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The largest possible gaps between quantum and classical algorithms

Andris Ambainis

University of Latvia

Abstract. We investigate the biggest possible gaps between quantum and classical algorithms in the
query model of computation (which encompasses most of the known quantum algorithms). We consider
two settings: computing partial functions and computing total functions.

For partial functions, we exhibit a property-testing problem called Forrelation, where one needs to decide
whether one Boolean function is highly correlated with the Fourier transform of a second function. We show

that this problem can be solved using 1 quantum query but any randomized algorithm needs Q(v/N /logN)
queries (improving an Q(N'/4) lower bound of Aaronson). We also show that this separation is close to
being optimal: any 1-query quantum algorithm can be simulated by a randomized algorithm that makes
Q(v/'N) queries and any t-query quantum algorithm whatsoever can be simulated by an Q(N'~'/2)-query
randomized algorithm. We conjecture that a natural generalization of Forrelation achieves the optimal t
versus Q(N'~1/2t) separation for all t.

For total functions, much smaller gaps between different models of computation are achievable (due
to the fact that the algorithm must output a decisive answer on every input). Before our work, the
biggest known gap for total functions was the quadratic gap achieved by Grover’s search algorithm. We
improve on this, showing a function that can be computed by a quantum algorithm making m queries but
requires Q(m*/logm) queries for deterministic algorithms. We also substantialy improve the biggest known
advantage for exact quantum algorithms (algorithms that always output the correct answer), to a nearly-

quadratic (m queries for an exact quantum algorithms vs. Q(m?/log°m) queries for classical algorithms)
and solve two longstanding open questions about relations between classical models of computation: - we
show a function that can be computed by a randomized algorithm with m queries but requires Q(m? /log®m)
queries deterministically, improving over a result by Snir from 1986; - we show the first example of a function
for which randomized algorithms that are allowed to make a mistake with a small probability are better
than zero-error randomized algorithms.

Joint work with Scott Aaronson (STOC’2015, arxiv:1411.5729) and Kaspars Balodis, Aleksandrs Belovs,
Troy Lee, Miklos Santha and Juris Smotrovs (STOC’2016, arxiv:1506.04719).
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Abstract. We introduce novel algorithms for the quantum simulation of molecular systems which are
asymptotically more efficient than those based on the Lie-Trotter-Suzuki decomposition. Our results build
upon recently developed techniques for simulating Hamiltonian evolution using a Taylor series. The key
difficulty in applying algorithms for general sparse Hamiltonian simulation to quantum chemistry is that a
query, corresponding to computation of an entry of the Hamiltonian, is difficult to compute. This means
that the gate complexity would be much higher than quantified by the query complexity. We solve this
problem with a novel quantum algorithm for on-the-fly computation of integrals that is exponentially faster
than classical sampling. We apply this technique in two different representations. First, we use the second
quantized molecular Hamiltonian, which can be decomposed into local Hamiltonians. Second, we use the
Configuration Interaction representation of the molecular Hamiltonian, which we decompose into 1-sparse
matrices using a novel decomposition that leads to improved scaling. Our second approach yields gate
complexity scaling as n?N2, where N is the number of spin orbitals and 7 is the number of electrons. This

is a dramatic improvement over the best previous approach which formally scaled as N8.

Keywords: Hamiltonian Simulation, Quantum Algorithms, Quantum Chemistry, Lie-Trotter-Suzuki

As small, fault-tolerant quantum computers come in-
creasingly close to viability there has been substantial
renewed interest in quantum simulating chemistry [1-3]
due to low qubit requirements and industrial importance
[4-15]. Using arbitrarily high-order Lie-Trotter-Suzuki
formulas, the tightest known bound on the gate count
of any quantum simulation of chemistry is O(N®t/e°(1))
[16, 17], where € is the precision and N is the number
of spin-orbitals. However, using significantly more prac-
tical Lie-Trotter decompositions, the best known gate
complexity is O(N?,/t3/¢) [7]. With typical numbers
of orbitals, such scaling becomes prohibitively costly [6].

The scaling using Lie-Trotter-Suzuki formulas origi-
nates because the scaling of that approach is not opti-
mal in the sparseness d of the Hamiltonian. Lie-Trotter-
Suzuki formulas have scaling at least as d?, whereas more
advanced approaches to the sparse Hamiltonian simula-
tion problem yield scaling that is close to linear in d [18—
21]. Note that these are the scalings if a decomposition
of the Hamiltonian into a sum is known, as is the case
for quantum chemistry. The difficulty with the more ad-
vanced approaches is that they quantify the complexity
in terms of an oracle, corresponding to calculation of ma-
trix entries of the Hamiltonian. For quantum chemistry,
the matrix entries of the Hamiltonian must be calculated
by evaluation of a integral, which is computationally in-
tensive. As a result, those approaches would yield sub-
stantially higher cost in terms of gate counts.

We build upon the simulation technique introduced in
[20] which is based on implementing a truncated Taylor
series. In order to evaluate the integral, we discretize
it on a grid. Then our quantum algorithm is able to

*babbush@google.com
Tdominic .berry@mq.edu.au

evaulate this integral with only logarithmic cost in the
number of grid points. This speedup is possible, because
the integral is only used for the weighting of terms in
the Hamiltonian evolution, and the algorithm does not
need to output an explicit value of the integral. Our
algorithms also need to use a database of the orbitals,
with complexity O(N).

We first use the second quantized molecular Hamilto-
nian, where the N spin-orbital system is encoded on N
qubits, which yields complexity O(N®t). Our best re-
sult uses the Configuration Interaction representation of
the Hamiltonian, where the sparseness is d = O(n?N?),
together with a novel decomposition of the Hamiltonian
into only O(d) 1-sparse Hamiltonians (whereas general
decomposition techniques require at least d?). This en-
ables us to obtain complexity scaling as O(n2N3t), which
is a significant improvement in N. Moreover, the scal-
ing is logarithmic in e. It has been shown that for real
molecules, the scaling of the original Trotterized quan-
tum chemistry algorithm can be significantly improved
[6-10]. Similarly, for real molecules, the complexity of
our algorithm is likely to be further improved; this is a
question for future work.

In summary, we have provided practical quantum algo-
rithms to solve an industrially important problem (quan-
tum chemistry) with the lowest asymptotic complexity in
the literature. Our improved scalings should allow for the
quantum simulation of molecular systems much larger
than would be possible using Trotter-based methods.

Method

Our technique builds upon the simulation procedure
described in [20], which we first summarize. Given a
Hamiltonian that is a weighted sum of unitaries, the
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truncated Taylor series of the propagator can also be
expressed as a weighted sum of unitary operators. To
implement this sum, an ancilla register is prepared in a
superposition state with amplitudes proportional to the
square roots of the coefficients of terms in the Taylor
series sum. This task is performed using an operator re-
ferred to as B. Next, an operator is applied to the system
which coherently executes a single term in the Taylor se-
ries sum that is selected according to the ancilla register.
This task is performed using an operator referred to as
select(H). By applying Bfselect(H) B, one probabilis-
tically simulates evolution under the propagator. The
algorithm is made deterministic using oblivious ampli-
tude amplification [19]. This procedure is implemented
on many time segments to obtain the complete evolution.

In second quantization one can expand the molecular
electronic structure Hamiltonian as a sum of unitaries via

r

1

H= Z hijajaj—i—§ Z hijkga;[a;akag = Z W,H,, (1)
ij ijke y=1

where the operators a;r and a; obey the fermionic anti-
commutation relations and the scalar coefficients W, are
given as spatial integrals with no closed-form analytical
solution. The state is represented on the quantum com-
puter using N qubits to indicate the occupation of each
of the orbitals. Using the Jordan-Wigner transformation
[22, 23], the fermionic operators can be written as sums
of unitary operators H., which are just tensor products
of Pauli operators. The number of these operators is
I'=O(N%).

One might construct the operator B by precomput-
ing the W, and using a database to prepare the ancilla
superposition state. However, accessing this data would
have time complexity of at least Q(I'). The number of
segments is also 2(T"), so that approach would yield com-
plexity no better than N8, not improving over Lie-Trotter
formulas. Instead, we exploit the fact that the W, are
defined by integrals. We approximate these integrals as
finite Riemann sums so that

W= [o@drx 23w G, o

p=1

where 7, is a point in the integration domain at grid
point p. Equation (2) represents a discretization of the
integrals defining the W, using p grid points where the
domain of the integral, denoted as Z, has been trun-
cated to have total volume V. This truncation is possi-
ble because the functions w(Z) can be chosen to decay
exponentially for molecules studied in chemistry. Our al-
gorithm is effectively able to compute this integral with
complexity logarithmic in the number of grid points.

If we were to use the decomposition of the Hamiltonian
directly with this integral, then the complexity would
not be improved because of the difficulty of preparing
a state with amplitudes \/w, (Z,). Instead we further
decompose each w., (Z,) into a sum of terms which differ

only by a sign. The decomposition is of the form

M
wy (F) R CY  wym (2),  wym (%) €{-1,+1}. (3)
m=1

Using this decomposition, we can express the Hamilto-
nian as a sum of unitaries weighted by identical ampli-
tudes which differ only by an easily computed sign,

CV r M p
H= " SN D wym (3) Hy. (4)

y=1m=1 p=1

The number of terms in the sum has been greatly in-
creased, but the complexity is only logarithmic in the
number of terms in the sum. This representation enables
us to implement B by making a single query to the inte-
grand. For quantum chemistry the cost of sampling the
integrand is O(N), which is needed to access a database
of orbitals, which are chosen in advance classically. The
number of time segments required for the simulation is
O(N*t), resulting in an overall complexity for the simu-
lation of O(N5t).

Our second algorithm uses the Configuration Interac-
tion representation of the Hamiltonian (known as the CI
matrix). The CI matrix uses a compressed basis, where
the numbers of the occupied orbitals are stored, rather
than the using qubits for all the orbitals. This reduces the
number of qubits needed to store the state to O(nlog N),
where 7 is the number of electrons. Though the CI matrix
cannot be expressed as a sum of polynomially many local
Hamiltonians, a paper by Toloui and Love [24] demon-
strated that the CI matrix can be decomposed as a sum
of O(N*) 1-sparse Hermitian operators.

If we were to just use the decomposition technique of
Toloui and Love we would obtain the same scaling as in
our first algorithm. Instead we introduce a decomposi-
tion into O(n?N?) 1-sparse Hermitian operators. This
technique is based on taking the i’th occupied orbital in
the list, and exciting it by p, and the j’th occupied orbital
and exciting it by ¢. Since ¢ and j are at most 7, and
p and ¢ can each take O(N) different values, the total
number of alternatives is O(n?N?).

Given i, j, p and ¢, one can connect a list of occupied
orbitals a to a list of occupied orbitals 5. The subtlety
is that we also need to be able to obtain a from 3, and
the simple scheme would be ambiguous. To resolve the
ambiguity, we first choose whether ¢ and j are taken as
indexing the occupied orbitals in « or S according the
separation of the occupied orbitals, in such a way as to
minimize the ambiguity. Then we use two additional bits
b1, bo to resolve the remaining ambiguity.

