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—— Abstract

We study the hardness of the dihedral hidden subgroup problem. It is known that lattice problems
reduce to it, and that it reduces to random subset sum with density > 1 and also to quantum
sampling subset sum solutions. We examine a decision version of the problem where the question
asks whether the hidden subgroup is trivial or order two. The decision problem essentially asks
if a given vector is in the span of all coset states. We approach this by first computing an explicit
basis for the coset space and the perpendicular space. We then look at the consequences of having
efficient unitaries that use this basis. We show that if a unitary maps the basis to the standard
basis in any way, then that unitary can be used to solve random subset sum with constant density
> 1. We also show that if a unitary can exactly decide membership in the coset subspace, then
the collision problem for subset sum can be solved for density > 1 but approaching 1 as the
problem size increases. This strengthens the previous hardness result that implementing the
optimal POVM in a specific way is as hard as quantum sampling subset sum solutions.
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1 Introduction

The dihedral coset problem is an important open problem in quantum algorithms. It comes
from the hidden subgroup problem, which is defined as: given a function on a group G that
is constant and distinct on cosets a subgroup H, find H. Here we will focus on the case when
G is the dihedral group of order 2/N. It is known that this problem reduces to the case when
the subgroup is order two [4]. All known approaches for solving the hidden subgroup problem
over the dihedral group start by evaluating the function in superposition and measuring the
function value. The result is a random coset state %(|O, x)+ 1,2+ d)), where d € Zy is
a fixed label of the subgroup and x is a coset representative uniformly chosen in Zy. For
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our purposes, it is more convenient to have the following quantum problem rather than the
hidden subgroup problem.
The dihedral coset problem [13] is: given a tensor product of k coset states

(d) _ 1

|Cavma, e o) = ﬂao,m Lo +d)e---@

%qo,m L+ d)),
where x1, ...,z are randomly chosen in Zy, compute d. The first register of each state is
mod 2, and the second register is mod N.

This is a natural problem to consider after the successes with abelian groups such as Z .
The dihedral group with 2NV elements has Zy as a normal subgroup. The representations
are mostly two dimensional, so it does not have obvious problems like the symmetric group,
where we know large entangled measurements are required to get information from the
states [7]. Furthermore, Regev [13] showed that the unique shortest vector problem reduces
to the dihedral coset problem, so it could provide a pathway for finding a quantum algorithm
for lattice problems.

Much is known about the dihedral coset problem, at least compared to most other
nonabelian groups (although there are groups with efficient algorithms, e.g. [6, 9, 3]). Ettinger
and Hoyer [4] showed that a polynomial number of measurements in the Fourier basis has
enough classical information to determine d, but the best known algorithm takes exponential
time to compute it. Kuperberg found subexponential time algorithms [10, 11] for the problem.
He also showed that computing one bit of d was sufficient to compute all of d. This algorithm
was a big step, although it should be noted that it seems difficult to combine this with
Regev’s uSVP to dihedral group HSP reduction to get a subexponential time algorithm for
the uSVP, partly due to the fact that the coset states created in the reduction have errors
with some probability.

The dihedral coset problem also has some connections to the subset sum problem. Bacon,
Childs, and van Dam analyzed how well a “pretty good measurement” performs [1]. This
type of measurement maximizes the probability of computing d correctly. It is unknown
how to compute the measurement they find without quantum sampling subset sum solutions.
A unitary implementing this can be used to solve the worst case subset sum, which is
NP-complete. Regev showed how to reduce the dihedral coset problem to the random subset
sum problem density p > 1 where p also approaches 1 as the problem size increases. Density 1
is the hardest case for the random subset sum problem as shown in Proposition 1.2 in [8]. But
is solving the dihedral coset problem as hard as subset sum, and if so, for what parameters?
The only connection we are aware of is to compose two known reductions. First, random
subset sum with density p = 1/log k reduces to uSVP. Then uSVP reduces to the dihedral
coset problem. It is open if an efficient quantum algorithm exists for random subset sum,
and density 1/logk may not be as hard to solve as constant density.

1.1 New approach

In this paper we focus on distinguishing trivial from order two subgroups. Instead of trying
to compute d, we define a problem which asks if the state is an order two coset state, or
is the trivial subgroup case. We define this problem as the dihedral coset space problem
(DCSP): either an order two coset state is given, or a random standard basis vector is given,
decide which. The random standard basis vector corresponds to the trivial subgroup case
in the hidden subgroup problem. This problem is a special case of the decision version of
the HSP defined by Fenner and Zhou [5] since we are restricting to order two subgroups. In
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their paper, they found a search to decision reduction when NN is a power of two. So it turns
out that the problem is not computationally easier in that case.

