight 2 over the complex numbers. The connection is provided
by the theory of Theta series. The matrix A is highly structured, with entries the representation
numbers of explicit quaternary quadratic forms. In other words, A can be described by a set
of polynomials of degree two in four variables. To work with this matrix, one does not need to
know much about the theory behind the scheme. We believe that this reduction is an important
first step toward an effective cryptanalysis of this scheme, and opens interesting new avenues for
future attacks.

2 Preliminaries

Quantum computation. For a detailed treatment on quantum information we refer the reader
to [27]. A register in this paper can contain a classical or a quantum state. The classical state of a
register X is described by a finite alphabet ¥. An example alphabet used in this paper is ¥ = F5.
The quantum state of X is described by the set of density operators D(X') where X is the complex
Euclidean space C*.

We will also represent quantum states using unit vectors in X', which are called pure states.
We will use the Dirac notation when describing unit vectors. In particular, a unit column vector
x € X is written as |z), and the row vector z*, which is the conjugate transpose of x, is written as
(x|. The quantum state of the register X can then be written as

Zawkﬂ), Z|aw|2 = 1.
T€eY L))

The trace distance between two quantum states p and o is defined by ||p — o||; where ||All; =
Tr v/ A* A is the trace norm of linear operators. For pure states |¢)) and |¢) the distance is computed
using

)] = 18) (@l = 2v/1 = [l B)[>.

For quantum state p; and o;, ¢ = 1,2

lp1 ® p2 — o1 @ 02ll1 < [|p1 — o1ll1 + [|p2 — 021

Public-key quantum money. Following the definition in [3], a public-key quantum money
scheme consists of three algorithms:

e Gen. Takes as input a security parameter x, and generates a key pair (kpri, kpub) in proba-
bilistic polynomial time (in x). Here, ki is the private key and kpyp is the public key.

e Bank. Takes as input a private key ki, and generates a banknote in probabilistic polynomial
time.



e Ver. Takes as input the public key k1, and a banknote, and outputs either ‘accept’ or ‘reject’.

A banknote, denoted by |$), usually consists of a pair (s, ps) where s is a binary string and py is a
mixed quantum state. The string s is called the serial number, and the state p; is called the money
state.

The notion of security for a quantum money scheme is best explained using an adversary-
challenger game. The goal for an adversary A is to produce a copy of a valid banknote without
having access to the private key. Consider the following game played by A and a challenger.
The challenger calls Bank to generate a banknote |$) = (s, ps), and sends the banknote to A. A
generates two alleged banknotes |$1) = (s1, ps, ) and [$2) = (s2, ps,) Where ps, and ps, are allowed to
be entangled. The challenger accepts if and only if Ver accepts both |$1) and |$2) and s; = s9 = s.
A quantum money scheme (Gen, Bank, Ver) is said to be secure if for any polynomial time quantum
adversary A, the challenger accepts in the above experiment with probability negligible in k.

3 Quantum Money From Hidden Subspaces

In this section, we investigate the security of the quantum money scheme proposed by Aaronson
and Christiano [3], which is based on hidden linear subspaces of F3.

3.1 The quantum money scheme

Let n = k where k is the security parameter. The n-qubit money state in this scheme is a uniform

superposition
1
|A) = on/i Z|$>,
€A

where A C ] is a random linear subspace of dimension n/2. The bank generates such a state by
choosing a set of n/2 random and linearly independent elements of F4 and building a superposition
from their linear combinations. The state |A) is then verified by querying to classical oracles Uz
and U,. where At is the orthogonal complement of A. These oracles are membership oracles.

More precisely, for z € F}
—lz) ifxzeA,
Uale) = { 7 .
|x)  otherwise.

The oracle U, is defined similarly. Using these oracles we can build projectors P4 and P41 onto
the basis elements of A and A, respectively. The verification process works by first projecting
onto A, then applying the n-qubit Hadamard transform H®", then projecting on AL and finally
applying another H®™. So the verification algorithm can be written as V4 := H®"P . H®"P4. Tt
can be shown that V4 = |A)(A|, i.e., V4 is just a projector onto A. This means that the verification
algorithm accepts a state [1)) with probability |(1|A)|?.

In the above scheme, the following algorithms are publicly accessible.

G(r): takes a random r € {0,1}" as input. Outputs a set of random linearly independent elements
{1, -+, Yns2} for a subspace A, C F3, and a serial number s,..

H(s): checks if s is a valid serial number.
T(r): takes an input of the form |s)|x) and applies U4, to |x) if s is a valid serial number.

T+(r): similar to T(r) but with Uy, replaced by Uge-



The Bank and Ver algorithms are then defined as follows:

Bank calls G(r) for a uniformly random r € {0,1}" to receive a pair (s,,A,), and outputs a
banknote |$,) = |s,)|Ay).

Ver takes as input a banknote ¢, and uses H to check if ¢ is of the form (s, p) for a valid serial
number s. If s is valid then it uses T and T+ to compute V4(p), and outputs ‘accept’ if and
only if V4 outputs ‘accepts’.

Assuming black box access to the oracles Uy and Uy, it was proved in [3] that a counterfeiter
needs at least (y/€2™*) queries to prepare a state p such that (A|®?p|A)®? > e. However, there
has been no provably secure instantiation of these oracles to this date.

The first instantiation of U4 and Uy. was proposed in the same paper [3], which was based
on multivariate polynomials. The idea is to “obfuscate” the subspace A using a set of polynomials
D1y Pm € Faolxy,...,x,]. More precisely, let Ij 4 be the set of polynomials of degree d in
Fylzq,...,xy,] that vanish on A. Then the polynomials p; are selected uniformly at random from
I; 4. For a large enough m, the polynomials p,...,p, uniquely determine A with overwhelming
probability. This means for all v € A we will have p;(v) = --- = pp(v) = 0, and for any v ¢ A we
will have pg(v) # 0 for at least one 1 < k < m with overwhelming probability. This is proved in
the following lemma.