Using techniques introduced in [19], we further decom-
pose the 1-sparse operators into unitary operators which
are also self-inverse. In this representation, the Hamil-
tonian itself, rather than the coefficients of terms, is an
integral over a Hermitian matrix-valued function. Ac-
cordingly, we can use the same strategy for computing
integrals on-the-fly in order to compute matrix elements
of the Hamiltonian. Due to the improved decomposition,
the complexity is improved to O(n?N3t).
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Mermin [8] implicitly considers a non-local game that
is sometimes called the magic square game (see also [11,
9, 1, 4]). This game is based around a system of linear
equations over Z, with nine variables and six equations.
Generalizing the magic square game, Cleve and Mittal [3]
investigate a class of games based on binary linear sys-
tems of the form Mz = b, where M € Z5"*™ and b € Z3".
The non-local game associated with a binary linear sys-
tem is:

Definition 1 Let Mx = b be a binary linear system, so
M € Z3*" and b € Z'. In the associated linear system
game, Alice receives as input s € {1,...,m}, and Bob
receives t € {1,...,n}, where My, = 1. Alice outputs
an assignment to the variables in equation s, and Bob
outputs a bit. Alice and Bob win if Alice’s assignment
satisfies equation s and Alice’s assignment to variable x4
s the same as Bob’s output bit.

A classical strategy is one where Alice and Bob do not
share entanglement. It can be shown that Mz = b has
a perfect classical strategy (i.e., a strategy with success
probability 1) if and only if the system of equations has a
solution. An entangled quantum strategy is a strategy in
which Alice and Bob share an entangled quantum state
[1). In the tensor-product model, |¢) is a bipartite state
in a tensor product H4 ® Hp, and Alice and Bob’s mea-
surements of this state are modeled as observables on H 4
and Hp respectively.

It is shown in [3] that a binary linear system game has
a perfect entangled strategy in the tensor-product model
if and only if the linear system has a finite-dimensional
operator solution in the following sense. We first express
our linear systems in a multiplicative notation, so a vector
x € {£1}" satisfies equation ¢ if and only if

Ty Thy - - - T, = (—1)be,

where V; = {k1, ko, ...,k } = {1 <k <n:Myy=1}is
the set of indices of variables in equation ¢. Next, we ex-
tend the binary variables (the x;’s) to binary observables
as:

Definition 2 (Operator solution) An operator solu-
tion to a binary linear system Mz = b is a sequence
of bounded self-adjoint operators A, ..., A, on a Hilbert
space ‘H such that:

(a) A2 =1 (that is, A; is a binary observable) for all
1 <1< n.

(b) If x; and x; appear in the same equation (i.e., i,j €
Vi for some 1 < ¢ < m) then A; and A; commute
(we call this local compatibility ).

(c) For each equation of the form xy, xp,...Tp, =
(=1)b, the observables satisfy

AklAkz e Ak?r = (_1)1)[1
(we call this constraint satisfaction ).

A finite dimensional operator solution to a binary lin-
ear system Mx = b is an operator solution in which the
Hilbert space H is finite dimensional.

The term “local compatibility” comes from quantum me-
chanics, where two observables commute if and only if
they are compatible in the sense that they represent
quantities which can be measured (or known) simultane-
ously. It is noteworthy that the result of [3] applies even
when the Hilbert spaces H4 and Hp are allowed to be
infinite dimensional; in this case, the operator solutions
will still be finite dimensional.

In this paper we are interested in the commuting op-
erator model for entanglement, in which [¢) belongs to
a joint Hilbert space H, and Alice and Bob’s measure-
ments are modeled as observables on ‘H with the prop-
erty that Alice’s observables commute with Bob’s observ-
ables. This model—which clearly subsumes the tensor-
product model—is used in algebraic quantum field the-
ory. For any non-local game, a finite-dimensional strat-
egy in the commuting-operator model can be converted
into a strategy in the tensor product model, but the pre-
cise relationship between the tensor-product model and
the commuting-operator model is unknown in general.
We refer to [13, 12, 7, 5] for more discussion.

The main result of our paper is that a binary linear
system game has a perfect entangled strategy in the com-
muting operator model if and only if the linear system has
a (possibly-infinite-dimensional) operator solution. Our
result relies on a useful characterization of the relations
in Definition 2 using finitely-presented groups, which we
call the solution group.

Definition 3 (Solution group) The solution group of
a binary linear system Mxz = b is the group T' gener-
ated by g1, ...,9n and J satisfying the following relations
(where e is the group identity, and [a,b] = aba=1b~! is
the group commutator):



(a) g? = e for all 1 < i < n, and J?> = e (generators
are involutions).

(b) [g9i,J] =€ for all1 <i<n (J commutes with each
generator).

(c) If z; and z; appear in the same equation (i.e., i,j €
Ve for some £) then [g;, g;] = e (local compatibility).

(d) gMteghlee . gMen — Jb¢ for all 1 < £ < m (con-
straint satisfaction).

The new variable J acts as the scalar —1 in an operator
solution. In fact, an operator solution is a representation
of the solution group with J = —1.

Now we are ready to give the full statement of our main
theorem.

Theorem 4 Let Mx = b be a binary linear system. The
following statements are equivalent:

1. There is a perfect commuting-operator strategy for
the non-local game associated to Mx = b.

2. There is an operator solution for Mx =b (possibly
on an infinite-dimensional Hilbert space).

3. The solution group for Mx = b has the property
that J # e.

As is typical with results of this type (compare for in-
stance [10, Proposition 5.11]), the main difficulty in the
proof arises in showing that an operator solution can be
turned into a perfect strategy. In particular, an operator
solution does not come with an entangled state. By con-
sidering the solution group I', we construct a tracial state
on the group algebra of I' to use as our entangled state.
In addition, the solution group captures some interesting
properties of the linear system games, which we discuss
shortly.

We do not know of any computational procedure which
can determine if a binary linear system has a perfect
entangled strategy. Arkhipov showed that, in the spe-
cial case where each variable appears in exactly two con-
straints, there is a polynomial-time algorithm to deter-
mine if a perfect entangled strategy exists [2] (in this case,
a game has a perfect commuting-operator strategy if and
only if it has a perfect tensor-product strategy). For the
general case, we can attempt to use the characterization
of perfect strategies in [3] by searching for operator solu-
tions over C?, d € N. It is decidable to determine if there
is an operator solution over C? for fixed d, and thus this
naive procedure is guaranteed to find a perfect strategy
if one exists. However, if a perfect strategy does not ex-
ist, then the naive procedure does not halt. We note
that, for arbitrarily large d, Ji gives examples of binary
linear systems which have finite-dimensional operator so-
lutions, but for which the solutions require dimension at
least d [6].

In contrast, there is no apparent way to search
through operator solutions over infinite-dimensional
Hilbert spaces. What we can do instead is try to show
that J = e in the group I' by searching through products

of the defining relations. Using our characterization, we
see that this procedure will halt if and only if the lin-
ear system game does not have a perfect strategy in the
commuting-operator model. Thus this problem would be
decidable if the tensor-product model and commuting-
operator model were equivalent. Determining whether
or not these two models are equivalent is a well-known
open problem due to Tsirelson [13].

A final comment is that our results easily generalize to
linear systems over Z,.
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Abstract.

We prove that there is a trade-off relation between the entanglement cost and the number of

rounds of communication, for two distant parties to accomplish a bidirectional quantum information task
by local operations and classical communication (LOCC). We consider an implementation of a class of
two-qubit controlled-unitary gate by LOCC assisted by shared entanglement, in an information theoretical
scenario of asymptotically many input pairs and vanishingly small error. We prove the trade-off relation by
showing that one ebit of entanglement per pair is necessary to be consumed for implementing the unitary
by any two-round protocol, whereas the entanglement cost by a four-round protocol is strictly smaller than

one ebit per pair.

Keywords: LOCC protocols, number of rounds, entanglement

1 Introduction

When two distant parties collaborate to perform a dis-
tributed quantum information processing, it is necessary
to communicate some information with each other. If the
communication is restricted to be transmission of classi-
cal bits, it may also be necessary to make use of some
entanglement shared in advance, depending on the task.
Entanglement and classical communication are thus re-
garded as resources for distributed quantum information
processing, and minimizing the cost of those resources
has been one of the central issues in quantum informa-
tion theory.

A relatively unexplored question about distributed
quantum information processing is how the performance
of a protocol to accomplish a task depends on the num-
ber of rounds of communication in the protocol [1]. It
has been known that the performance of a protocol with
more than one round of communication is strictly bet-
ter than that of any protocol with only one round of
communication, for several tasks such as entanglement
distillation [2], quantum key distribution [3], state dis-
crimination [4-6] and hypothesis testing [7—9]. However,
few example of tasks is known for which an r’-round pro-
tocol outperforms any r-round protocol and 2 < r < 7/,
with the exception of the result of [5]. Moreover, to our
knowledge, it is not known whether there exists a trade-
off relation between the entanglement cost and the num-
ber of rounds of a protocol for a “genuinely bidirectional”
task, which cannot be accomplished by any protocol with
only one round of communication.

In this contribution, we investigate implementation of
a bipartite unitary gate by LOCC (local operations and
classical communication) assisted by shared entangle-
ment, in an information theoretical scenario introduced
in [10]. We prove that, for a class of two-qubit controlled-
unitary gates, a four-round protocol outperforms all two-

*wakakuwa@quest.is.uec.ac. jp

round protocols in reducing the entanglement cost. Thus
we provide a first example of genuinely bidirectional tasks
for which there is a trade-off relation between the entan-
glement cost and the number of rounds of communica-
tion. It is different from the trade-off relation between the
entanglement cost and the classical communication cost,
which exists, e.g., for remote state preparation [11-14].
Notations. |®4), |Pk,) and |®r, ) represent the maxi-
mally entangled state with the Schmidt rank d, K, and
L,,, respectively. mg is the maximally mixed state of
rank d. The fidelity and the trace distance between
two quantum states p and o are defined as F(p,o) :=
(Tx[y/v/po/A))? and [|p — o1 := Tr[y/(p — 0)7], respec-
tively. We abbreviate F(p, [¢)y|) as F(p,|¢)). For a
quantum operation &, we abbreviate E(|¢)Xv]) as E(|¢)).

2 Definitions

In this section, we describe a task that we analyze in
this contribution, and present a definition of a trade-off
relation between the entanglement cost and the number
of rounds.

Suppose Alice and Bob are given a sequence of bi-
partite quantum states [i;, )45 .- [1h; )AB, generated
by an i.i.d. quantum information source of an ensem-
ble {p;,¥;}i. We assume that the source is completely
mixed, ie., Y, pilvi)i|P = 7 @ 7P, Alice and
Bob perform the same bipartite unitary U4 on each
of |1 YAB -+ [ |1;, )AB by LOCC using a resource state
D570, where K, is a natural number, in such a way that
the average error vanishes in the limit of n — co. Follow-
ing the formulation of the Schumacher compression [15],
we assume that Alice and Bob do not know {p;, v; };, but
know that the average state is completely mixed.

Equivalently, we consider a task in which Alice and
Bob apply (UAB)®" on (|@4)Af4|d,)BEB)®n by LOCC
using a resource state @2‘;30. Here, R4 and Rp are imag-
inary reference systems that are inaccessible to Alice and



Bob. Rigorous definitions are given below.

Definition 1 (Definition 1 in [10]) Let U be a bipar-
tite unitary acting on two d-dimensional quantum sys-
tems A and B. Let Alice and Bob have quantum regis-
ters { Ao, A1} and { By, B1}, respectively, and let M,, be a
quantum operation from A" Ay® B" By to A"A1 ® B"Bs.
M,, is called an (r,n,€)-protocol for implementing U if
M, is an r-round LOCC that satisfies

F(p(Mn), [90)#"|@p, )1 P1) > 11—,
where |Uy) == UAB|®,)ARA|D ) BEB gnd
p(My) = Mn(l(bdARA>®n|‘I95RB>®n|‘I>K”>A°B°).

The entanglement cost of M, is defined by log K,, —
log L, .

Definition 2 A rate E is said to be achievable by an r-

round protocol for implementing U if, for any € > 0, there

exists n. such that for any n > ne, we find an (r,n,e)-

protocol for implementing U with the entanglement cost

nkE. For a technical reason, we additionally require that
lime-nt =0.