We start by finding a set of vectors that span C' and C*. Let le 7%, and p € Zy. The
vectors have the form

|Tl—,p -1
my\ __ 1 mj 7() )
|S[‘7p> - ITf,p‘ ZO w‘Tf,p |bl_:p>|xl>’
j=

where lep contains the subset sum solutions for (ﬁ p), and the vectors b are an ordered set of
the subset sum solutions. We call this set of orthonormal vectors the subset sum basis. We
prove that the m = 0 subset of vectors span C' and the remaining ones, which have m > 1,
span C*.

Ideally we would like to reduce subset sum to the DCSP. Since this is still out of reach,
we prove a weaker relationship. Instead, we assume there is an algorithm that uses the subset
sum basis to solve the DCSP and examine the consequences. Such an algorithm needs to
decide if m = 0 or m > 1 to distinguish if the vector is in C' or C*. In this paper we consider
two main types of unitaries that use this basis. We show that in one case such a unitary
can be used to solve random subset sum and in the other case it can be used to solve the
random collision problem. This may indicate that the unitaries are difficult to implement.

The first type of unitary we consider maps the subset sum basis to the standard basis. An
example would be one that maps each vector |Slf:’; ) to the corresponding standard basis vector

—

|m, p, 1), identifying the vector. This unitary can be used to solve a subset sum instance
(l_: p) by taking |0, p, f>, applying U~! to get |Sf0,p> and measuring, since |Sl(%p> is a uniform
superposition of solutions. The ability to identify the basis vector in this way is very strong
because it can solve an NP-complete problem, but we show the connection for a wider range
of unitaries. In particular, we show that any unitary that maps the subset sum basis to
the standard basis in some way can be used to solve the random subset sum problem in
the cryptographic range of constant density p > 1. This can be view as generalizing the
connection to quantum sampling in [1].

The proof for this case works by showing that such a unitary can be used to solve worst
case collision for the subset sum function. That is, given a subset sum instance (f, p) and a
solution vector 5, the goal is to compute a second solution V' if one exists. Then we use the
fact that random subset sum reduces to random collision for density a constant greater than
one [8].

The second type of unitary we consider maps the subset sum basis to vectors where
the first bit is zero if the vector is in C, and is one if the vector is from C*. This type
of unitary can be used to solve the DCSP by computing the unitary on the input vector
and measuring the first bit. It is a relaxation of the first type of unitary because it could
be followed by another unitary mapping to the standard basis. We show that this type
of unitary can be used to solve the random collision problem for subset sum with density
p =1+ cloglog N/log N. This collision problem for this density appears to be less well
understood than for constant density.

The proof for this case uses the unitary that can solve the DCSP to solve the random
collision problem for subset sum. The problem in this case has an arbitrary solution vector b
fixed, and then a vector ['is chosen at random. The goal is again to find a second solution
Y # b such that ¥ - I = b -l mod N on input b and [.

In addition to these two main types of unitaries we show that a small generalization of
the form of the subset sum bases has similar results.
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The hardness of random subset sum depends on the density and the same is true for the
collision problem. But for collision the definition is important also. There are four definitions
of finding collisions of hash functions [14]. Our definition of random subset sum collision is
based on the universal one-way hash-function family. That is, for any point in the domain,
given the hash function uniformly at random from the family, the goal is to find another
point in the domain having the same hash value. Impagliazzo and Naor have shown that
random subset sum collision is at least as hard as the random subset sum problem when
the density is a constant greater than 1 [8]. However, the density of the random subset
sum collision problem we consider has density p < 1+ clog N log N/log N. This density is
between the density used for subset sum in [13] and the cryptographic one. The hardness
of densities for collision in this range is not known, but it can be contrasted with random
subset sum, where the problem gets harder as the density approaches one [8].

There are several open questions. Can the second type of unitary above also be used to
solve random subset sum? Consider unitaries which decide membership of C' with small error,
e.g., 1/poly. Can these unitaries be implemented efficiently or solve some hard problems? Is
it possible to implement a unitary efficiently distinguishing C from C*, with the subset sum
basis, or some other basis? If a space has a basis that seems hard to be implemented for some
reason, does that mean that no basis for that space is efficient? Is it possible that a larger
space C’ containing C' exists where it is easier to test C’ vs. C'*? Deciding membership in a
subspace or its complement is a generalization of classical languages to quantum languages.
Are there other examples?

2 Background

In this section, we give the background of the dihedral coset problem and the random subset
sum problem.
The dihedral coset problem comes from the dihedral hidden subgroup problem which is:

» Definition 2.1 (Dihedral Hidden Subgroup Problem). Given the dihedral group Doy and a
function f that maps Doy to some finite set such that f hides a subgroup H (f takes same
value within each coset of H and takes distinct value on different cosets), the problem is to
find a set of generators for H.