Lemma 3.1 ([3, Lemma 29]). Let A C FY be a linear subspace and let > 1 be a constant. For any
set of polynomials p1,...,psn € Iga selected uniformly at random, define Z = {v € F§ : p;(v) =
0 forall1 <i<pn}. Then AC Z, and Pr[A=Z] =1—2"9%"),

One can sample uniformly at random from I 4 in time O(n?) which is polynomial when d
is a constant. An immediate consequence of Lemma 3.1 is that the set of random polynomials
P1s-- -, Ppn can be effectively used as a membership oracle for A. Therefore, the banknote (s,,|A4,)),
which can be generated efficiently by the bank, consists of a superposition over the random subspace
A, and the list of polynomials s, = {p;}i1<i<gn corresponding to A,. The hardness assumption
underlying the quantum money scheme of [3] is based on the following problem:

Problem 3.2. Let d > 3 be a constant integer and 8 > 1 a real number. Let A C F§ be a random
linear subspace of dimension n/2 and let py,...,pg, € I 4 be selected uniformly at random. Given
the banknote (s,|A)), where s = {p;}1<i<pn, recover a set of generators for A.

A noisy version of Problem 3.2 was also introduced in [3], but was later shown to be quantum
polynomial time equivalent to the noiseless version [2, Section 9.6]. In this paper, we give a quantum
polynomial time algorithm for Problem 3.2. Our idea is based on computing the Zariski tangent
space of the variety described by the set of polynomials s.

3.2 Background

In this section, we review some basic facts about tangent spaces in algebraic geometry. Let X be a
scheme, and let = € X be any point. Let x(x) = Ox 5 /m, be the residue field at , where Oy , is
the local ring at @ and m, is the maximal ideal of Ox ;. Then m,/m2 is a vector space over k(z).
The Zariski tangent space of X in x is defined as the dual vector space

T, X = (m,/m2)".

The following are standard in algebraic geometry, but include some explanations for the sake of
completeness.



Fact 3.3. If Y C X is a closed subscheme, and y € Y, then T,)Y C T, X. This is because the
morphism
m, /mz — m,/m2

of k(y)-vector spaces, where m, is the maximal ideal of Oy, is surjective. Therefore, the dual
morphism is injective.

Fact 3.4. For closed subschemes Y, Z C X and a point y € Y NZ, we have T),(YNZ) =T,Y NT,Z.
Here, Y N Z is the scheme-theoretic intersection. Locally, we can replace X with a Spec(A), for a
ring A, so that Y and Z are described by some ideals I,J C A. Then the intersection Y N Z is
Spec A/(I+J), and the above statement can be proved using straightforward commutative algebra.

Let k be a field. By a k-variety X we mean a reduced separated scheme of finite type over k. In
this paper, we are interested in affine varieties, i.e., in schemes of the form X = Speck[T1,...,T,]/I
where I = (f1,..., fm) is an ideal in the polynomial ring k[T1,...,T},]. A k-variety is called linear if
it is defined by the intersection of hyperplanes. Therefore, X is linear when the defining polynomials
fi,--., fm all have degree one. A point z € X is called a k-valued point if k(z) = k. When X is
affine, the Zariski tangent space at a k-valued point z can be computed using the Jacobian matrix

at x. The Jacobian matrix of the set of polynomials f1,..., fi, at = is defined as
o of1
T, (x) aT, (z)
Jflnn,fm(x) = bl
Ofm Ofm
a—Tl(x) T oT, (z)

where the derivatives 0f;/0T; are formal derivatives.
For the affine variety X defined by the ideal I as above, the tangent space T, X at the point

x = (x1,...,2,) € X is the linear variety defined by the coordinates of the vector
Ty —
) : : (1)
T, — Tn

In other words, letting
]

g9 =
Jj=1 0T;

(@)(Tj — zj),

the space T, X is defined as the zero set of the ideal (g1,...,gm). It follows from the above that

Fact 3.5. If X is a linear k-variety and x € X is a k-valued point, then T, X = X.

3.3 Cryptanalysis

In this section, we give a polynomial time quantum algorithm for Problem 3.2. We are given a
banknote (s,|A)) where A C F} is a random linear subspace of dimension n/2, and s is a set of
polynomials pi,...,pm € I 4, where m = fn, B > 1. The first step is to measure the state |A) to
obtain uniformly random element x € A. So now we have two pieces of classical information: the
set of polynomials {p;} and a uniformly random z € A.



Geometrically, the subspace A is the set of Fa-valued points in a linear variety Y given by an
ideal (Hy,..., H,p) with H;’s homogeneous linear polynomials. It follows from (1) and Fact 3.5
that T,.Y =Y. In fact, since the H; are homogeneous, we have

Y = ker JH17---7H7L/2 ().

Define the ideal I = (p1,...,pm), and let X = SpecFy[T1,...,T,]/I. By Lemma 3.1, we can
safely assume that the varieties Y and X have the same set of Fo-valued points. If we define
X; = SpecFy[Th,...,T,,]/(pi) then X = X3 NN X,,.

Since p; € Ij 4, we have Y C X; for all ¢ = 1,...,m, and therefore, by Fact 3.3,

Y =T,Y CT,X;, i=1,...,m.
From this and Fact 3.4 we obtain

Yycr,xin---nT, X, =T,X. (2)
We prove that equality holds in (2) with high probability.
Proposition 3.6. We have Pr[Y = T, X] =1 — 272" jn (2).

Proof. Note that the tangent space T,X; is given by the points on the hyperplane h; =
> 7-1(0pi/0T;)(x)(Tj — xj). Since Y C T, X;, we have h; € Iy 4. We first prove the following
claim.