€e—

The entanglement cost of U by r-round protocols is de-
fined as

E.(U) := inf{E | E is achievable by an r-round

protocol for implementing U'}.

The main focus of this contribution is whether there
is a trade-off relation between the entanglement cost and
the number of rounds for implementing a bipartite uni-
tary. In considering “trade-off relation”, we compare the
entanglement cost of a unitary by r-round protocols and
that by r’-round protocol (r < r’). If the latter is strictly
smaller than the former, we could say that there exists a
trade-off relation between the entanglement cost and the
number of rounds. A rigorous definition is as follows:

Definition 3 There exists a trade-off relation between
the entanglement cost and the number of rounds for im-
plementing U if there exists v, € N such that

r<r', E.(U)> E.(U).

3 Result and Proof

We consider a class of two-qubit controlled-phase gate,
which takes the form of

UAB = 001 & I + 114 @ ()2

1 0 us

The main result of this contribution is as follows:

where

Theorem 4 There exists a trade-off relation between the
entanglement cost and the number of rounds for imple-
menting Uy for any 0 € (0, Omax], where Opax € (0,7/2]
15 a constant.

We prove Theorem 4 by showing that the following rela-
tions hold for any 6 € (0, Onax]:

Ey(Ug) > 1, E4(Up) < 1.

The first inequality is proved in [10] (see the converse
part of Theorem 25 therein). A proof of the second
inequality is presented in the technical version of this
manuscript, in which we also derive a stronger relation
that limg_,¢ E4(U9) =0.

4 Conclusion

We considered implementation of a class of two-qubit
controlled-unitary gate by local operations and classi-
cal communication (LOCC), assisted by shared entangle-
ment. We proved that a four-round protocol outperforms
all two-round LOCC protocols in reducing the entangle-
ment cost. Our result provides a first example of gen-
uinely bidirectional distributed quantum tasks, for which
there exists a trade-off relation between the entanglement
cost and the number of rounds of communication.
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Abstract.

We propose a quantum algorithm that emulates the action of an unknown unitary transforma-

tion on a given input state, using multiple copies of some unknown sample input states of the unitary and
their corresponding output states. The algorithm does not assume any prior information about the unitary
to be emulated, or the sample input states. Remarkably, the runtime of the algorithm is logarithmic in
D, the dimension of the Hilbert space, and increases polynomially with d, the dimension of the subspace
spanned by the sample input states. Furthermore, the sample complexity of the algorithm, i.e. the total
number of copies of the sample input-output pairs needed to run the algorithm, is independent of D, and

polynomial in d.

Keywords: Quantum algorithm, Quantum simulation, Tomography

In this paper we introduce a quantum algorithm that
emulates the action of an unknown unitary transforma-
tion on new given input states. The algorithm couples
the new input state to multiple copies of some unknown
sample input-output pairs, that is copies of some input
states of the unitary as well as copies of the corresponding
output states. We do not assume any prior information
about the unitary to be emulated, or the given sample
input states. The algorithm emulates the action of the
unitary on any given state in the subspace spanned by
the previously given input states, which could be much
smaller than the system Hilbert space. Indeed, we are
interested in the cases where d, the dimension of this
subspace is constant or, at most, polylogarithmic in D,
the dimension of the system Hilbert space.

Obviously, having multiple copies of sample input-
output pairs we can perform measurements on them, and
using state tomography find an approximate classical de-
scription of these states in a standard basis. This, in
turn, yields the classical description of the unknown uni-
tary transformation, which then can be used to simulate
its action on the new given states. This approach, how-
ever, is highly inefficient and impractical: First of all,
state tomography in a large Hilbert space is a hard task
and requires lots of copies of the sample states. Second,
even if we find the classical description of the unitary
transformation, in general, this unitary cannot be imple-
mented efficiently.

More precisely, the approaches based on tomography
run in time Q(D) and need (D) copies of state, where D
is the dimension of the system Hilbert space. In contrast,
the runtime of the algorithm proposed in this work is
O(log D) and polynomial in d, and its sample complezity,
i.e. the total number of copies of the sample input-output
pairs that are needed to run the algorithm, is independent
of D and polynomial in d. Therefore, our algorithm is not
only exponentially faster than the approaches based on
tomography, its sample complexity is also dramatically
lower.

*marvian@mit.edu
fslloydemit.edu

1 Preliminaries

Here we present the algorithm for the special case of
pure sample states. In the paper we explain how the
algorithm can be generalized to the case of mixed states
as well.

Let Sin = {|¢2) (¢} : k =1,--- , K} be a set of sample
input states of the unitary U and Sout = {|3") (93] =
Ulpiy(¢in|UT : k=1,--- , K} be the corresponding out-
puts. Let H;y and Hous be the subspaces spanned by
{loi®y : k =1,--- K} and {|¢Q™) : k = 1,--- , K} re-
spectively, and d be the dimension of these subspaces.
We assume the set of input samples S;, contains suffi-
cient number of different states to uniquely determine
the action of U on the subspace Hi, (up to a global
phase). It can be easily shown that having the classi-
cal description of the input and output states in S, and
Sout We can uniquely determine the action of U on any
input state |¢) € H;, (up to a global phase), if and only
if the matrix algebra generated by Sj,, that is the set
of polynomials in the elements of Si,, is the full matrix
algebra on H;,, i.e. contains all operators with supports
contained in H;,. Therefore, in the following we natu-
rally assume this assumption is satisfied. Furthermore,
we assume K the number of different sample input states
in S, is poly(d).

To implement the algorithm, we need multiple copies
of each sample state in Sj, and So,t. Interestingly, at the
end of the algorithm most of these states remain almost
unaffected. Indeed, the main use of the given copies of
sample states is to simulate controlled-reflections about
these states. -

Let R™(k) = ™98 (@] and ROt (k) = efmlei"™ ) (@™
be the reflections about the input and output states |¢i®)
and |p9""), respectively. In the proposed algorithm we
need to implement the controlled-reflections Ri(k) and
RO (k), defined as

Ra(k) = [0){0]a © I+ [1)(1]q @ ™ol (1)

where a is the label for the control qubit, and I is the
identity operator on the main system. Note that we have
suppressed the superscripts in and out in both sides.



(i)

(iii) (iv)

| R(1) HRi(k))

Rin() H Rintlep) =] Rin(1)

Wi (k) Wi (kr)

[=)

b 1|g5ut)

Roui(k )H R ()| Ui 1) b=0

Revt(ke) b= Rov(1)

Wv:;{d(k'r) Wr:(;]ud(kl)

(I - w)¢) b=1

Figure 1: The quantum circuit for emulating unitary transformation U for the special case of pure input-output
sample pairs. Here kq,--- ,kp are T = poly(d) integers chosen uniformly at random from integers 1,--- , K. We use
the given copies of sample states in Si, and Soy; to simulate the controlled-reflections RI* (k) and R (k), respectively.
A modified version of this circuit can be implemented using only O(logT') ancillary qubits (instead of T' qubits).

Using the given copies of the sample states, we can ef-
ficiently simulate these controlled-reflections via the den-
sity matriz exponentiation technique of Ref.[1]. It turns
out that using n copies of state o one can simulate the
unitary e~ or its controlled version [0)(0]® I +|1){1|®
e~ for any real t, with error ¢ = O(¢?/n), and in
time O(n x log(D)), where D is the dimension of the
Hilbert space. In the simplest case where the system is
a qubit (D = 2), this technique is basically simulating
the Heisenberg interaction between the system and each
given copy of state o.

Therefore, in the following, where we present the algo-
rithm, we assume all the controlled-reflections { R, (k) :
1 <k < K} can be efficiently implemented.

To simplify the presentation, we use the notation
Wo(k) = Ry (k)HyRo (1), where again we have suppressed
in and out superscripts in both sides. Here H, denotes
the Hadamard gate H acting on qubit a, where H|0) =
|4+) and H|1) = |-), and |£) = (|0) £]1))/+/2. The algo-
rithm also uses a SWAP gate defined by SWAP|v)|u) =
|u)|v), for any pair of states |u) and |v).

2 The algorithm (Special case)

In this section we present the algorithm for the uni-
versal quantum emulator, in the special case where all
the sample input-output pairs are pure states. In the pa-
per we present several generalizations of this algorithm,
including to the case where the given samples contain
mixed states. Also, we present a modified version of this
circuit which realizes this algorithm with exponentially
less ancillary qubits.

Fig.(1) exhibits the quantum circuit that emulates the
action of an unknown unitary transformation U on any
given state |¢) in the input subspace H;,. For a general
input state, which is not restricted to this subspace, this
circuit first projects the state to this subspace, and if
successful, then applies the unitary U to it.

In this algorithm (k1,---,kr) are T integers chosen
uniformly at random from integers 1,--- , K, where T is

10

a constant that determines the precision of emulation,
and we choose it to be polynomial in d, and independent
of D. Furthermore, state |¢i") (and |[¢$")) is one of the
sample input states (and its corresponding output) which
is chosen randomly at the beginning of the algorithm,
and is fixed during the algorithm. In steps (i) and (iv) of
the algorithm we implement, respectively, the unitaries
Wi (k;) and W;u”(l@) on the system and qubit a;, for
1=1,---,T. As we explained before, all the conditional
reflections R (k) and RS (k) can be efficiently simulated
using the given copies of states [¢i) and |¢Qut).

In step (ii) of the algorithm we perform a qubit mea-
surement in the computational basis {|0),|1)}. Then,
after the measurement with probability 1 — (4|, |¢)) we
get outcome b = 1, in which case we project the system
to a state close to (I — Iiy)|w)/+/1 — (¢|Uin|v), where
II;, is the projector to the subspace H;i,. On the other
hand, with probability (¢|ILiy|1)) we get the outcome
b = 0, in which case the final state of circuit is close
to Ulliy|9) /+/(¢|in|). In this case the algorithm con-
sumes a copy of state |#$"), and returns a copy of state
6.

Note that, although the algorithm uses random inte-
gers (k1,- -+, kr), for sufficiently large T it always trans-
forms the input state |¢)) € H;, to a state with high
fidelity with the desired output state U|v).
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Abstract.

A critical question for the field of quantum computing in the near future is whether quantum

devices without error correction can perform a well-defined computational task beyond the capabilities of
state-of-the-art classical computers, achieving so-called quantum supremacy. We study the computational
task of sampling from the output distribution of random quantum circuits. We introduce the cross entropy
difference as a useful benchmark of random quantum circuits which approximates the circuit fidelity. We
show that the cross entropy can be efficiently measured when circuit simulations are available. Beyond the
classically tractable regime, the cross entropy can be extrapolated and compared with theoretical estimates
to define a practical quantum supremacy demonstration. We conclude that quantum supremacy can be
achieved in the near-term with approximately fifty qubits.

Keywords: quantum supremacy, quantum chaos, device characterization, quantum complexity theory

This work proposes a minimal resource demonstration
of quantum supremacy based on the implementation of
random quantum circuits. Random quantum circuits are
known examples of quantum chaotic evolutions [1, 2, 5—
8]. A signature of chaos is that small changes in model
specification or numerical errors lead to large divergences
in system trajectories. In quantum chaotic dynamics this
sensitivity manifests itself as a loss of fidelity | (1¢]1)5) |
of a quantum state |¢);) which decreases exponentially
in the evolution time ¢ and in the magnitude of a small
perturbation € to the Hamiltonian that evolves |t;).

With realistic superconducting hardware con-
straints [3], gates act in parallel on distinct sets of
n = log N qubits restricted to a planar lattice. In a
random quantum circuit, gates are sampled from a
universal set. The cycle number ¢ plays the role of time
in the chaotic dynamics of the quantum state |¢;). The
real and imaginary parts of the amplitudes (z;|¢;) in
any local basis {z; };VZI are approximately uniformly
distributed in a 2N dimensional sphere subject to
normalization.  This implies that their distribution
is an unbiased Gaussian with variance o« 1/N, up
to finite moments. The distribution of probabilities
| (xj]¢) |* approaches the form Ne PV, known as the
Porter-Thomas distribution [11].