Ettinger and Hoyer showed that the problem reduces to the case when the subgroup is order
two [4]. Hence, we can assume H is an order two subgroup, which can be represented as {1, d}
for d € Zx. All known approaches for solving this problem start by evaluating the function
in superposition to get > JEDaN lg, f(g9)), and then measuring the function value. This results
in an order two coset state W
Then the problem becomes to find d when given many random order two coset states. This

problem is defined as follows:

, where x € Zy is a random coset representative.

» Definition 2.2 (Dihedral Coset Problem (DCP)). Given a random k-register order two coset
state

el )

T1,T25.-+9 Tk

- %(\0,;@) FLai+d) @@ %(\o,m 11, + ).

The problem is to find d.

The hardness of the DCP has been studied by reducing to the random subset sum
problem [13] which is defined as follows:
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» Definition 2.3 (Random Subset Sum Problem). Given a vector of positive integers [ =

11,15, ..., 1;])T uniformly distributed in Z& and s = b - (mod N) where b € Z& is chosen
uniformly at random, find a vector b’ € Z& such that [ - ¥ = s (mod N). The density is
defined as p = 1og]§N)'

Although the worst-case subset sum problem is NP-hard, the random subset sum problem
can be solved in polynomial time when the density is in a certain range. There is no known
polynomial-time algorithm for solving the case when p is Q(1/k) and O( ﬁ) Regev [13]
showed that a solution to the random subset sum problem with p > 1 implies an efficient
quantum algorithm for solving the DCP. Moreover, we note that one can reduce the random
subset sum problem with p = O(1/logk) to a lattice problem [12, 2], and then to the
DCP [13]. Since these two ranges are generally believed not equivalent, it is still not clear if

the DCP is equivalent to random subset sum with p in a hard range.

In the rest of this section, we define one more problem which will be used in the section 5.

» Definition 2.4 (Random Subset Sum Collision Problem). Let be 7k be an arbitrary fixed
vector. Given b, and a vector [ € Z’fv chosen uniformly at random, the problem is to find a
solution b € Z& such that b-1=b"-1 (mod N) and b’ # b.

The worst-case version of this problem is to find v for arbitrary b and [ which are given.

For simplicity, we will call this problem the random collision problem and the worst-case
version as the worst-case collision problem in the rest of the paper.

Impagliazzo and Naor showed a relationship between random collision problem and the
random subset sum problem. The input in their notation has n numbers modulo 2¢™ plus
the target value.

» Theorem 2.5 (Theorem 3.1in [8]). Let £(n) = (1—c)n for ¢ > 0. If the subset sum function
for length £(n) is one-way, then it is also a family of universal one-way hash functions.

The subset sum function for length ¢(n) can be represented by n integers each of which
is £(n)-bits long. The input is an n-bit binary string b which indicates a subset of the n
integers and the function outputs an integer s which is the sum of the subsets of integers
indexed by b. A family of universal one-way hash functions is the set of functions F = {f}
which satisfies the property that if for all x, when f is chosen randomly from F, then finding
a collision (i.e., y # = and f(x) = f(y)) is hard. Note that the random subset sum problem
can be viewed as inverting a random subset sum function and the random collision problem
is as finding a collision for a random subset sum function.

In the proof of Theorem 2.5 [8], Impagliazzo and Naor showed that finding a collision for

a random subset sum function is at least as hard as inverting a random subset sum function.

Therefore, we can give the following corollary:

» Corollary 2.6. The random subset sum problem with N a power of 2 and p a constant > 1
reduces to the random collision problem with the same N and p.

This corollary will be used in the Section 5.

3 The Dihedral Coset Space Problem

In this section we set up our approach. We first define the dihedral coset space problem and
show how to use it to solve the dihedral coset problem. Then we define the coset space which
we wish to understand.
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» Definition 3.1 (Dihedral Coset Space Problem (DCSP)). Given a state |7) which is promised
to be a random order-two coset state |c§f?wm> or a random standard basis state |b, x)
where b € Z§ and x € Z%,, the problem is to decide if |7) is a k-register order two coset state
or not.

A solution to the DCSP implies a polynomial-time algorithm for solving the DCP with
N a power of 2 as shown in [5]. We include a proof of our special case here.

» Claim 3.2. The dihedral coset problem (DCP) with N a power of 2 reduces to the dihedral
coset space problem (DCSP).

Proof. Suppose we are given the input of the DCP with subgroup d, we first show how to
get the least significant bit of d.
Since N is a power of 2, the least significant bit of z and z + d (mod N) are equal for

x € Zy if and only if d is even. Therefore by measuring the least significant bit of the state
0,2)+[1,a+d)
V2
standard-basis states) otherwise.