Claim. For any v ¢ A, exactly half of the elements in I 4 vanish at v.

The claim can be proved using the same trick as in the proof of Lemma 3.1. More precisely,
there exists a w = (wy,...,wy,) € At such that w-v = 1, so for every h € I; a4 we also have
h=h+wTi+ - +w,T, €I 1,A4- The claim now follows from the fact that exactly one of the h
and h vanish at v.

Suppose, for now, that the hyperplanes T,X;, or equivalently the w;, are uniformly random
among the hyperplanes containing Y. Let v ¢ A. Then it follows from the above claim that
ve T, XN - -N1T, X, with probability 27", which prove the proposition. So it remains to prove
that the hyperplanes w; € I 4 are uniformly random when the p; € I; 4 are uniformly random.
Define the mapping

Dw : Id,A — ILA

fo S Yy -y,

Since translation by a point of A preserves I; 4 and I 4, we may assume that x is the origin. In
that case, the mapping D, sends a polynomial f € Ij 4 to its linear part. That means if we write
f = g+ h where deg(h) < 1 then D,(f) = h € I; 4. Now if f is uniformly random then every
monomial of f is uniformly random (among the monomials vanishing on A) and therefore, the
linear part of f is also uniformly random. U

To summarize, the hidden subspace can be recovered using the following algorithm.
Input: A banknote (s,|A))
Output: A set of generators for the subspace A
1. Measure the state |A) to obtain a uniformly random x € A.
2. Compute the Jacobian matrix Js(z) of the set of polynomials s at x.
3. Return a set of generators for the kernel of J(z).



3.4 Example

To explain the idea of the algorithm of Section 3.3, we give a concrete step-by-step example of the
computation. The example is generated randomly over the space F3, so n = 8. Let A C F§ be a
random linear subspace of dimension n/2 = 4 generated by the rows of the following random full
rank 4 X 8 matrix:

10001100
010010710
A=Img o g1 0101 1
00011001

Then A is the set of Fo-valued points of the linear variety given by the ideal (Hy, Ho, H3, Hy) where

H(T)=T1+Ts
Hy(T)=To+T5 + T+ T3
H3(T) =13+ T5 + Ts + T7 + T3
Hy(T)=Ty+T5+ T+ 17

If we set = 9/8 then m = fn =9. Let p1,p2,...,p9 € I3 4 be the following polynomials chosen
uniformly at random.

pi(T) = TiT§ + ToT§ + TETy + Ty T5T5 + ToTuTs + ToTs5Ts + T3Ts + Ty Ty Ts + T3T5Ts + ToT5Tr +
ToTs3Ts + T T5Ts + ToT5Ts + TuTsTs + TETs + TuTrTs + TeTrTs + T2 T + Th T + T Ts +
TTs + ToTs + TsTs + T¢ + TiTs + TeTs + To + 15 + Ts + T

p2(T) = TYT3Ty + ThT5T5 + T3TyTs + TyT2 + Ty T5Ts + T T + TsTsTs + TuTs Te + Ty I + T5T¢ +
Tg +TVT5T7 + TyT5T7 4+ T5T6T7 +ToT5Ts + Ty T51Ts + T52T8 +T3T6Ts+T5T6Ts + 1515 1s +
T5T5Ts + ToTrTs + T2 T3 + Ts T + Tr T2 + Th To + ToTs + TuTs + Ts T + T + TeTr + Th Ty +
TeTs + 15+ 15+ 1+ 17 + 13

p3(T) = ToT3Ts + TsT2 + T3 T + Ty I5Ts + ToTsTs + T5T5Ts + TyTsTs + TETs + ToTg + ToTsTr +
T2Tr + TV Te Ty + TETr + T3T? + Ts T2 + Te T2 + T3 + Ty TsTs + ToTe Ty + T5T7 T + T35 +
TuTs + TsTs + Tg + TeTr + Ts + Ts + To + Tr + T

pa(T) = TV Ty + TV T Ts + ToT2 + TsT2 + T2 Ts + T ToTs + Th Ts T + ToTe + Ty T T + T3 Ty T +
TyTsTr 4+ T2Tr + TuT6Tr + TuT? + TiTs + TsTs T + Th Te Ty + To T Ts + T 1613 + TsToTs +
TETs + TsTrTs + Ty Tr Ty + TsT3 + TeTe + TsTs + T2 + Ts T + TuTr + To Ty + T7 + T T

ps(T) = T§ + ToT§ + ToTsTy + ThTE + ToTE + T3 + TeTs + TvToTs + TiTs + TiTs + ThTs5Ts +
VT2 + TV To Ty + T3T: + Ty T T + TV Te Ty + TyT? + TsT? + TT? + T3T3Ts + ToTsTs +
TTs + TWTsTs + TsTo1s + T T2

pe(T) = ThT? + T3Ty + ToTyTs + ThT3Ts + ToTy T + T3 Ts T + TaT5T7 + Ty Ts Ty + T2T7 + T5 T Ty +
T5T? + TV IsTy + ToTyTys + T3Te + TsT2 + TeTE + ToT3 + T3 + ThTs + ToTs + ThTr +
ToTs + Ts Ty + TeTs + T

pr(T) = T+ T3 + T3Ts + ToTsTs + TiTs + TiTs + ToT2 + Ty IbTs + Th T3 Te + T3 T + ToT5 T +
DTG + T5TG + TsTg + T3 + TsTeTr + Ts T2 + T§Ts + ToT5Ts + T3T5Ts + Ty T5Ts + T3 Ts +
T35 T3 + TuTr Ty + Ts Tr Ty + TeTrTs + T2Ts + Th Ty + TuTs + ThTs + ToTs

ps(T) = TV b T + ToT} + ToT3Ts + TiTs + TsT2 + ToTsTs + TiTs + TsT5Ts + ToTs Ty + T2 T +
T5T6Tr + TuT? + T5T? + TT? + T3 + TiTs + T3T515 + ToTeTs + TsTeTs + ThTHTs +
TsTrTs + Ts5Ts + T2 + TsTs + T5Ty + TeTr + T2 + T5Ts + T Tk



po(T) = Ty T42 +T3T42 + Ty T5+ToTyTs +T42T5 +T4T52 +T1TyTg +T42T6 +TyT5Ts +T12T7 +T5T5T7+
T+ T3 Ty T+ T2 T+ ToTs Ty + T3 Ts Ty + Ty Ts Ty + T2 T + Ty To Ty + ToTe Ty + T3 T T +
TsTeTr + ToT2 + T3 T2+ T5 T2 + Ty To Ty + T3 Ty + TuT5 Ty + T TeTs + Teds + ToTr T + Th T2