Consider a sample S = {z1,...,2,,} of bit-strings z;
obtained from m global measurements of every qubit in
the computational basis {|z;)} (or any other basis ob-
tained from local operations). The joint probability of
the set of outcomes S is Pry(S) = ijespU(xj) where

pu(x) = | {z]) |>. For a typical sample S, the central
limit theorem implies that

Z log pu (z4)

;€S
—mH(py) +O(m'/?)

log Pry (S)

(1)
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where H(py) = — ZévzlpU(a:j) log pu (z;) is the entropy
of the output of U. Because py(z) are i.i.d. distributed
according to the Porter-Thomas distribution,

o0
H(py) = —/ pN?e P logpdp
0

=logN —-1+7~, (2)
where v ~ 0.577 is the Euler constant.

Let Apa(U) be a classical algorithm with computa-
tional time cost polynomial in n that takes a specifi-
cation of the random circuit U as input and outputs
a bit-string = with probability distribution ppe(x|U).
Consider a typical sample Spaq = {aP . 22Y ob-

tained from A, (U). We now focus on the probability

1
Pry(Spa) = HI?CIGSpCl pu(@f*

observed from the output |¢) of the circuit U. The cen-
tral limit theorem implies that

) that this sample Spq is

1og Pryy(Spet) = —m H(pper, pu) + O(m'/2),  (3)

where

N

H(ppclapU) = — prcl(xj |U) long (x])
j=1

(4)

is the cross entropy between ppa(z|U) and py(z). If
the cross entropy H(ppe,pu) is larger than the entropy
H(py) then ppa(z|U) is sampling bit-strings that have
lower probability of being observed by the circuit U.

We are interested in the average performance of the
classical algorithm. Therefore, we average the cross en-
tropy over an ensemble {U} of random circuits

N
Ev [H(pper, pv)] = Eu | Y ppe(a;|U)

Jj=1

1
log pu ()

- (5)
Based on aforementioned insights from quantum chaos,
we assume that the output of a classical algorithm with
polynomial cost is almost statistically uncorrelated with



pu(x). Thus, averaging over the ensemble {U} can be
done independently for the output of the polynomial clas-
sical algorithm pye(z|U) and log py(x). The distribution
of universal random quantum circuits converges to the
uniform (Haar) measure with increasing depth [7, 8]. For
fixed z;, the distribution of values {py(z;)} when uni-
taries are sampled from the Haar measure also has the
Porter-Thomas form. Therefore, if we use sufficiently
deep random quantum circuits, we find that

—Ey [log py (x;)] %—/ Ne N?logpdp
0

=logN + . (6)

Then using Zjvzl Ppei(x;]U) =1 we get

Ey [H(ppel, pv)] = log N + . (7)

From Egs. (2) and (7) we obtain

Ey [logPry(S) — log Pry (Spa)] >~ m . (8)
Equation (8) reveals that a typical sample S from a
random circuit U represents a signature of that circuit.
Note that the Lh.s. is the expectation value of the log of
Moes| (z|Y) 2 /Myes, . | (z]4) |*. The numerator is domi-
nated by measurement outcomes z that have high mea-
surement probabilities | (x|¢) |? > 1/N. Conversely, the
values of x in the denominator are chosen essentially at
random. Therefore, they are dominated by the support
of the Porter-Thomas distribution with p < 1/N.

The result in Eq. (7) also corresponds to the cross en-
tropy Hyp = log N 4 v of an algorithm which picks bit-
strings uniformly at random, po(x) = 1/N. This leads to
a proposal for a test of quantum supremacy. We will mea-
sure the quality of an algorithm A as the difference be-
tween its cross entropy and the cross entropy of a uniform
classical sampler. The algorithm A can be an experimen-
tal quantum implementation or a classical algorithm. We
call this the cross entropy difference:

AH(pa) = Ho — H(pa,pv)

-y (;f —pA(xj|U)> log% .

oy 9
The cross entropy difference measures how well algorithm
A(U) can predict the output of a (typical) quantum ran-
dom circuit U. This quantity is unity for the ideal ran-
dom circuit and zero for the uniform distribution.
Because an experimental implementation of a quantum
circuit is a realization of a quantum algorithm, we refer
to the experimental implementation as Aex,(U) and as-
sociate with it the probability distribution pexp(x;|U) =
(x| pc |z;) and samples Sexp. The experimental cross

entropy difference is @ = Ey[AH(pexp)]. Quantum
supremacy is achieved, in practice, when
1>a>C, (10)

where a lower bound for C' is given by the performance
of the best known classical algorithm A* executed on an
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existing classical computer,

C = Ey[AH(p")] . (11)
Here p* is the output distribution of A*.

The space and time complexity of simulating a ran-
dom circuit by using tensor contractions is exponential
in the treewidth of the quantum circuit, which is pro-
portional to min(d,n) in a 1D lattice, and min(d\/n,n)
in a 2D lattice [10]. For large depth d, algorithms are
limited by the memory required to store the wavefunc-
tion in random-access memory, which in single precision
is 2" x 2 x4 bytes. For n = 48 qubits this requires at least
2.25 Petabytes, which is approximately the limit of what
can be done on the largest supercomputers of today!.
For circuits of small depth or less than approximately 48
qubits, direct simulation is viable so C' = 1 and quantum
supremacy is impossible. Beyond this regime, the most
viable approximation scheme (of which we are aware) is
an estimation of the Feynman path integral correspond-
ing to the unitary transformation U. In this regime, the
lower bound for C' decreases exponentially with the num-
ber of gates g > n.

We now address the question of how the cross entropy
difference « can be estimated from an experimental sam-
ple of bit-strings S« obtained by measuring the output
of Aexp(U) after m realizations of the circuit. For a typ-
ical sample Sexp (see Eq. (2)), the central limit theorem
applied to Eq. (9) implies that

1

exXp

pu(z;™) 12

1m
~Hy— — 1
« 0 mj;og

The statistical error in this equation, from the central
limit theorem, goes like x/y/m, with k ~ 1. The estima-
tion would proceed as:

1. Select a random circuit U by sampling from an
available universal set of one and two qubit gates,
subject to experimental layout constraints.

2. Take a sufficiently large sample =
{z7P,...,28P} of bit-strings =

putational basis (m ~ 10% — 10°).

Sexp
in the com-

3. Compute the quantities log 1/py (™) with the aid
of a sufficiently powerful classical computer.

4. Estimate « using Eq. (12).

A close correspondence between experiment, numerics
and theory provides a reliable foundation from which
to extrapolate a to larger circuits where the quantities
pu(z;) can no longer be obtained numerically. At this
point, C ~ 0, and supremacy can be achieved. The value
of a can be extrapolated from circuits that can be simu-
lated because they have either less qubits (direct simula-
tion), mostly Clifford gates (stabilizer simulations) [4] or
smaller depth (tensor contraction simulations) [10].

ITrinity, the sixth fastest supercomputer in TOP500 has about
two Petabytes of primary memory, which is one of the largest.



We now present a theoretical error model for « that
can be compared with experiment. The output p of the
experimental realization of a random circuit U is

p=aU [yo)(vol U + (1 - &)ov

where (0| UTapU |t) = 0 and & is the circuit fidelity.
Under this ansatz, by the same arguments leading to
Eq. (7), we obtain that the circuit fidelity & is approxi-
mately equal to the cross entropy difference, i.e. a = a.
The absence of correlations is supported by numerical
simulations of typical random circuits. Estimating the
circuit fidelity by directly measuring the cross entropy
(see Eq. (12)) is a fundamentally new way to character-
ize complex quantum circuits.

The standard approach for studying circuit fidelities
is a digital error model where each gate is followed by
an error channel [3, 9]. Within this model, the circuit
fidelity can be estimated as [3]

(13)

(14)

o= eXp(frlgl — 17292 — TinitT — Tmesn) 5

where 71,72 < 1 are the Pauli error rates for one and
two qubit gates, rinit, Tmes << 1 are the initialization and
measurement error rates, and g;, go > 1 are the numbers
of one and two qubits gates respectively.

Figure 1 compares the cross entropy difference, Eq. (9),
obtained from our numerical simulations, with the esti-
mated fidelity, Eq. (14). We observe a good fit between
these two quantities. The validation of the digital error
model for complex quantum circuits is a long standing
problem. Our proposal represents a novel way of char-
acterizing devices and validating error models for multi-
qubit circuits. While our method requires exponential
classical computation, it can be performed with a rela-
tively small number of experiments and can be performed
for up to 48 qubits.
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Abstract.

In two recent research papers we have developed a novel approach to synthesis of reversible

classical circuits, and in particular integer arithmetic circuits, on ternary quantum computers and applied
the approach to emulating Shor’s period finding function in two different universal quantum ternary bases.
We have done comparative analysis of the overall structure and cost of the period finding function in these
bases, one of which is a ternary analog of the Clifford+n/8 and the other comes from the topological
quantum computer based on non-Abelian metaplectic anyon framework. Significant benefits of the latter

framework have been demonstrated.

Keywords: integer factorization, ternary reversible circuit, circuit synthesis, topological qutrit

1 Introduction and Background

Shor’s quantum algorithm for integer factorization [16]
is a striking case of the exponential speed-up promised
by a quantum computer over the best-known classical
algorithms. Since Shor’s original paper, many explicit
circuit constructions over qubits for performing the algo-
rithm have been developed and analyzed. This includes
the computer-assisted synthesis of the underlying quan-
tum circuits for the binary case (see the following and
references therein: [1, 2, 9, 13, 14, 15, 17, 18, 19]).

Research in prospective devices for fault-tolerant scal-
able quantum computing uncovered the importance of
non-binary and in particular, ternary quantum frame-
works. A recent ambitious proposal for the metaplec-
tic topological quantum computer (MTQC), in particular
[10, 11] offers native topological protection of quantum
information and quantum gates from local decoherence
as an added value over already very nice efficient logi-
cal circuit synthesis story [4, 3]. The MTQC creates an
inherently ternary quantum computing environment; for
example the common binary CNOT gate is no longer a
Clifford gate in that environment.

We studied The compilation and synthesis of ternary
circuits over two quantum bases: the Clifford + Ry basis
[4] and the Clifford + Py basis [5], where Rjs) and Py are
both non-Clifford single qutrit gates defined as:

R|2) = dlag(lvla_l) (1)

Py = diag(e >"/%,1,77/?). (2)

Clifford + Rj3y The Clifford + R)5y basis [11], also
called metaplectic basis, can be obtained from a MTQC
by braiding of certain metaplectic non-abelian anyons
and projective measurement. The gate Ry is produced
by injection of the magic state

[¥) =10) = [1) + |2).
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The injection circuit is coherent probabilistic, succeeds in
three iterations on average and consumes three copies of
the magic state |¢)) on average. The |1} state is produced
by a relatively inexpensive protocol that uses topological
measurement and consequent intra-qutrit projection (see
[11], Lemma 5). This protocol requires only three qutrits
and produces an exact copy of |¢) in 9/4 trials on average.
This is much better than any state distillation method,
especially because it produces |1)) with fidelity 1.

In [4] we have developed effective compilation meth-
ods to compile efficient circuits in the metaplectic basis.
In particular, given an arbitrary two-level Householder
reflection r and a precision ¢, then r is effectively ap-
proximated by a metaplectic circuit of Rjsy-count at most
C logs(1/¢) + O(log(log(1/¢))), C < 8. It is shown in [3]
that the Py gate specifically requires C' = 6.