According to the observation above, the least significant bit of d can be computed by the
following algorithm. First, we measure the least significant bit of each register. Then all the
registers do not change or collapse to a standard-basis state. Finally, apply the algorithm for
the DCSP. If the result is an order-two coset state, the least significant bit is 0; otherwise,
the least significant bit is 1.

To get bit (i + 1), one subtracts d by the least significant ¢ bits computed and measure

, we get the same state if d is even and get either |0,z) or |1,z + d) (which are

the I + 1-th least significant bit of the state. Repeat the process above until all bits of d are
known. |

It is worth noting that this fact also implies that the lattice problem can be reduced to the
DCSP due to the known reduction from the lattice problem to the DCP with N a power of
2 [13].

The main objects we want to understand are the coset space and its complement.

» Definition 3.3. The coset space C = span({|c§g),___7zk) o dyx1,...,25 € Zn}) and the
orthogonal complement of C' is C*.

Note that a test for a vector being in C' or C* is sufficient to solve the DCSP if k is big
enough. This follows from counting the number of k-register order two coset states. There
are at most N subgroups, and at most N* coset representatives, so the number of k-register
order two coset states is at most N (IN)*. The dimension of the whole space is (2V)*. Hence,
the subspace spanned by k-register order-two coset states is at most 1/2 of the whole space
when k£ > log2N.

» Claim 3.4. Let k = log2N + k’. Let Il be a projector onto C and Il be a projector
onto C+. If the input is an order two coset state, the measurement {Ilc,Tlo1} outputs C
always. Otherwise, if the input is a random standard basis state, then this measurement
outputs C+ with probability at least 1 — 1/21“,*1.

4  The Subset Sum Basis

In this section, we start by finding an orthonormal basis for C' and one for C+. Note that if
we can give a unitary which distinguishes which of the two subspaces we are in (C or C*)
efficiently, we can solve the DCSP efficiently as in Claim 3.4.
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In order to make the basis easier to understand, we permute the subsystems so that the
first bit of all registers are on the left, and the integers mod N are on the right. That is,
write the original basis state |by,x1,bo, xa, ..., bk, ) as |by,ba, -+ by, 21,22, - ,x). In
this notation the coset state is written as

1

1 1 L
\Cﬁ)@,...,m:W Z |b17~-~>bka$1+b1da---7$k+bkd>:W Z |b, & + bd).

b1, =0 be{0,1}k
The subset sum basis is defined as follows:
» Definition 4.1 (The Subset Sum Basis). Let I = (I1,la,--- ,1;)T € Zk,, and p € Zy. Let
Ty, = {b:b-1=p,be Z5} contain subset sum solutions for input I, p. If ‘Tfp| = 0 then

define |S£’;) = 0. If [T | = 1, then let m € {0,...,[T} | — 1} and pick an ordering {l_)'l(f;} of
the solutions in 17, Define the vector

|Tﬁp\71
my\ __ 1 mj 2(d)
ST == D wirl | I67)- (1)

sP j:0

For N,k € Z, define two sets

Bt — B,ﬁ’N = {|Slf’;)|xl~> :le lev, pE LN, mE {17""|Tf7p| -1}, |7—‘l_:p‘ > 2} (2)
and
BY = By = (ISP : € Zhy, p € Z, m = 0, Ty | > 1}, (3)

The set B = B°|J B is called the subset sum basis of ceM*,

In this definition, |x;) is the Fourier basis state |x;) = ﬁzl w¥ i), and Ixp) =
Ixt,) - Ixi,.)- Note that B® U B+ is an orthonormal basis for the whole space and the
two sets are disjoint. The vector \S}’;} is a superposition of solution vectors b to the equation
[b= p. If no such b exists then there is no corresponding |Sli';9 ). If at least one solution b

exists then |S’l9p> is in B, If at least two solutions b exist then vectors appear in BL. Varying

m gives orthogonal superpositions of the solutions. Ranging over all e 7k and p € Z covers
all possible bit vectors. Furthermore, these vectors are tensored with every possible Fourier
basis state over Zy.

Next we show that B+ forms an orthonormal basis for C+.

» Claim 4.2. The vectors in the set B+ form an orthonormal basis of a space that is
orthogonal to the k-register order two coset space.