Let z = (0,1,0,1,0,0,1,1) € A be a uniformly random element, which is obtained by measuring
the given money state. Evaluating the Jacobian J,, . ,, at x gives

0 1 01 0 0 1 17
0000 O0O0OTO0O©
0000 O0O0TO0O© 0
001 10001
Jprpe(@)=11 00 0 0 1 0 0
101 01011
00011110
11111000
0 0000 0 0 0]
Now, the kernel of the above matrix gives us the subspace A

4 Quantum Money From Multivariate Hash Functions

In this section, we investigate the security of the quantum money scheme proposed in [29], which
is based on multivariate hash functions. The hash functions used in this scheme are defined as
follows. Let m and n be positive integers such that m > n. Define A = {A;}1<i<,, where each
A; € Fi¥™ is an upper triangular matrix. The hash function corresponding to A is defined by

fa: Fg — Fy
r — (2TAz,... 2T A,x).

The function f4 is not collision resistant [9], and in fact it is not hard to find collisions when the
matrices A; are random upper triangular.

The hardness assumption underlying this scheme is instead based on the multi-collision resis-
tance of f4. Let us briefly define what that means. A set of k+1 points of F5" is called non-affine if
they form a k-dimensional affine space. A function f is said to be (k + 1)-non-affine multi-collision
resistant ((k+ 1)-NAMCR) if it is hard to find &£+ 1 non-affine colliding inputs for f. The assump-
tion is that for & = poly(n), m < (k + 1/2)n and random upper triangular A;, the function f4 is
2(k +1)-NAMCR.

4.1 The quantum money scheme

In the following, we briefly explain the quantum money scheme of [29]. The public parameters of
the scheme are:

e The integers m,n. We set n = k where k is the security parameter. For the verification to
work we can take k = 2n and m = kn = 2n?.

e The hash function f4. The upper triangular matrices in A = {A;}i1<i<, are generated
uniformly at random.
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A banknote in this scheme consists of a pair (y,|#,)) where |£,), called a bolt, is the money
state and y € Fy is the serial number. The bolt |£,) is a product of states where each state is a
superposition of all z € F4* such that fa(xz) = y. More precisely,

|£,) o< \!;>®(k+1), where |£]) o Z |z).

z:fa(z)=y

We refer the reader to [29] for the details of how a bolt is generated. Since we will use the
verification circuit in our attack, we include some details here. To verify a bolt, one needs to only
verify each of the states |#}) independently. The verification of an alleged banknote [1)) proceeds in
two steps: first, the state [¢)) is projected onto the span of the states {|#})}.cry. Then the function
fa is computed into an auxiliary register and measured. The result of the measurement is then
compared against y to determine the validity of the banknote.

The states {|#.)}.crn are orthogonal and span a linear subspace B C C*" of dimension 2". To
project onto B, a different set of basis states of B are used.

Fact 4.1 ([29]). Define the set of states

6) = 5oz O (CU ), r ey,

zeFy
Then the states {|#.)} and {|¢,)} span the same subspace B.

Therefore, to project onto B we need to project onto the span of the states |¢,). It is easy to
prepare |¢,) given r. Conversely, it was shown in [29] that one can recover r given the state |¢y).
We record this result for sake of later reference.

Theorem 4.2 ([29]). There is a polynomial time quantum algorithm that, given the state |¢,),
computes T with overwhelming probability.

The verification procedure can now be summarized as follows. Given the input state |1), write
[¥) = >, aplor) + |t01) where [¢1) is orthogonal to B. Then compute  into an auxiliary register
to obtain the state ), ou|r)|¢,) + [1)2) for some state |p2). Now uncompute the second register to
obtain the state ) a,|r)|0)+|13) for some state |¢3). The verification algorithm then measures the
second register. If the measurement outcome is not zero the algorithm outputs ‘reject’. Otherwise,
the post-measurement state is ) . c,-|r)|0), and the algorithm computes |¢,) into the second register
to obtain the state ) a,|r)|¢,), and uncomputes r to obtain the state ) c,|¢,). Note that this
state is now the projection of the original state [¢)) onto B. Finally, the algorithm computes f4
into another register and measures that register. If the measurement outcome is not equal to y,
the algorithm outputs ‘reject’, otherwise it outputs ‘accept’.

4.2 Cryptanalysis

In this section, we propose a polynomial time quantum algorithm that given a nonzero serial number
y € FY | generates a copy of the state

1£,) =

VCy Yo fale)=
where Cy = #{z € FJ' : f4(x) =y}, with probability 1. We start by noting that [29]
Col#0) +Cylfy) o< 3 |on). (3)

rir-y=0
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Let |1,) be the normalized quantum state proportional to the state (3). Then |¢,) is a uniform
superposition over the elements of X, = {x € F}": fa(x) =0 or y}, ie.,

1
[y) = \/TXZ/ m;y |z).