Clifford + Py The Clifford + Py basis is a natural
generalization of the binary 7/8 gate. It is the ternary
case of the general multi-qudit basis proposed indepen-
dently in [12] and [8]. The Py gate can be realized by
a certain deterministic measurement-assisted circuit [§]
given a copy of the magic state

p=e2T0) 4 1) + &27/0)2), (4)
which further can be obtained from the usual magic state
distillation protocol. Specifically, it requires O(log®(1/4))
raw magic states of low fixed fidelity in order to distill a
copy of the magic state p at fidelity 1 — 6.

In [5] we have explored a novel approach to synthesis of
reversible ternary classical circuits over the Clifford+ Py
basis. We have synthesized explicit circuits to express
classical reflections and other important classical non-
Clifford gates in this basis, which we subsequently used to
build efficient ternary implementations of integer adders
and their extensions.

In [6] we have further optimized these implementations
under the assumption of binary-encoded data and applied
the resulting solutions to emulating of the modular ex-
ponentiation period finding (which is the quantum part
of the Shor’s integer factorization algorithm). We have
performed the comparative cost analysis of optimized so-



lutions between the “generic” Clifford+ Py architecture
and the MTQC architecture (the Clifford + Rj5)) using
magic state counts as the cost measure. We have shown
that the cost of emulating the entire binary circuit for the
period finding is almost directly proportional to the cost
of emulating the three-qubit Toffoli gate and the latter
is proportional to the cost of the Py gate. We have fur-
ther pointed out that known distillation protocols for the
latter are somewhat more costly than best known distil-
lation protocols (e.g. Bravyi-Kitaev, [7]) for the binary
/8 gate, but demonstrated that on an MTQC computer
specifically the magic state for the Py gate can be pre-
pared (with a metaplectic circuit) rather than distilled
which leads to asymptotically lower magic state cost:
linear in fidelity bit size for preparation vs. cubic for
distillation. Thus the prospective MTQC architecture is
proven to be the most cost-effective known architecture
for integer factorization in terms of the overall logical
cost. Expected native topological protection of quantum
information and gates in the MTQC architecture clearly
only adds value to it.

2 Overview of main results

In [6] we have investigated in some detail the cost of im-
plementing Shor’s integer factorization algorithm [16] on
the two ternary architectures, Clifford + Py and Clifford
+ Rjg), using fairly straightforward emulation of known
binary circuits and modifications thereof in ternary logic.
One technical hurdle to overcome on that path: the bina-
ry CNOT gate cannot be emulated by a ternary Clifford
circuit and its cost is roughly the same as that of Toffoli
gate. The other key problem was to emulate the binary
Toffoli gate efficiently. In course of solving these prob-
lems we have made the following useful observation: if
a binary reflection (such as that Toffoli gate) needs to
be emulated only on binary data, then it can be typically
done at a fraction of the cost involved in implementing a
ternary reflection. For example, implementing two-level
ternary transposition |110) <> |111) is relatively expen-
sive, but its action on binary data only can be emulated
exactly at 2/5 of the cost. In particular we have proved
the following

Proposition 1 1) The binary CNOT gate can be em-
ulated exactly by a two-qutrit ternary circuit containing
ternary Clifford gates and 6 Py gates.

2) The binary Toffoli gate can be emulated exactly ei-
ther by a four-qutrit ternary circuit containing ternary
Clifford gates and 6 Py gates, or by a three-qutrit ternary
circuit containing ternary Clifford gates and 15 Py gates.

We also found that by a minor rearrangements of con-
trolled adder circuits, the CNOT /Toffoli ratio for the n-
qubit additive shift is constrained to O(1/log(n)) and
thus up to a small overhead factor of (14 O(1/log(n))),
the cost of emulation of Shor’s period finding function is
directly proportional to the cost of emulating the three-
qubit Toffoli gate.

We have chosen to use the magic state counts that
tally the number of magic states required for binary im-
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plementation or, respectively, ternary emulation of the
target gates and circuits. For the Clifford+7/8 the mag-
ic states consumed by the 7/8 gate are counted and for
both ternary bases the instances of the magic state |u)
consumed by the Py gate are counted. The cost bounds
for the Toffoli gate are presented in Table 1.

‘ Clean magic states ‘ Raw resources

Binary 7 7(2 log,(1/6))?5
Generic” Py 15 151og3(1/6)
Generic? Py 6 61ogs(1/6)
Metaplectic 6 361logs(1/9)

Table 1: Resource count factors for three-qubit Toffoli
gates. “Generic 4” stands for 3-qutrit emulation of the
Toffoli gate and “Generic 2”7 and “Metaplectic” use 4-
qutrit emulation with one clean ancilla prepared with
SUM gates.

We note that the ternary emulation of the modular
exponentiation circuit based on modified ripple carry ad-
ditive shift as described in [6] section III, A, has the depth
O(n?) for the n-bit integers and performs all the Toffoli
gates sequentially. This means that the required clean
ancilla is shared across the circuit and adds just one unit
of width that is easily amortized over n. The entire mod-
ular exponentiation circuit has the width of only n + 3
qutrits in this case.

In the more sophisticated modular exponentiation cir-
cuit based on carry lookahead additive shift ([6] section
ITI, B) several Toffoli gates are performed in parallel in
almost any time slice, and therefore as many clean ancil-
las are required concurrently. The impact of this design
on the width of the circuits is presented in the Table 2.

Circuits Online width Offline width

Binary QCLA | 3n — w(n) (qubits) | 7n (6 logy(n))%®

Generic 4 3n —w(n) (qutrits) | 157 (3 logy(n))3
Generic B 4n —w(n) (qutrits) | 67 (3 logy(n))?
Metaplectic 4 | 3n —w(n) (qutrits) | 90 x 3n logs(n)
Metaplectic B | 4n — w(n) (qutrits) | 36 x 3n logs(n)

Table 2: Widths comparison for ternary emulations of
reduced-depth modular exponentiation circuits. (w(n) is
the Hamming weight of n). Generic/metaplectic case 4 s-
tands for 3-qutrit emulation of the Toffoli gate and case ?
for the 4-qutrit emulation. The last column in metaplec-
tic rows shown the expected average of the probabilistic
width.

It is seen from Table 1 and Table 2 that the solution-
s over the metaplectic architecture are the most cost-
effective in both asymptotic and practical sense. The ta-
bles compare logical magic state counts and logical width-
s of known binary solutions and those of their ternary em-
ulation but disregard the cost quantum error correction
(QEC). Deeming the QEC cost would have been even
more in favor of the metaplectic architecture.
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Abstract. This paper develops general space-efficient methods for error reduction for unitary quan-
tum computation, i.e. computations without intermediate measurements. Consider a unitary quantum
computation with completeness ¢ and soundness s, either with or without a witness. To reduce the er-
ror of the computation to at most 27P, the most space-efficient method known requires extra workspace
of O(plog[1/(c — s)]) qubits. We present error-reduction methods that require extra workspace of just
O(log [p/(c — s)]) qubits. This in particular gives the first methods of strong amplification for logarithmic-
space unitary quantum computations with two-sided error. Consequences include the uselessness of quan-
tum witnesses in bounded-error logspace unitary quantum computations, the PSPACE upper bound for
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QMA with exponentially small gap, and strong amplification for matchgate computations.

Keywords:

1 Introduction

A very basic topic in various models of quantum com-
putation is whether computation error can be efficiently
reduced. For polynomial-time bounded error quantum
computation, the computation error can be made ex-
ponentially small via a simple repetition followed by
a threshold-value decision. This justifies the choice of
2/3 and 1/3 for the completeness and soundness param-
eters in the definition of the corresponding complexity
class BQP. This is also the case for quantum Merlin-
Arthur (QMA) proof systems, another central model of
quantum computation that models a quantum analogue
of NP (more precisely, MA). The price paid is the en-
largement of both the necessary workspace and the wit-
ness size linearly in the number of repetitions.

We now restrict attention to unitary quantum compu-
tations, i.e. computations in which only unitary opera-
tions are allowed and in particular intermediate measure-
ments are not allowed. Marriott and Watrous [2] devel-
oped a more sophisticated method of error reduction for
QMA proof systems, which was subsequently improved
by Nagaj, Wocjan, and Zhang [3]. The latter improved
method uses phase estimation to estimate the success
probability of the original computation, similarly to the
quantum counting algorithm (see e.g. [4, Chapter 6.3]).
This method reuses both the workspace and the witness
every time it applies the original computation and its in-
verse, and therefore does not increase the witness size.
Since the inverse of the original computation needs to be
applied, this amplification method works only for unitary
computations. To reduce the error probability to 277,
the method requires O(Cf S) applications of the original
computation and its inverse, and extra workspace of size
O(p log i) to store the phase estimation results, where
c and s are respectively the completeness and soundness
of the original computation.

*Full version: arXiv:1604.08192 [1]
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This existing in-place amplification method is still in-
sufficient if the workspace size must be logarithmically
bounded. No efficient error-reduction method is known
that keeps the size of necessary additional workspace log-
arithmically bounded. This is not limited to the case of
QMA proof systems, and in fact efficient error reduction
methods are rarely known for space-bounded quantum
computations (see [5] for an exception).

2 Main Result

This paper presents a general method of strong and
space-efficient error reduction for unitary quantum com-
putations. In particular, the method is applicable to
logarithmic-space unitary quantum computations and
QMA proof systems. All of our results hold for any model
of unitary space-bounded quantum computations. The
unitary model is not the most general (note the stan-
dard technique of deferring intermediate measurements
requires unallowablly many ancilla qubits in the case of
space-bounded computations), but our error amplifica-
tion results (and other recent progress [6]) make this
arguably one of the most reasonable models for space-
bounded quantum computation; see [7] for a discussion
of other models of space-bounded quantum computation.

Let N and ZT be the sets of positive and nonnegative
integers, respectively. Let QMASPACE(ly, Im](c, s) de-
note the class of problems having QMA proof systems
with completeness ¢ and soundness s, where the verifier
performs a wnitary quantum computation that has no
time bound but is restricted to use ly(n) private qubits
and to receive a quantum witness of Iy (n) qubits on ev-
ery input of length n. The main result of this paper is
the following strong and space-efficient error-reduction
for such QMA-type computations.

Theorem 1 For any functions p,lv,lm: ZT — N and
for any functions c,s: ZT — [0,1] satisfying ¢ > s, there



exists a function §: ZT — N that is logarithmic with re-
spect to 2= such that

QMA SPACE|ly, v (c, )
C QMAGSPACE[ly + 6, Iv](1 — 277,27P).

In the full version [1] we give three different proofs of
this main theorem. In the following we discuss many
consequences of our main theorem. Many corollaries are
straightforward to show by choosing parameters in The-
orem 1 appropriately; see the full version for choices of
these parameters and for other omitted consequencess
(e.g. space-efficient amplification for QMA and strong
amplification for matchgate computation)

3 Implications

Strong amplification for unitary logspace quan-
tum computations The first consequence of The-
orem 1 is a remarkably strong error-reducibility for
logspace unitary quantum computations. Let QuL(c, s)
and QMAyL(c, s) denote respectively the class of prob-
lems decidable by logspace unitary quantum computa-
tions (resp. logspace unitary QMA proof systems with
log-size witnesses) with completeness ¢ and soundness s.

Corollary 2 For any polynomially bounded func-
tion p: ZT — N that is logarithmic-space computable
and for any logarithmic-space computable func-
tions c,s: ZT — [0,1] satisfying ¢ — s > 1/q for some
polynomially bounded function q: ZT — N,

QuL(Q S) - QUL(l - 2—p7 2—1)).
QMAyL(c,s) C QMAGL(1 —277,27P),

This in particular justifies defining the classes BQyL
and QMA L of bounded-error logarithmic-space unitary
quantum computations by BQuL = QuL(2/3,1/3) and
QMAGL = QMA(L(2/3,1/3).