Proof. As noted, the vectors form an orthonormal basis of the whole space. We will show
that an arbitrary state in B+ is orthogonal to all k-register order two coset states. Fix [ and
p, and let

IT]-1

[0 = IS = D Wi )
=0
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be a state in B+ where T = T;, and b)) = 5}2 to simplify notation. Then for an arbitrary

order-two coset state |cZ . 2, )» the inner product (c§f?x2 anlt) is

XT1,X2,"
|T]-1 |T]-1
W™ l(m+db(J))

1
( _
o 2 B N i = e 3 e

be{0,1}*

T |T|—1
m] dp (4)

WZ i1

lerdp |T|-1
\/2’€N’€|T Z

Eq. 4 is true because b = p iff b eT by the definition of 7. Then since m > 1 and
T| > 2 by the definition of B v, Eq. 5 is true. <

wiz] = 0. (5)

According to Claim 4.2, span(B+) C C*. Next we show that B° exactly spans the
subspace C' (and thus span(B+) = C1).

» Lemma 4.3. The set BY is an orthonormal basis for the subspace spanned by the order-two
coset states.

Proof. Because C is orthogonal to span(B+) by Claim 4.2, C C span(B°). We want to show

equality. Suppose for contradiction that C' C span(B°). Then there is a vector |a) € C*

that is orthogonal to span(B~), so |a) € C*+ Nspan(B°). We show that there is no non-zero

linear combination of states in B% whose inner product with all order-two coset states is zero.
Suppose the state

|a> = Z al_:p|Sl97p>|Xl1""7Xlk>

lezk, pein

is orthogonal to all order-two coset states, i.e., <c§ﬁ)mgzk |a) =0 for x1,...,25,d € Zn, for
some nonzero vector |a) € span(B?). This inner product is

]. =, -
o S bE+bd Y g, IS )X xu)

be{0,1}k fEZ’]i],pEZN
|77, 1-1
L b7+ b 1 2(5)
- 9ok <b’$+ d| Z Tp Z |b >|Xl17"-aXlk>
be{0,1}* lezk, pen |71l_:p| =0
[Ty |—1
! ! i)y, L@
NG > o T Do D Blb)wy
lezk, pely | Ep| be{0,1}k =0
Tz [T ,1—1
1 wévx"rpd P )
- 7 o )
NF Z Ip Z Z ( p
2N TEZIJC\,,PGZN |lep| bibl=p J=0

1 Iz
~ VoRNE > apen I
lezk, peZ
N N
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Then we have the following equations:

T, |
l,p z1-litFze-lp+dp _
E oh NE Oy YN =0, Vz1,...,2,d € ZN.
er’R,pEZN

Define ¥ as an N**1 x 1 vector such that (ﬁ);p A/ ‘ZkN’l o, . The sums above can be
represented as follows:

A9+ 5 G, (6)
where A is an N x N Fourier matrices with the (7, )-th entry as A; ; = w% and 0 is an

N*+1 % 1 vector with all entries as 0. Note that the column of A®*+1) ig indexed by I and p
and the the row is indexed by Z and d.

The determinant of A®(**1) is not zero, so the only vector ¥ satisfying Equation 6 is @ = 0.

When [T} | = 1 this forces o = 0 for every coefficient used in |a). When [T;- | =0, ap,
is not used in the sum because |Sm> = 0. Therefore, these facts contradict the hypothe81s

that there exists a nonzero vector |a> € span(B°) which is orthogonal to all order-two coset
states. <

Now, it is easy to see that a unitary which can efficiently distinguish span(BY) from
span(B+) also distinguishes C' from C* by Claim 3.4 and Lemma 4.3. The next question we
address is whether any unitaries that use this basis can be implemented efficiently or not.

5 The hardness results

In general we would like to understand unitaries that can be used to decide if a state is in
the coset space C or in C*. In this section we look at two types of unitaries using the subset
sum basis, plus an extension of each one:

1. A unitary Ug that maps every basis vector |S£’;9 )|xj) to a standard basis state. Note that
if these standard basis states specify p and l_; then this can be used to solve the worst
case subset sum, but we are allowing a more general type of unitary here.

2. A unitary U that maps every basis vector |S’llZ)>|Xl~> to |m = 07) |¢g‘p), indicating whether
or not the state is in the coset space.

3. A unitary U = Uy that satisfies condition (1) or U = U that satisfies (2), but U uses
a slightly more general basis, where any basis can be chosen for each (E p) subspace
span{|SllZ7,Xl~> cm > 1}

For the last type we use any basis satisfying the following definition.

» Definition 5.1. Let B° = B® = {|S )|xp) : '€ Z&,p € Zn,m = 0,|T | > 1} be as in
~ ~ l’p l

Definition 4.1, and let B+ = {|SZ*Z,>|XT> :~l €k, peZy,me{l,..., \Tf,p =1}, |77, = 2}

be an orthogonal basis such that span({|Slf;> tm e {1, [T | - 1}}) = span({\Sl’Jp :m €

{1,...,[T7,| = 1}}) for all I, p.