Suppose there is a quantum algorithm @ that, given y, can efficiently prepare [1,). To generate a
copy of |i;>, perform the following steps. Call @ to get a copy of |),). Compute f4 into an extra
register to obtain the state

(VCol0)10) + /Tyl #,)1y)). (4)

1
ﬁg}’ Al =

and measure the second register. If the measurement outcome is equal to y then we are done,
otherwise repeat the process from the beginning.

The probability of obtaining the state |#;) is C,/#X,. Heuristically, the ratio C,/#X, is as
large as a constant. In other words, there is no reason that Cj is much larger or smaller than
Cy for any other y € Fy. We argue, with a little help from algebraic geometry, that this is
indeed the case. The function f4 defines a morphism between two affine spaces fa : Al — Af
where Ay} = SpeclFy [T1,...,Ty], and similarly for Ay, Since both A? and Ay are geometrically
irreducible, and since 0 is the generic point of these spaces, it follows from the fibre dimension
theorem [12, Chapter 14 | that dim f;l(O) = dimAg} —dim Ay, =m — n'. We also have that for
every y € 7, all irreducible components of f;l(y) have dimension at least dim f 1(0). Now, by the
Lang-Weil theorem [18], [22, Section 7.7], for any y € F% it holds that #f " (y)(F2) = O(24™ fil(y))
where the constant depends on f4 but not on y. This means the ratio

Cy _ #f;l(y)
#Xy  #f5y) +#10)

is bounded below by a constant with overwhelming probability over the randomness of A.

It only remains to show that algorithm @) exists. The input to the algorithm is an element
y € F3 and the output is the state (3). The algorithm proceeds as follows. First, compute a basis
for the space {r € F} : r-y = 0}. This can be efficiently done classically. Then using this basis,
generate the superposition

—= > (5)

rir-y=0

Next, compute |¢,) into another register to obtain the state

¢2n—1 > ). (6)

rir-y=0

Using Theorem 4.2, uncompute r and discard the first register. This produces the state

[y) = Z |6r), (7)

rry =0

for an appropriate normalization constant C'. The above algorithm is summarized as follows.

Here, the dimension is the geometric dimension not the vector space dimension
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Input: A serial number y € F3

Output: A bolt |£])

. Compute a set G of generators for the kernel linear map r — r - y.

Using G prepare the superposition (5).

Compute |¢,) into another register to obtain the state (6).

Uncompute r and discard the first register to obtain the state (7).

Compute f4 into an extra register to obtain the state (4).

Measure the second register. If the measurement outcome is equal to y then return the post-
measurement state. Otherwise, go to Step 2.

S

5 Quantum Money from Quaternion Algebras

In this section, we investigate the security of the quantum money scheme proposed in [14], which
is based on quaternion algebras. The hard problem underlying this scheme is copying a quantum
state that is encoding an eigenform of the Hecke operators. We give a reduction from this problem
to a linear algebra problem, namely inverting a matrix with entries the representation numbers of
quaternary quadratic forms. We believe that the latter problem is more suitable, and much more
accessible, for future cryptanalysis.

Informally, the idea of our reduction is as follows. Suppose the quantum state to be copied is
given by |¢) = > as|I) where the sum is over the set {I};cci) of representatives of the left ideal
classes of a maximal order O in a quaternion algebra. Let M be the formal abelian group with
basis C1(Q). For a fixed J € Cl(O), based on a morphism from M to the space of modular forms
we obtain the identity

o= > j—jef,xq),

1€C1(0)

where the left hand side is the modular form corresponding to the formal sum reci(o) I [I], and
the Oy ; are theta series corresponding to the ideals I, J. By equating the coefficients of different
powers of ¢ in both sides of the above identity, we form a system of linear equations. The entries of
the coefficient matrix A associated with this system are the representation numbers from the theta
series O j. The dimension of the system is equal to the size of the set C1(O) which is exponentially
large. We show that if one is able to approximate the operation A~! then one can make arbitrary
many copies of |¢).

5.1 Background

In this section, we review the minimal necessary background in modular forms and quaternion
algebras, and set up some notations, for the following sections. Our main references for modular
forms are [8, 17, 24]. For a comprehensive treatment of quaternion algebras we refer the reader to
[26].

5.1.1 Modular forms.

Let H = {z € C:Im(z) > 0} be the complex upper half plane, and let SLy(Z) be the special linear
group over the integers. For v = [24] € SLy(Z) and z € H define vz = (az + b)/(cz + d), which
defines a group action on H. For any integer N > 0 denote by I'(INV) the kernel of the projection
SLa(Z) — SLa(Z/NZ). A congruence subgroup of SLy(Z) of level N is any subgroup I' containing
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I'(IV). In this paper, we are particularly interested in the congruence subgroup

To(N) = {[‘C‘ 2} € SLy(Z) : [‘C‘ Z} = [(’; :] (mod N)}.

The weight-k operator [y]r on the functions f € Hom(H, C) is defined by (f[y]x)(7) = (cz +
d)~* f(vz). This is also a group action on Hom(H, C) since f{yiv2]r = (F[1lr)[V2]%-

A weakly modular function of weight k£ with respect to a congruence subgroup I" is a meromor-
phic function f : H — C such that f[vy] = f for all ¥ € I". Define the extended upper half plane
H* by adding the set of rational points of the projective line to H, i.e., H* = HUPY(Q). A modular
form of weight k with respect to I' is a weakly modular function f : H — C that is holomorphic on
H*. Every modular form f has a Fourier expansion

FE) =S and®, qlz) = ¥
n=0

called the g-expansion of f. If ag = 0 in the g-expansion of f, we say that f is a cuspform.