Uselessness of quantum witnesses in logarithmic-
space unitary QMA By a standard technique of re-
placing a quantum witness by a completely mixed state
Corollary 2 implies the following:

Corollary 3 QMAyL = BQyL.

A consequence of the Marriott-Watrous error reduc-
tion method [2] was that standard QMA systems are no
more powerful than BQP if restricted to use witnesses of
logarithmic size. Corollary 3 extends this by stating that
logarithmic sized witnesses do not increase the power of
logspace unitary quantum computations at all.

Strong amplification for unitary QMAPSPACE
Let QuPSPACE(c, s) and QMAyPSPACE(c, s) denote
respectively the class of problems decidable by poly-space
unitary quantum computations (resp. QMA proof sys-
tems) with completeness ¢ and soundness s. We have the
following scaled-up version of Corollary 2.
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Corollary 4 For any polynomially bounded func-
tion p: Zt — N and for any polynomial-space com-
putable functions c,s: ZT — [0,1] satisfying c —s > 274
for some polynomially bounded function q: ZT — N,

QuPSPACE(c, s) € QuPSPACE(1 —27%,27%).
QMA yPSPACE(c, s) € QMAyPSPACE(1 — 272", 27%").

Again by replacing the quantum witness by a com-
pletely mixed state, the following result follows from
Corollary 4 and that unbounded-error poly-space quan-
tum computations can be simulated in PSPACE |8, 9].

Corollary 5 For any polynomial-space computable func-
tions c,s: ZT — [0,1] satisfying ¢ —s > 279 for some
polynomially bounded function q: Z+ — N,

QMAPSPACE(c, s) = QuPSPACE(c, s) = PSPACE.

Let QMA(c,s) be the class of problems having
polynomial-time QMA proof systems with completeness ¢
and soundness s. An immediate corollary of Corollary 5
is the following upper bound for QMA proof systems with
exponentially small completeness-soundness gap.

Corollary 6 For any polynomially bounded func-
tion p: Z+* — N and for any polynomial-time computable
functions ¢, s: Zt — [0,1] satisfying ¢—s>279 for
some polynomially bounded function q: Z+ — N,

QMA(c, s) C PSPACE.

Corollary 6 was also shown independently in [10]. In
fact, the first and third authors of the present paper fur-
ther proved that the converse of Corollary 6 also holds,
i.e., PSPACE is characterized by QMA proof systems
with exponentially small gap [6].
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Abstract.

We consider Hamiltonian quantum computation (HQC) in one dimension, achieved by prepar-

ing an appropriate initial product state of qudits and then letting it evolve under a fixed Hamiltonian before
measuring individual qudits at some later time. We study the compromise between the locality k£ and the
local Hilbert space dimension d for universal HQC. For geometrically 2-local (i.e., k = 2), d = 8 is known
to be sufficient. We provide a construction for k = 3 with d = 5. Imposing translation invariance will
increase the required d. For this we also construct another 3-local (k = 3) Hamiltonian that is invariant
under translation of a unit cell of two sites but that requires d to be 8.

Keywords: Hamiltonian quantum computer, quantum walk, quantum cellular automata, locality, local

Hilbert space dimension

1 Motivations

Feynman provided an example Hamiltonian able to ex-
ecute universal quantum computer [1],

k—1

— E + —
HFeynman = 0,410 Aj+1 +h.c,
Jj=0

(1)

but the interaction involves four particles not geometri-
cally local. Operators ¢~ and ot act on a set of spin-
1/2 particles, representing a discrete unary clock register;
A;’s represent all the gates of a circuit.

Key questions to address. In this work we consider
the Hamiltonian quantum computer to lie on one spa-
tial dimension, and the interaction in the Hamiltonian
involves at most k consecutive sites. In particular, we
study the compromise between the locality k& and the lo-
cal Hilbert-space dimension d. As the locality k increases,
it is expected that the minimum required d should de-
crease.

Prior related works. Feynman’s idea was used by
Kitaev to construct the so-called Local Hamiltonian
Problems (LHP) [2] and showed that 5-local LHP is
QMA-complete. The locality k for QMA-complete LHP
was, in a series of work, reduced to 2 [3, 4], even
with nearest-neighbor interactions on two spatial dimen-
sions [5]. In one spatial dimension, it was shown by
Aharonov et al. that 2-local 13-state Hamiltonians are
QMA-complete [6], and the local dimension d is recently
reduced to 8 by Hallgren et al. [7].

In terms of one-dimensional Hamiltonian quantum
computer, there have been various constructions, for ex-
ample, the continuous-time quantum cellular automata
by Vollbrecht and Cirac [8], by Kay [9], and by Nagaj
and Wocjan [10] as well as the universal quantum walk by
Chase and Landahl [11]. The 1D Hamiltonians in these

*tzu-chieh.wei@stonybrook.edu
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1D Local Hamiltonians (non-translationally invariant)
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Figure 1: (color online) The status of locality k vs. local
Hilbert-space dimension (level) d for universal quantum
computation (BQP) in one spatial dimension.

constructions are nearest-neighbor two-body (or geomet-
rically 2-local), but involve the dimension of local Hilbert
space ranging from d = 8 [11] and higher [8, 9, 10].

2 Results and some details

Main results. Here we study the compromise between
the locality k and the local dimension d in one spatial di-
mension; the results are summarized in Figs. 1 and 2.
In our technical paper [12], we provide two construc-
tions: (i) one that uses a 5-state 3-local (or spin-2 near-
est and next-nearest-neighbor interacting) Hamiltonian
but is non-translation invariant, and (ii) 8-state 3-local
Hamiltonian that is invariant under translation of a unit
cell of two sites.

The former is inspired by the design used in 1D QMA
LHP [6, 7], whose focus was on 2-locality.In terms of com-
plexity, one implication is that simulating 1D chains of
spin-2 particles with nearest and next-nearest-neighbor
interaction is BQP-complete. Our second construction
is inspired by the translation invariant constructions in
Refs. [8, 9, 10] and in particular the work by Nagaj and
Wocjan [10]. We explicitly modify a particular scheme
with d = 20 in Ref. [10] and reduce d to 8. Our results
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Figure 2: (color online) The translation invariant case.

are summarized schematically in Fig. 1 and Fig. 2.

Detailed construction. Due to the space limitation,
it suffices for the purpose of demonstration to focus on
our first construction having £ = 3 and d = 5. We refer
the other construction that is translation invariant (k = 3
and d = 8) to our technical paper [12]. On odd/even sites
host different groups of states, respectively,

{>,9,0,0, +}, {D[OLDD]?E[O]’ED], O}.

(We can regard the system as consisting of the same kind
of particles on all sites, but their interactions have two
different preferred bases.) There are two kinds of qubits:
[J and [»], and the superscripts are used to indicate the
logical qubit values.

The transition rules are shown in Table 1. In particu-
lar, the gate operation occurs in rule 1:

1: b+ — U+ k)

whose backward (or time-reversed) propagation is

g+ — uLl@l+ 0. (3)

The design of these rules ensure that there is only one
unique forward rule and one unique reverse rule
(except at the beginning and the end), and the probabil-
ity of ending up at any location (i.e. configuration) can
be obtained analytically [10].

(2)

1.
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A. Rules of transitions:

1: P+0O —u.0O+®E)
1t O+ —u,(+ 0O backward
2: |E|o ‘O — DO‘O
3: OQe — Qe

4: O<o — 0<«d
5a: +0O0«1« — <O+

5b: O — QO

6a: O‘DJr — o“E]Jr
6b: o:d+ — e:d>»
Ta: >0+ — +0¢>
7b: >[Je: — +Jo0

B. Example of transitions:

o [oO+0O0+0¢/0e0O O o]
A [P +O+0¢/0 OO o]
2] [¢O0+B+Oe|/0OeOeO o]
Bl [¢O+O+Be[OeO O o]
4 [+IO+0+00/0e0O 0 o]
5 [«IO+0+0</0e0O O o]
6 [«O0+0O0+0<deQ O e]
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Abstract.

Interesting connection has been established between two apparently unrelated concepts,

namely, quantum nonlocality and Bayesian game theory. It has been shown that nonlocal correlations
in the form of advice can outperform classical equilibrium strategies in common interest Bayesian games
and also in conflicting interest Bayesian games. Classical equilibrium strategies can be of two types, fair
and unfair. Whereas in fair equilibrium payoffs of different players are equal, in unfair case they differ. Ad-
vantage of nonlocal correlation has been demonstrated over fair strategies, only. In this letter we show that
quantum strategies can outperform even the unfair classical equilibrium strategies. For this purpose we
consider a class of two players Bayesian games. It becomes that, such games can have only fair equilibria,
both fair and unfair equilibria, or only unfair ones. We provide a simple analytic method to characterize
the nonlocal correlations that are advantageous over the classical equilibrium strategies in these games. We
also show that quantum advice provides better social optimality solution (a relevant notion of equilibrium

for unfair case) over the clssical one.

Keywords: Nonlocal correlation, Fair and Unfair equilibrium, Correlated Equilibrium, Bell Nonlocality

1 Bayesian Game and equilibria

Undoubtedly one of the most fundamental contradic-
tions of Quantum mechanics (QM) with classical physics
gets manifested in its nonlocal behavior. This bizarre fea-
ture of QM was first established in the seminal work of
J. S. Bell [1], where he has shown that QM is incompati-
ble with the local-realistic world view of classical physics.
More precisely, Bell showed that measurement statistics
of multipartite entangled quantum systems can violate an
empirically testable local realistic inequality (in general
called Bell type inequalities) which establishes the denial
of local realism underlying QM. Since Bell’s work, non-
locality remains at the center of quantum foundational
research and it has been verified in numerous successful
experiments. Apart from foundational interest, quan-
tum nonlocality finds practical implications in various
device-independent protocols. But, very recently Brun-
ner and Linden have established usefulness of Bell non-
locality in Bayesian game theory [2]. A Bayesian game
can be played under classical equilibrium strategies which
are of two types, fair equilibrium and unfair equilibrium.
Payoffs of different players are equal in a fair equilib-
rium, but differ in case of an unfair equilibrium. It has
been shown that QM can provide advantageous strate-
gies over the best classical strategies in common inter-
est Bayesian games [2] as well as conflicting interesting
games [3]. However, such advantages are shown over the
fair equilibrium. The aim of this present letter is to estab-
lish the quantum advantages over the unfair equilibrium
strategies. This study is of important relevance since we
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provide examples of Bayesian games which can be played
under unfair equilibrium strategies, only.

2 The class of games we consider

Let Alice and Bob are two players involved in the game.
Alice’s and Bob’s types/inputs are denoted as x4 € X4
and xp € AX'p, respectively. For each type they take some
actions/outputs denoted as y4 € Va4 and yp € Vp and
accordingly they are given payoffs/utilities denoted as u4
and up, respectively, where u; : X4 x X x Va4 xYVp = R
, for i € {A, B}. For the class of games considered here,
Xy = Xp = Ya = Vg = {0,1} and the utilities are
given in Table-1. In accordance with the parameter k
and 7 of Table-1 let us denote such a game as G(k,T).
Whenever k < 7, there is a conflict between Alice and
Bob in choosing their actions.