We show that unitaries of type 1 above can be used to solve random subset sum for the
cryptographic density p a constant greater than 1, indicating that such a unitary may be hard
to implement. This strengthens the result in [1] which is a special case where the unitary
must perform quantum sampling, i.e., map an input |I,p) to a superposition of solutions
Il Sl9p>. Such a unitary implementing quantum sampling can used to solve worst-case subset

6:9
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sum by taking an input |0, p, f>7 applying U inverse to get |Sl9p>|l_§ and measuring, since this
is a uniform superposition of solutions. ’

An algorithm that uses the subset sum basis to solve the DCSP needs to decide if m =0
(for C), or m > 0 (for C*). The second type of unitary above allows an arbitrary unitary that
writes the answer in the first bit. We show that such a unitary can solve random collision for
density p = 1 + cloglog N/log N. This may indicate that no such unitary can be efficiently
implemented, although we are less clear on the difficulty of the random collision problem.

The third type of unitary allows an arbitrary basis within each subspace of solutions, but
does not mix solutions of different inputs l_; p. Note that |Sf0,p> cannot change in this case,
since it is one dimension in B°. Let B = B° U Bt be the basis used by the unitary.

The proofs work by using Ug to solve the worst-case collision problem, or U¢, Us, or Uc
to solve the random collision problem.

5.1 Unitary mapping to a standard basis

First we give an algorithm that finds a solution to the worst-case collision problem when
given a unitary Ug that maps the subset sum basis B to the standard basis in an arbitrary
way. Given b and [ where b € 7% and e 7k, the task in the worst-case collision problem is
to find b’ # b such that &' - [ =b - [.

Algorithm 1. On input I € Z, and b € Z:
Prepare the quantum state |b, 1).
Apply QFTY on 1, then the state becomes 1b)x7)-

-

Apply Us to |b)|x7)-
Measure Us(|b)|x;)) in the standard basis.
Apply U g

Measure value b in the first register.

oo~ NEY

Here QF T]’\“, is the quantum Fourier transform over Z’fv.

» Theorem 5.2. If there exists an efficient unitary operator Ug, where Ug is a bijection
between the subset sum basis and the standard basis, then the worst-case collision problem
can be solved efficiently by a quantum algorithm. Therefore random subset sum with density
a constant greater than 1 can also be solved.

Proof. Given [ and b as input, let p = [band T = Tfp. For b = bUo) € T, after computing

the Fourier transform of the second register, the resulting state \g(jo), Xj) can be wrtten in
the subset sum basis as

IT|-1
. 1 .
bl Ny = —— § ’ wdomigmy Ly Ly
| X[> \/m P | l,p>|Xl>
Applying Ug to this state gives the state
IT|-1

1 ,
§ —Jom|nHm
VIT| 5= “ |Dl,p>’ (™)

where |Dfmp> = Us(|Sl1’; )|xj)) is a standard basis vector by assumption on Us. Measuring the
state in Equation (7) in the standard basis gives |DZJ;> for some m € [0: |T| — 1]. Applying
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U; to |D1”> gives |Sl”>|xf> where the first register is |ST> = \ﬁ ZIT‘ L wim|p@)Y in the
standard basis. Measuring this gives a vector v #* b with probability I‘ Il'
Theorem 2.5 reduces random subset sum to solving the random collision problem for

constant density greater than one, so random subset sum also reduces to the worst case
collision problem. |

The proof that Algorithm 1 works used a special property of the subset sum basis, which
is that every basis vector |Sll’;> spreads the solutions with equal magnitude. When this is not
the case then the algorithm does not work for the worst case collision problem. However, we
will later show that it solves the random collision problem, as long as the number of solutions
is not too large.

First we describe an example basis where the algorithm fails. The idea is that the unitary
can map a solution vector |l_;, X¢) to a vector that is very close to itself. In that case the
algorithm will measure the same value b that it started with and not solve the collision
problem, which can be seen as follows. Let b= 5(0), let

|T|—1
| >|Xl> \/W Z | Ip |Xl

and pick arbitrary orthonormal vectors |5'2>, cen |$"T‘_1> to form a basis for the subspace

span({\Sll’;HXf) :m € [1:|T| —1]}). Note that |(b, Xﬂé’l,xﬁP = |T‘|T‘1, which implies that

one gets Ug(|S1)| Xj)) with probability |T||T_|1 after applying Ug and measuring in the standard
basis. In that case, applying U ; results in the input vector b. Therefore, given a unitary
mapping this new basis {|S°, Xj)s |.§'1, Xi)s e s |S"T‘*1, Xj)} to standard basis, the algorithm
returns an answer b’ # b happens with probability 1/|T|. The number of solutions |T'| can
be very large for larger densities.