5.1.2 Quaternion algebras.

Let F be a field of characteristic # 2. An F-algebra B is called a quaternion algebra if B has a basis
1,4, 4, k as an F-vector space such that i = a,j2 = band k = ij = —ji for some a,b € F*. There is
an involution operation ~ : B — B defined by t+xi+yj+ 2k — t —xi —yj — zk. The reduced trace
trd : B — F and the reduced norm nrd : B — F are defined by trd(a) = o + @ and nrd(a) = aa.
For F' = Q, a quaternion algebra B is said to be ramified at a prime p if the completion B ®g Q) is
a division ring, otherwise B is unramified at p. In this paper, we are interested in the quaternion
algebra B over QQ, denoted by B, , that is ramified at a single primes p and at oo.

A Z-lattice I C Bp o of rank 4 is called a fractional ideal. A Z-order (or simply an order)
O C Bj,« is a fractional ideal that is also a ring. A maximal order is an order that is not properly
contained in another order. For a fractional ideal I C B, , define

Or(I) ={a€Byo:al C I}

Then Of (1) is also an order and is called the left order of I. The right order of I is defined similarly
by Or(I) = {a € Bpo : Lo C I}. An ideal I is invertible if there is another ideal I’ such that
II' = Op(I) = Og(I") and I'I = Op(I') = Og(I). We denote the inverse of I, if it exists, by 1.
The reduced norm of an ideal I is a Z-submodule of Q generated by the set {nrd(«a) : o« € I'}. The
inverse of I can also be written as I~' = I'nrd(I)~! where I = {@: a € I} is the involution of I.
For an order O C By, A left fractional O-ideal is a fractional ideal I such that O C Or,(I). Right
fractional O-ideals are defined similarly.

Two fractional ideals I, J are said to be in the same right class if I = a.J for some a € B} ., in
which case we write I ~g J. The relation ~g defines an equivalence relation on the set of fractional
ideals, and a class of an ideal I is denoted by [I]g. Left equivalence classes are defined similarly.
For an order O C B, «, the right class set of O is defined as the isomorphism classes of invertible
right O-ideals, i.e.,

Clgr(O) = {[I]r : I an invertible O-ideal}.

Since the mapping I ~ I defines a bijection between left and right classes we often simply write
Cl(O) instead of Clg(O).
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5.1.3 Hecke operators.

Denote by My (I'o(N)) the space of modular forms of weight & with respect to the subgroup I'o(N),
and denote by Sk (I'o(NV)) the space of cuspforms of weight k& with respect to I'g(N). For an integer
n with (n, N) = 1, the n-th Hecke operator on M (T'o(IN)) is the linear operator

T,: My(To(N)) —» Mllc(FO(N))l ,
f@) — == > & f (%)

ad=n

0<b<d
We will always assume that (n, N) = 1, since this is what we are interested in, and also the theory
is a bit simpler in this case. From the definition, we see that T, preserves the subspace Si(I'g(V)).
The Hecke operators for My (T'g(N)) satisfy

Ton =TT (m,n) =1,
L1 =TTy — pk_lTprfl p prime.

(8)
For a modular form f, let a,(f) be the n-th coefficient of the g-expantion of f. Then for f €
My (To(N)) and prime p we have

anp(f) +pk_1an/p(f) ifp | n,

anp(f) if ptn. ©)

an(Tpf) = {

It follows that for coprime integers m,n we have a,, (T, f) = amn(f), and in particular, aq (T, f) =
an(f). Define T := Z[{T}},>1], the algebra generated by all the Hecke operators. Then T is
a commutative ring called the Hecke algebra. Since T is commutative, there are elements f €
Sik(To(N)) that are simultaneous eigenvectors for all element in T. In particular, for any such f
we have T, f = A\, f for some A, € C*. We refer to such f as an eigenfunction. If f is normalized,
ie., a;(f) =1, it is called an eigenform. The coefficient of the g-expansion of an eigenform satisfy
important identities induced by (8). More precisely, let f =" a,g" be an eigenform, and assume
Tnf = Anf. Then we have a,, = Ay, and using (8) we obtain

Gmn = Gman (m,n) =1,

_ k—1 :
A1 = Qprap —p° ayr-1 p prime.

(10)

Let du(z) = dxzdy/y?, z = x + iy € H be the hyperbolic measure, and let Vro(nvy be volume of the
modular curve X (I'g(NN))) with respect to du(z). The space Si(I'o(N)) can be made into an inner
product space using the Petersson inner product

1

(fr9) = Vo

/ F(2)9(2) (Im(2))*dpa(2).
X(To(N))

The Hecke operators T;, are Hermitian with respect to this inner product, i.e., (T}, f, g) = {f, Tng).
This means there exists a basis of Si(I'g(N)) consisting of Hecke eigenforms.

One can also define a set of Hecke operators on ideal classes of a quaternion order as follows.
Let O C By be an order and let Cl(O) be the (right) class set of O. Define the formal divisor
group

M = Z.]1] (11)
1€CI(O)
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For an integer n > 0, n # p, the n-th Hecke operator on M is defined by

T,: M — M

1 o— >

JCI
nrd(JI~1)=n

where the sum is over all invertible right O-ideals contained in I. In the basis of the ideal classes
in C1(O), the Hecke operator T, is represented by the Brandt matriz B(n) which can be explicitly
computed as follows. Let h = # Cl(O) be the class number of O, and fix a set Iy, l,..., I} of
representatives of the ideal classes in C1(O). Let O; = Or(I;), and let w; be the number of units
in O;. The n-th Brandt matrix is defined by

w

B(n)i; = 1'#{04 € Iin_l cnrd(a) = nnrd(Iin_l)}. (12)

The Hecke operators T, also satisfy the relations (8). Moreover, we can define an inner product
on M with respect to which the T}, are Hermitian: ([[;], [;]) = &; jw;/2 where §; ; = 1 if i = j,
and 9; ; = 0 otherwise. We will also call this inner product the Petersson inner product. Similar
to the case of modular forms, there is a set of elements of Mr = M ®z R that are simultaneous
eigenvectors for all Hecke operators. We also call these element Hecke eigenforms. The element

h
bp =3 20711
j=1

of Mg is called the Eisenstein eigenform. We have T,,¢5 = o’(n), where o'(n) = 2 din, (pd)=1 -
The sub-T-module of MR orthogonal to ¢g is called the space of cuspforms. For any cuspform

o= Z;‘L:I a;[I;] we have Z;-Ll a; = 0.