In the case of correlated strategies, i.e., when the par-
ties are given some common advice, the average payoff is
calculated as:

Fi =) P(z)P(ylz)ui(x,y). (1)

Here P(x) is the probability distribution over the Alice’s
and Bob’s joint type @ = (x4, zp) which is considered
to be uniform for the class of games introduced above.
P(y|z) denote the conditional probability of the joint ac-
tion y = (ya,ys) given the type z, i.e., the probability
that Alice takes action y4 and Bob takes action yg given
their joint type (x4, xp). To play the game G(k, T) each
of Alice and Bob can take one of the following four pure
classical strategies:

g (@) =05 gl (i) =15 g} () = w5 g} () =2 @ 1;

where gi(z;) = 0 means that i'" party takes the ac-
tion 0 whatever be the type and similarly for the other



‘ zaANz =0 xa N =1

yp =0 yp =1 ygp =0 yp =1
ya =10 (17 "Q) (07 0) (07 0) (3/47 3/4)
ya=1 ] (0,0) (1/2,7) (3/4,3/4) (0,0)

Table 1: Utility table for the game G(k, 7). Both x and
T are positive.

cases; @ denotes modulo 2 sum. For the conflict-
ing case (i.e. 7 > k) there are three equilibrium
strategies eq1 = (g4, 9%), eq2 = (9%, 95), and egs
(g%,9%) whenever k < %, with corresponding pay-
offs being (F3", Fp") = 348, (F® Fg?) =

9 3 K+ (%’E 7 3
(Ev@JF - (1: 16 + 5)- For

T ), and (F3% Fp*) =
k > %, there are also three equilibrium strategies eq; =
(g4, 9%), eqo, and eqs with payoff for the strategy eq]

being (Ff‘qi,F;qi) = (3,2%). For the parameter value
k > 1, all the three equilibria are unfair and in every
case Bob’s payoff is greater than that of Alice. Note that
in this case (k > 1) even no fair correlated equilibrium
strategy is possible. The case where k+7 = 3/2 give a fair
equilibrium strategy as occurred in the conflicting game
of [3]. When 7 < k the game turns out to be a common
interest game. In this case there is only one equilibrium
strategy, (g%,9%) when x < 2 and (g}, g}) otherwise,
with pay-off being (%, % + %) and (%7 ?jT””), respectively.
Since any classical (local realistic) advice can be writ-
ten as P(ya,yplza,zp) = [dAP(yalza, \)P(yslze, N),
with A being a local variable (also called hidden vari-
able by the quantum foundation community), convexity
ensures that using any such advice it is not possible to
overcome the equilibrium payoffs. However in quantum
world there are no-signaling correlations that are not of
this local realistic form (thus called nonlocal) and hence
there may be a possibility to overcome the classical equi-
librium payoffs.

3 2 -2 -2 no-signaling correlations

For the two-party scenario with two two-outcome
measurements for each party, we denote the joint proba-
bility distribution as P(ab|ij), where the outcomes a,b €
{+,—} and the measurement settings 7,7 € {0,1}. We
can express the joint distribution as:

(P(+ + i), P(+ — [i5), P(= + |ig), P(— — [i7))
= (€ijymij = Cijs Mij — Cijy L= nig —maj + i), (2)
Here m;; :== P(+ + |ij) + P(+ — |ij) and n;; :== P(+ +
[ij) + P(— + |ij) denote the corresponding marginal
probabilities of Alice and Bob, with positivity impos-
ing the restrictions, max{0,m;; + n;; — 1} < ¢;; <
min{m;;,n;;} V ij. According to no-signaling Alice’s
marginal outcome probability should not depend on
Bob’s measurement settings and vice versa, which can
be expressed as Mopg = M1 = Mgy, Mg = Mi11 :
mi, Moo = N1 := Ng, No1 = N11 := nq. The celebrated
Bell-CHSH expression is given by, B = (00)+(01)+(10)—
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(11), where (ij) := P(++[ij) — P(+—|ij) — P(—+]ij) +
P(— — |ij). A no-signaling probability distribution has
a local realistic description if and only if it satisfies the
Bell-CHSH inequality, i.e., iff |B| < 2. In terms of prob-
abilities, the Bell-CHSH expression becomes,

B =2+ 4(coo + co1 + c10 — c11) — 4(mo +no).  (3)

4 Our result and discussion

In the Bayesian game described above, the two play-
ers can be commonly advised by a general no-signaling
correlation. Then, Alice’s and Bob’s average payoffs, re-
spectively, read:

Fys

[3+3/215%+2(m0+n0)+(m1 +TL1)], (4)

[(107 = 2k) + (T + £)B+ 4(k — 7)(mo + o)
(5)

A no-signaling nonlocal advice outperforms some clas-
sical equilibrium payoff (F3I, Fy!) if FNS > F9 for
i=A,B.

We show that such nonlocal correlations can outper-
form the unfair classical equilibrium strategies of such
Bayesian games (see [4] for detail). Furthermore we find
that unlike for the case of fair strategy the notion of
quantum equilibrium is not a valid one for unfair strate-
gies. In this case a stronger refinement of the equilibrium
concept, known as social optimality. Given a quantum
advice, the choice of measurement settings (strategies),
one by each player, will be called social optimality if the
sum of all players’ payoffs is maximum. We also show
that quantum advice can provide unfair social optimal
strategies better than the classical one. Although we
have considered a particular class but our analysis points
out the effectiveness of nonlocal advice over any classi-
cal correlation. We have also completely characterize the
no-signaling advices providing advantage in these games
over the fair and unfair classical equilibrium strategies.

1
16
1
FNS -
B 16

+(3747‘)(m1 +n1) +4(I€+T*3/2)011].
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Abstract.

Bell inequality violations have been demonstrated in systems involving up to fourteen par-

ticles, but testing a Bell inequality becomes increasingly challenging as the number of parties involved
increases. Yet, nonlocal correlations constitute a resource for device-independent information processing.
Here, we construct a Bell correlation witness, and show that it can be used to demonstrate that a state is
Bell correlated in situations where no Bell test can be performed. We report on an experimental violation
of the witness with about 480 atoms in a Bose-Einstein condensate. This opens the way for the study of

Bell nonlocality in many-body systems.

The violation of a Bell inequality is the key to device-
independent information processing. This allows one to
achieve tasks with one of the strongest form of secu-
rity known today. Security both against powerful ad-
versaries and in face of experimental uncertainties such
as systematic measurement errors. Device-independent
quantum key distribution (QKD) is an early example of
device-independent information processing [1]. Today,
more such tasks are known, including the certification of
quantum computation [2], of quantum states and mea-
surements [3], and randomness generation [4].

While most device-independent protocols rely on the
violation of bipartite Bell inequalities, new forms of corre-
lations are known to arise in presence of a larger number
of parties [5]. Testing a Bell inequality on many parties
is however technically challenging. Indeed, a Bell test
requires addressing of individual particles, which is sel-
dom possible when dealing with more than a few tens of
particles. The number of measurements that need to be
performed also increases rapidly with the number of par-
ties, and multipartite Bell inequalities typically involve
many-body correlations functions, which are difficult to
evaluate on systems involving many particles.

Building on the result of [6], we consider here the situa-
tion in which well-characterized collective measurements
are performed on an ensemble of particles. Using the few-
body correlator inequality from [6], we construct a wit-
ness operator for Bell correlated quantum states. This
witness only involves up to the second moment of two
collective measurements (see [7] for more details). It is
thus amenable to experimental test on large systems.

We test this witness on a Bose-Einstein Condensate
(BEC) of about 480 Rubidium atoms prepared in a spin-
squeezed state. An experimental violation of the witness
by 3.8 standard deviations is observed (see figure 1), thus
demonstrating that the atoms share Bell correlations, i.e.
the state of the atoms is able to violate a Bell inequality.

The witness introduced here constitutes an easy way
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Figure 1: Experimental value of the witness VW upon vari-
ation of a parameter 6 (see [7] for more details). Non-
Bell-correlated states can only achieve a value of W > 0.
The red dot is 3.8 standard deviations from the bound,
demonstrating that the measured state can useful for
device-independent tasks.

to certify that a many-body quantum system can be
used for a device-independent task. This opens questions
about the possible use of many-body quantum systems
for device-independent information processing. More ef-
forts are also needed to further characterize many-body
nonlocal states. Finally, this result brings Bell correla-
tions into the field of quantum many-body physics, where
entanglement is already known to be responsible for en-
hanced metrologic precisions [8].
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Abstract. Theoretically, witnessing entanglement is by measuring a special Hermitian observable, called
entanglement witness (EW), which has non-negative expected outcomes for all separable states but can
have negative expectations for certain entangled states. In practice, an EW implementation may suffer
from two problems. The first one is reliability. Due to unreliable realization devices, a separable state could
be falsely identified as an entangled one. The second problem relates to robustness. A witness may be
suboptimal for a target state and fail to identify its entanglement. To overcome the reliability problem, we
employ a recently proposed measurement-device-independent entanglement witness scheme, in which the
correctness of the conclusion is independent of the implemented measurement devices. In order to overcome
the robustness problem, we optimize the EW to draw a better conclusion given certain experimental data.
With the proposed EW scheme, where only data post-processing needs to be modified comparing to the
original measurement-device-independent scheme, one can efficiently take advantage of the measurement

results to maximally draw reliable conclusions.

Keywords: entanglement witness, measurement device independent

1 Introduction

Witnessing the existence of entanglement is an im-
portant and necessary step for quantum information
processing. In theory, entanglement can be witnessed
by measuring a Hermitian observable W, whose output
expectation for any separable state o is non-negative,
Tr(Wo) > 0, but can be negative for certain entangled
state p, Tr(Wp) < 0. In this case, we call W an entan-
glement witness (EW) for state p. In general, W can be
obtained by a linear combination of product observables,
which can be measured locally on the subsystems.

In reality, EW implementation may suffer from two
problems. The first one is reliability. That is, one might
conclude unreliable results due to imperfect experimental
devices. If the realization devices are not well calibrated,
the practically implemented observable W’ may deviate
from the original theoretical design W, which can even
be not a witness. That is, there may exist some separable
states o, such that Tr[cW’'] < 0 < Tr[cW]. Branciard et
al. proposed the measurement-device-independent entan-
glement witness (MDIEW) scheme [1], in which entangle-
ment can be witnessed without assuming the realization
devices. The MDIEW scheme is based on an important
discovery that any entangled state can be witnessed in a
nonlocal game with quantum inputs [2]. In the MDIEW
scheme, it is shown that an arbitrary conventional EW
can be converted to be an MDIEW, which has been ex-
perimentally tested [3].

The second problem lies on the robustness of EW im-
plementation. Since each (linear) EW can only identify
certain regime of entangled states, a given EW is likely
to be ineffective to detect entanglement existing in an
unknown quantum state. While a failure of detecting en-
tanglement is theoretically acceptable, in practice, such
failure may cause experiment to be highly inefficient. In
a way, this problem becomes more serious in the MDIEW
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scenario, where the measurement devices are assumed to
be uncharacterized and even untrusted. In this case, the
implemented witness, which may although be designed
optimal at the first place, can become a bad one which
merely detects no entanglement. However, the observed
experimental data may still have enough information for
detecting entanglement. Therefore, the key problem we
are facing here is that given a set of observed experimen-
tal data, what is the best entanglement detection capa-
bility one can achieve.

Here, we only briefly review our result and refer to
Ref. [4] for details.

2 Reliable entanglement witness

Focus on the bipartite scenario with Hilbert space
Ha ® Hp, with dimensions dimH 4 = d4 and dimHp =
dp. For a bipartite entangled state pap defined on
HARHp, we can always find a conventional entanglemen-
t witness W such that Tr[Wpap] < 0 and Tr[Woap] > 0
for any separable state o4p. Suppose {w;, } and {7,/ } to
be two bases for Hermitian operators on H4 and Hpg,
respectively. Thus, we can decompose W on the basis
{wf@r by W = Doy B"Yw, @7, , where 3%¥ are re-
al coefficients and the transpose is for later convenience.