Next we show that if we limit the size of T', then random collision can be solved.

» Corollary 5.3. Suppose Algorithm 1 is run with Ug. If Us is an efficient unitary operator
which maps every state in B to an arbitrary state in the standard basis, then on input Z:g, the
algorithm solves the collision problem with probability at least ‘T |(1 |T—), where p = [-b.
In particular, when k <log N + cloglog N, the random collision pmblem can be solved in
quantum polynomial time.

Proof. Similar to the proof for Theorem 5.2, first represent |I_)'7 Xj) as a linear combination of
states in B as follows:

. 1 T -1 2
b, xp) = W\S‘))IXﬂ + 7T (> emlS™)Ixp,
m=1

where T' = Tfp and S™ = an;
After applying the unitary Ug, the state is

1 T —1 22

Ol xg) = =10 + | T (3 enl0™), 0
|T‘ | | m=1

where D™ for m € [0 : |T|—1] are arbitrary distinct states in the standard basis. By measuring

the state in the Equatlon (8) in the standard basis, | DY) is measured with probability 1 JAVAR

Then applying Ul < and measuring the output state in the standard basis gives v #* b with
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probability 'Tl';ll. Based on the Claim 1.1, |T| = poly(k) with high probability. Thus, given
a random input b and l_; the probability to get v #* b using Ug in Algorithm 1 is at least

I?T‘I_Ql = 1/poly(k). <

5.2 Deciding membership in C

The unitary Ug illustrated how our algorithm works and used the subset sum basis, but Ug
may not be useful for distinguishing C' from C* in general. Next we consider a unitary Ug
that can distinguish C' from C*. Suppose Uc works on a larger Hilbert space to have work
space and exactly distinguishes B° from B~ in the first qubit as follows:

» Definition 5.4. Let Ug be a unitary operator such that

0)|e)- ifm=0
UC(|S%Z)>|Xf>0>):{ :li:ZEp)&) ot}ZrWise

where {|¢7 )¢ lezk,pelZy,mel0: |T;-,,| — 1]} are states resulting from applying Uc
and the third register is a workspace initialized to |0).

We modify Algorithm 1 so that only the first bit is measured in step four, and U¢ is used
instead of Ug.

» Algorithm 2. On input e 7k, and be 75 :
Prepare the quantum state |5, l_§
Apply QFTY on 1, then the state becomes |b)|x7).

Apply Uc to [B)|xp). B

Measure the first qubit of Uc(|b)|x;)) in the standard basis.
Apply U, é

Measure the first register in the standard basis.

ook wbd=

» Theorem 5.5. If Ux can be implemented efficiently, then Algorithm 2 solves the collision

problem on input ljl; with probability ﬁ(l — ﬁ), where p = [ b. In particular, when
l,p L,p

k <log N + cloglog N the random collision problem can be solved in quantum polynomial
time.

Proof. Given [ and b as input, let p = [“band T = Tfp. For b = bUo) € T, after computing

the Fourier transform of the second register, we can write the resulting state |g(j°), Xj) in the
subset sum basis as follows:

IT]-1

— . 1 —jom m
|b(]0)7Xf> = ﬁ Z w™J0 |Sﬁp>|Xf>~
m=0

Applying Uc to this state plus a work register results in

IT|-1

1 .

SO+ 3 D)) (9)
m=1

Measuring the first qubit of the state in Equation (9) gives [0)[¢r, ) with probability 1/|T|

and \/ﬁ Zg;l W_j°m|1>|¢ljp,m> with probability 1 — 1/|T.
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Applying Ug to the result gives \Slgp>| Xxj) in the first case and

IT|-1

\/\Tl Z

in the second case.

Finally, the state is measured in the standard basis. In the first case, when a zero is
measured in the first bit, which happens with probability 1/|T|, a vector v % b is measured
with probability 1 — 1/|T| 1n the last step. In the second case when a one is measured the

amplitude of |5(j0),xf> in \/W Z‘T‘ 11w JO’"\S’”HX;) is

WM ST ) )

[T|-1 IT|-1

1
w—Jom b(Jo)7 S
/;‘T| Z X[‘I >|Xl> /7|T| Z

—jom b(]o)|5m>

IT|-1

Z —jom jom — |T| —1 .
. \TI - DIT| 7 (1T =17
Thus, the probability that the measurement gives b’ # b is 1 — % = 1/|T|. Therefore,
the probability the algorithm returns v #+ bis m(l — ﬁ)

By Claim 1.1 the probability that a randomly chosen [ satisfies \Tfp| < poly(k) is at least
1/poly(k) when k = log N + cloglog N. Thus, the random collision problem can be solved
by repeating the algorithm poly(k) times. <

Now we consider the case where an arbitrary basis can be used within each subspace
spanned by solutions of a given subset sum instance l_; p as in Definition 5.1. Let Uc be a
unitary that maps every state in B to quantum state whose first qubit indicates if the state
is in B or B+
» Corollary 5.6. If Algorithm 2 is run with U on z'nput f 5 then it solves the collision problem
with probability at least ﬁ(l ‘T ) where p = ['b. In particular, if k <log N +cloglog N

then it solves the random collision problem in quantum polynomial time.