5.2 The quantum money scheme

Let us briefly review the quantum money scheme presented in [14]. The parameters of the scheme
are fixed as follows:

e A prime p € O(2%) where k is the security parameter.

e The quaternion algebra B, . over Q ramified at p and oo.

e A maximal order O C B, o of discriminant p.

e A set of Hecke operators T, where n; = poly(x), 1 < j < s and s = poly(k).

Let I1,I,...,1; be distinct representatives of the ideal classes in Cl(O), where d = # Cl(O). In
the above specific setup we have d = |p/12]. Let M be the formal divisor group on Cl(O) defined
in (11). For simplicity, we will let M¢ denote M @z C. Let {¢;}1<i<a be a set of eigenforms in Mc
that are a basis of Mg, and let {|¢;)}1<i<q be the corresponding quantum states. This means that

for ¢; = >, a;[1;], we have
d
1
|6) = —= > ay|I;)
where o? = 3 j|aj|2. A banknote in the quantum money scheme consists of
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1. A money state of the form |¢;)|¢;) for some 1 < i < d,

2. A serial number, which is a tuple (b;)1<;<s of approximate eigenvalues of the T}, ; correspond-
ing to the eigenform ¢;.

3. A classical digital signature of the serial number (b;)1<;<s.
The verification of a banknote is done by

1. Verifying the signature of the serial number

2. Using phase estimation on the operators ¢I"; and the eigenstate |¢;) to recover an approxi-

mate serial number and compare against (b;)1<j<s.

It takes more than a few pages to give a precise account on the implementation of the above
scheme. Here, we briefly explain two main points.

Hamiltonian simulation. To prepare an eigenstate |¢;) we start from the uniform superposition
lp) = > IeCI(O)H ) (normalization omitted). Then we use phase estimation on the operators U; =

e to project onto an eigenstate |¢;). Since the matrices of the operators T, ; are sparse, standard
Hamiltonian simulation techniques can be used to implement the unitaries U;. However, for an
integer ¢ > 0, the cost of simulating U ]t = ¢'Injt depends linearly on . More precisely, the simulation
cost depends linearly on st||Ty, [[max [4], where s is the sparsity degree of T}, i.e., the maximum
number of nonzero entries in any row, and |7}, ||max is the largest entry of T;,, in absolute value.

This means, using phase estimation, we can approximate the eigenvalues of the T;,; only to accuracy
1/ poly(x).

Projecting onto an eigenstate. To be able to project onto a single eigenstate, we cannot use only one
of the T}, since in that case we would need an exponentially accurate phase estimation. However,
if we run a polynomially accurate phase estimation for all the 7},;, we might be able to project onto
a random eigenstate |¢;). For this to hold, one needs to make some heuristic assumptions on the
distribution of the eigenvalues of the Heck operators. Such distributions are already studied in the
literature [13, 20, 5], but a formal treatment of the running time of the above projection based on
these distributions is nontrivial.

5.3 Cryptanalysis

In this section, we analyze the assumption behind the scheme in Section 5.2. We use the connection
between quaternion orders and modular forms to translate the problem to the space of modular
forms. The connection is provided by the theory of theta series.

5.3.1 From quaternions to modular forms.

Let m = 2k > 0 be an integer and let Q : Z™ — Z be an integral positive definite quadratic form.
The theta series associated to @ is a function O¢ : H — C defined by

O(x)= ) ¢¥ =) ron)g", q=e""
n=0

TEL™
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The integers rg(n) = #{x € Z : Q(z) = n} are called the representation numbers of Q. Now, let
O C By, be a maximal order as in Section 5.2. For any two ideals I;, I; € O define the mapping

Qij: LIT' — Z
o — md(a)md(LL) (13)
This is a positive definite quadratic form. Using these quadratic forms we can define the morphism
©: Mcx Mc — Ms(Ty(p)) .
(L) — D =1+ 22:1<Tn[fi]= [11)q",

acl;I;!

where ¢ = €2™* z € H. The last equality follows from the definition of Brandt matrices (12).
Eichler [10] proved that the spaces Mc and Ms(T'o(p)) are isomorphic as Hecke modules, see also
[15, 16]. More precisely,

Theorem 5.1 (Eichler). The map T,, — T,, of Hecke operators over Mc and Ms(Ty(p)) defines an
isomorphism of Hecke algebras. Moreover, the morphism © defines a nondegenrate Hecke bilinear
map,

O(T L], [I;]) = O([L], Tu[I;]) = T,O([L], [1;]),
such that the traces of T, on Mc and T,, on Ms(To(p)) agree.

If we fix one of the arguments of © we get a homomorphism Mc — M2(I'g(p)). The following
lemma explain what the image of © is for some specific arguments.

Lemma 5.2. Let ¢ = Z;l:l a;[I;] be an eigenform. Then for any integer 1 < k < d the modular
form ©([Ix], @) is a Hecke eigenfunction. Moreover, O([Ix],#) # 0 if and only if ay # 0.