Proof. Suppose Uc maps |Sl9p> to a state [0)[¢7 ) and maps |S";> to ()|, ,,) form € [1:
|T'| — 1], where the set of vectors {[¥r, ) me[1:|T] —1]} are an arbltrary orthonormal
set of quantum states. The analysis is similar to the proof above, but we only consider the
case when the state collapses to m = 0. Specifically, after applying Uc to |5, Xj), the state is

—IT|-1
Gelixg = = W)+ (3 enl i) (10)

m=1

The probability the state collapses to [0)|17, ;) after measuring the first qubit is 1/[T'|. After

applying U I, and measuring the state a vector v #+ b is measured with probability 1 — 1/|T].

In total the probability of success is at least | T||2 . For the choice of k given, this is at least
1/poly(k) with probability 1/poly(k) by Claim 1.1. <
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Proof. Fix b € Z% and let X7, be a random variable over I'such that Xy =1if Vol=b-1
and Xj, = 0 otherwise. Then |T};| = ZE’GZ’; Xp = ZE’GZ’;\{E} Xy + 1.

For b’ # b, the expected value of Xy is B[Xp ] = Proby( Xy, = 1) = Probl{f V=10b)= +.
The last equality can be seen by choosing ¢ such that b = 1 and b; = 0 without loss generality
(b and 0" can be swapped if needed). Then by fixing I; for j # 4, and choosing [; uniformly,

b -1 is fixed while b’ - I is uniformly distributed. The variance of Xj, is Var(Xj,) = % - L

N2
Therefore, the expected value of [T — 1 is E[ZB'EZ’;\{E} Xyl = ZEIEZQ\{E} E[X;] =
2k 1

25—, and the variance of [Tz — 1 is
Var( > Xp) = > Var(Xp)+ > Cov(X,, Xz
b’ ezZk\{b} b’ ezZk\{b} b #£b b b €ZE\ {b}
2k 1
< St Z Cov(Xy, X5,). (11)

BB B B i\ (B}

This results in Var(} _;, cZE\ (B} Xp) < % provided that the covariences are all zero, which
we show below. First we finish proving the claim by applying Chebyshev’s inequality to get

2k —1 1 1

Prob(|Ty; i > poly(k)) < N poly(k) - poly(k)’

b

when k£ <log N + cloglog N.

In the following, we show that X and Xj, are independent when 5, % ,and b are all
W X g,/) = 0. To see this let 1 be a coordinate such that
by = 1 and b{ = 0 without loss of generality (b} and b} can be swapped). If by = 0, then

different values, which implies Cov(X

PI’Obl-‘(XB', = I,Xg,, = 1)

N-1
= Z Proby, (X =1, X5, = 1[la, ..., Ix) - Prob(la, ..., lk)
lo,...,l=0:
1 N-1
= w1 > Proby, (X5 =1[la, ..., 1) - Proby, (X5, = 1[l2,..., 1) (12)
la,...,ly=0
1 1 =
= ¥ > Proby, (Xz, =1, ..., l)
l2,...,lk:0
11 vy 1
_ N.iN’CfliN =7 (13)

Equation 12 is true because X~ is fixed after fixing Is, ..., [;. For Equation 13 note that b
and b” differ in at least one bit besides position i = 1. Therefore a 1/N fraction of the N¥~1
choices for Iy, ..., [y satisfy [ -b=1-b".
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In the case where b; = 1 the properties of Xl;, and XE” are reversed:

Prob{(X; =1,X;, =1)

N-1
> Proby, (Xz =1,Xp, =1|la,...,1x) - Prob(la, ..., 1)

oy, lg=0
1 N-—-1
= T > Proby, (X5 =1[la, ..., 1) - Proby, (Xz, = 1[l2,... 1) (14)
la,...,ly=0
1 1 N—-1
= FNET > Proby, (Xz =1[la,..., 1)

lg,..‘,lk:(J
11 vy 1
N onen N =

(15)

Equation 14 is true because Xj, is fixed to 0 or 1 for all /1. Equation 15 is true because b
and b’ differ in at least one bit besides i = 1.

Therefore, the covariance of X;, and Xj,, is 0. |
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