Proof. The first part follows from Theorem 5.1. More precisely, for any k£ and n

For the second part, expanding O([Ix], ) gives

= Z a;O([Ix], [1;]) (by linearity of ©)

— Z o (1 +2 Z > (by definition)

(by linearity of (,)) (14)

[
M&
HM8

If ¢ is the Eisenstein eigenform ¢p then ay # 0 and (T},[I], ¢) = o' (n)ay # 0, so O([Ix],¢) # 0
and the statement is true. So assume that ¢ is a cuspform. If o = 0 then

<Tn[[k]7 ¢> = <[Ik]7Tn¢> = )‘n<[‘[k]7 ¢> = A =0 (15)
for all n > 1. It follows from (14) and (15) that ©([I],¢) = 0. If ay # 0 then ([Ix],¢) # 0 and
again we see from (14) that ©([I], ¢) # 0. O
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A direct consequence of Lemma 5.2 is that the dimension of the image of the homomorphism
O([Ii], =) : Mc — M>(I'g(p)) depends on the coefficients ([I;], #;) being zero or not for different
eigenforms ¢;. In fact, using the technique in [25], one can prove that

dime O([I;], Mc) = |2(k)|

where (k) = {j : ([Ix), ¢j) # 0}. Therefore, one would expect that for a random 1 < k < d,
([Ix], ) # 0 with high probability, or equivalently, that dimc ©([Ix], Mc) is not too small. We now
outline our reduction.

5.3.2 The reduction

Suppose we are given the quantum state
1 J
¢) = —=>_ ay|l;)

which represents a random eigenform ¢ = Z?=1 a;[I;]. Since ¢; is random, it is a cuspform with
overwhelming probability. For a random k, we assume, by the above remarks, that ap # 0. Let
f(q) = ©([Ix], ¢)/ar € Ma(To(p)). Then, by Lemma 5.2, f(q) is a Hecke eigenfunction. A closer
look at (14) shows that f(g) is in fact an eigenform with eigenvalues the same as the eigenvalues
of ¢. Therefore, we have the identity

d
=Z§ 1)) (16)

of modular forms. Let f(q) = > .77 anq™ so that aj,as,... are the eigenvalues of f. The idea is
to build a system of linear equations, where «; are the unknowns, by equating the coefficients of
q" on both sides of (16) for different values of n. For any n > 1 we get an equation

o o «@
an = —(TalTi, (D)) + (Tl (1)) + -+ (T L, [1a)). (17)
Qg Qg Qg
Let ny,m9,...,nq be a set of positive integers. Gathering linear equations of the form (17) for all
the n; we obtain a system
Aa=a (18)
where a is the column vector [ay, , ny, - - - , Gn,]T, @ is the column vector [aq /oy, aa/an, . .., aq /o]t

and the matrix A = ((Ty, ], [1;]))i;- The quantum state representing the vectors a and « are

Zanj\j and
\/Z] 1 TL]J 1
d

1 o 1 ¢
) = ———=)> LI;)=—= ) ojll;) =19),
\/Z? 1042/04 JE:IO% \/agzz:l

respectively. Suppose there is a quantum algorithm A that can efficiently approximate the operation
A~!. Then one could compute an approximate copy of |¢) as |¢) = A~!|a). Therefore, assuming
access to A, the problem is reduced to the following

@) =
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Problem 5.3. Generate (an approximation of) the state |a) for an appropriate choice of distinct
integers ny,na, ..., nq.

The main obstacle to solving Problem 5.3 is that since d is exponentially large, the n; will be
exponentially large as ¢ becomes large regardless of which set of the n; we choose. Recall that a,, is
an eigenvalue of |¢) for any n > 1. The best classical algorithm for computing a,, has complexity
poly(plogn) [6], which is polynomial in logn but exponential in logp = O(k), where & is the
security parameter. Another possible approach is to use phase estimation to directly compute a,,
since we know that

e |g) = e*lg).
This would also fail because of the following reason. It is known that |a,| < og(n)\/n [7], where
oo(n) is the number of positive divisors of n. However, the value |a,| can be exponentially large in
k. This means we need to perform phase estimation with exponential accuracy. But we can only
simulate ¢7»* for time ¢ that is bounded by poly(k).

To solve this problem, the idea is to use phase estimation but for a specific set of integers n;
such that we can exploit the relations (10) between the ay,,’s. More precisely, let s = [log d] and let
C = {l1,ls,...,0s} be a set s distinct primes of size poly(k), say the first s primes 2,3,5,..., ;.
Then we choose the n; to be the set

{ni}lgigd = {El{lfgz cee Els)s : (bl, L. ,bs) € {0, 1}8} (19)

Explicitly, if j = b1ba - - - bs is the binary representation of j then we set n; = El{lﬁlf o fbs,

Theorem 5.4. Given the quantum state |¢p) representing an eigenform ¢, let f(q) = > o0 ang"
be the modular form, defined by (16), that corresponds to ¢. Let {n;}i<i<aq be the set of integers
defined in (19), and let

1 d
ja) = ——=>an,lj)-

/S g2 X
Zj:lanj J=1

For any constant ¢ > 0, there is a polynomial time quantum algorithm that can prepare a state |a)
such that |||a)(a| — |a)(al|i < 1/k°.

Proof. For any prime ¢ € C' we can use phase estimation on the operator ¢’* and the eigenstate
|¢) to compute an approximate eigenvalue a, such that |ay — ag| < 1/sk¢. Now, using the single

qubit operation
- 1 1 —a

Vitaz lae 1

we can generate the single qubit state

the) == Ry|0) = (10) + @el1)).

1
V1+a?
Tensoring these states together for all £ € C' we obtain the state |a) := ®£€C’1/~Jg>. Now, for any n;

we can write n; = Elil 632 - f% where byby - - - b, is the binary representation of j. Therefore, using

the relations (10) we have a,; = algi e aléz. So we can rewrite the state |a) as

s —1/2
la) = <H(1+a?)> Z azi---algz\bl,...,bg

j:l (b17~~~7b5)€{071}s
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1

Let [¢¢) = (|0) + a¢|1))/v/1 + a?. Then

e el = 190 el = /1 = Gwelda) 2 < —.

and we have

lla)(al —la)alll, =

®Ww><¢z’ - ®W~Jz><1/;z’

1

tec tec
<Y ) (el — 1) (el Il
tec
1
é J—
IK'/C
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