An MDIEW can be obtained by

J =Y Biip(11ws, 7,) (1)
z,y

where 877 = Y and p(1,1|ws,7,) is the probability
of outputting (e = 1,b = 1) with input states (ws,7y).
In the MDIEW design, Alice (Bob) performs Bell state
measurement on p4 (pg) and wy (7).

As shown in Ref. [1], J is linearly proportional to
the conventional witness when the measurement is pro-
jecting onto the maximally entangled state |<I>X 4)
UVIAY, i) and [h,) = UV, lii). J
Tr[Wpag]/dadg. Thus, J defined in Eq. (1) witnesses



entanglement. Furthermore, it can be proved that such
a witness is independent of the measurement devices.

3 Robust MDIEW

Now, we present a method to optimize the MDIEW
given a fixed observed experiment data p(1, 1|wg, 7).

Problem (formal): For a given probability distribution
(1, lwg, 7y), minimize

J(B"Y) =" B"p(1, ws, 7))

z,y

(2)

over all B*Y satisfying
Yy BV [oap(wi ®7.)] >0, for any separable

state o ap and Tr {ny BEYwl @ Tﬂ =1.

A possible solution to this problem is to try all en-
tanglement witnesses to find the optimal one. However,
it is proved that the problem of accurately finding such
an optimal witness is NP-hard. Thus, our problem is
also intractable for the most general case. The key for
the problem being intractable is that there is no efficient
way to characterize an arbitrary entanglement witness.
In the bipartite case, an operator is an witness if and
only if Tr[ocapW] > 0 for any separable state c4p. As
o ap can always be decomposed as a convex combination
of separable states as [1) 4 |¢) 5, the condition can be e-
quivalently expressed as (|4 (¢|g W |¥) 4 |¢) 5 > 0, for
any pure states |¢) , and |@) 5. The constraints for a wit-
ness W are very difficult to describe in the most general
case, which makes our problem hard.

While, this problem can be resolved if we allow certain
failure errors. A Hermitian operator W is defined as an
e-level entanglement witness, when

Prob{Tr[cW ] < 0|c € S} <, (3)
where S is the set of separable states. That is, the opera-
tor W, has a probability less than e to detect a randomly
selected separable quantum state to be entangled. Intu-
itively, € can be regarded as a failure error probability.
We refer to Ref. [5] for a rigorous definition. It is shown
that the e-level optimal EW can be found efficiently for
any given entangled state p. In particular, constrained
on Tr[W,] = 1 and W, to be an e-level EW, one can run a
semi-definite programming (SDP) to minimize Tr[W,p].

Following the method proposed in Ref. [5], we can solve
the minimization problem given in Eq. (2) by allowing
a certain failure probability e. First, we relax the con-
straints. Instead of requiring being non-negative for all
separable states, we randomly generate IN separable s-
tates {|¢)"y |#)3} and require that

d B wr @) >0,Vie{,2,....N}, (4
T,y

where (W} @ 7,7)" = (4[4 (¢l wy © 7, )4 |6)5- Then
the problem can be expressed as
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Problem (e-level): given a probability distribution
p(1, lwy, 7y), minimize

J(B™Y) = B"p(1, 1w, 7))

z,Y

over all B*Y satisfying
dory oY (wy @71, ) >0,Vie{l,2,...,N}, for N

randomly generated separable states {|1)’y |¢)5} and
Z%y BEYTy [w;r ® TyT] =1.
Note that

Wp = (|, We ) 4, 20,V |¢) 4, (6)

where Wp > 0 indicates that Wp has non-negative eigen-
values. Therefore, we only need to generate IN states
[¥)y, for i =1,2,..., N, and the problem is

Problem (e-level, SDP): given a probability distribution
p(17 1|wxa Ty), minimize

J(ﬁny) = Zﬁz,yp(lv 1|ww’7—y)

z,y

(7)

over all %Y satisfying

Yy B Wl wd )y 7 2 0,Vie (1,2,
randomly generated states {|)",} and
Ex’y BEYTr [w;r ® T;F] =1.

., N}, for N

Then, we can run an SDP to solve this problem. It is
worth to remark that the problem can be similarly solved
in the multipartite case.
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Abstract.

The structural relation between multipartite entanglement and symmetry is one of the central

mysteries of quantum mechanics. In this paper, we study the separability of quantum states in bosonic
system. We show that mixture of multi-qubit Dicke state is separable if and only if its partial transpose

is positive semi-definite, which confirms the hypothesis of [Wolfe, Yelin, Phys. Rev. Lett.

(2014)]. We

generalize this result to a class of bosonic states in d ® d system and show that for general d, determine its
separability is NP-hard although verifiable conditions for separability is easily derived in case d = 3, 4.

Keywords:

Quantum entanglement has been regarded as a re-
source of cryptography and metrology. Therefore, it is
a fundamental problem to qualitatively test whether a
given state is entangled or not. In multipartite systems,
a quantum state is called fully separable, not entangled,
if it can be written as a statistical mixture of product
states. Although it is known to be NP-Hard of test-
ing separability [1], a considerable number of different
separability criterions have been discovered (see the ref-
erences in [4, 3]), including the famous Positive Partial
Transpose(PPT) criterion [2]. One widely used tool of
detecting entanglement is entanglement witnesses [5, 6].
Another key concept for entanglement detection is sym-
metry. The k-symmetric extension provides a hierarchy
of separability criteria [7, 8, 9, 11, 10], which converges
exactly to the set of separable states when k goes to in-
finity.

Due to the essential role of symmetry played in entan-
glement theory, it becomes of great interest to study the
relation between multipartite entanglement and symme-
try, more precisely, the entanglement of bosonic system.
For N-qubit bosonic system, a natural basis is N-qubit
Dicke states(unormalized),

DN on)i= <JZ> Py (0)°" @ [1)#57"),

with Py, being the projection onto the Bosonic (ful-
ly symmetric) subspace, i.e., Poym = % ZwesN Uy, the
sum extending over all permutation operators U, of the
N-qubit systems. Dicke states are particularly suitable
for the cold atomic systems, where the particle number
is usually thousands. Considerable efforts have been de-
voted to study entanglement of Dicke states, theoretically
[12, 13, 14, 15, 16, 17], and experimentally [19, 18, 20, 21].
The separability of bosonic states, especially the role of
PPT in the separability of bosonic system, has attract-
ed lot of attention. Eckert et.al prove that there is no
PPT entanglement in three-qubit bosonic system [12].
After 10 years, the existence of four-qubit bosonic PPT
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entanglement is demonstrated in Ref. [22]. Particularly,
analytical criteria of the separability of mixture of Dicke
states(MDS) is highly desired, and has been pursued ex-
tensively [23, 24, 25, 26, 27]. For instance, in Ref. [25],
Quesada et.al. provided the analytical expression for the
best separable approximation of MDS by using the idea
introduced by Lewenstein et.al. in [26]. In Ref. [27],
Wolfe and Yelin proposed the hypothesis that MDS is
separable if and only if it is PPT, according to their ideas
on generating sufficient separability criteria numerically.

In this paper, we confirm the validity of the hypoth-
esis that PPT indicates separability of mixture of Dicke
state(MDS). The idea is also generalized to proved that
the separability of mixture of bipartite high dimensional
Dicke states is NP-complete, although very simple crite-
rion is given when the local dimension is 3 or 4.

More precisely, we provide an analytical necessary and
sufficient condition for N-qubit separability of the MDS,
which was called diagonal symmetric states in previous
literatures [23, 22, 24, 25, 27],

N
p=_ Xu|Dnn){Dx.nl.
n=0

Theorem 1 The MDS p = EnN:o Xn|DNn){Dnnl| is
separable if and only if the following two Hankel Matrices
[29] My, My are positive semi-definite, i.e.,

X0 Xmo
My:= [ --- >0, (1)
X2mgq
Xm1
>0, (2)
X2m1—1
where my = % ] and my = 2]

Theorem 2 N-qubit MDS p = 22;0 Xn| DN n) (DNl
is separable if and only if it is PPT. More precisely, p
is separable if and only if it is PPT under the partial

transpose of mg = [%] subsystems.



These techniques to study the multi-qubit Dicke states
can be generalized to study the mixture of higher dimen-
sional bipartite Dicke states,

d
p= Z Xi,j|1/)i,j><1/)i,j|a

i,j=1

itk ) {lm + i)
of d ® d symmetric subspace.

Recall the known hardness result on testing the mem-
bership of completely positive matrices in Ref. [28], we
have

ifi=jy . .
! being some basis
otherwise.

Theorem 3 It is NP-Hard to decide whether p
Z;‘i,jzl Xij i) (Wi | is separable. On the other hand,
for d = 3,4, it is separable if and only if x = (Xij)dxa 1S
semi-definite positive.

In this paper, we study the separability of bosonic s-
tate. We prove the validity of the hypothesis of Ref. [27]
by demonstrating an analytical condition for the sepa-
rability of mixture of N-qubit Dicke states. These tech-
niques are also applied on the mixture of d ® d Dick-
e states, and hardness result is showed. We hope that
our techniques for certifying entanglement witness and
positive polynomials, may prove useful in furthering the
understanding of entanglement.
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A geometric approach to entanglement quantification
with polynomial measures
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Abstract. We show that the entanglement of any rank-2 state quantified with any polynomial
measure of entanglement can be expressed as a geometric problem on the corresponding Bloch
sphere. This setting provides novel insight into the properties of entanglement and allows us to
relate different polynomial measures to each other, simplifying their quantification. In particular,
using the geometric structure of the concurrence, we show that the convex roof of any polynomial
measure can be quantified exactly for rank-2 states which have only one or two unentangled
states in their range. We give explicit examples by quantifying the three-tangle exactly for
several representative classes of rank-2 three-qubit states. We also show how this method can be
used to obtain analytical results for more complex systems if one can exploit symmetries in their
geometry. We provide a direct application of the result by investigating the monogamy relations

of multi-qubit systems.

Keywords: entanglement measures, convex roof, entanglement monogamy

1 Introduction

Ever since the use of entanglement was recognised
as a useful resource in many quantum information
protocols, there has been a consistent effort to de-
velop a comprehensive framework for entanglement
quantification [I]. However, the promising results
in quantifying bipartite entanglement did not easily
generalise to systems of more parties, where even for
the three-qubit case we only have analytical results
in very few, special cases. In particular, the complex
optimisation problems involved in the quantification
of multipartite entanglement are a major obstacle to
obtaining a full understanding of the properties of
entanglement in general.

A particular class of well-studied and often-used
measures of entanglement are the polynomial mea-
sures, such as the concurrence of two qubits, the
three-tangle of three qubits, or generalised measures
for any number of qubits and qudits. Their quan-
tification for mixed states involves the difficult opti-
misation problem of evaluating the so-called conver
roof, that is, minimising the entanglement over all
possible pure-state decompositions. While the con-
currence of any two-qubit state can be quantified
exactly, the framework for quantification of entan-
glement of more qubits is in its infancy, and exact
results have only been obtained in very few, special
cases.

In this work [2, B], we develop a geometric
approach to understanding and quantifying con-
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vex roof-extended polynomial measures of entan-
glement, establishing a link between geometric and
algebraic methods for entanglement quantification.
Our approach reveals common relations between dif-
ferent polynomial measures on pure states and al-
lows for a simplification of the problem of evaluating
their convex roof on mixed states.

2 Results

Any rank-2 quantum system can be visualised in
the well-known graphical representation called the
Bloch sphere. We show that for any such state,
the quantification of its entanglement corresponds
to a geometric problem of measuring distances on
the Bloch sphere. This approach allows the entan-
glement of all rank-2 states to enjoy a convenient
visual representation, which considerably simplifies
the study and understanding of their properties.

We first investigate the properties of the concur-
rence, derive its geometric structure in detail (see
Fig. [1), and use geometric methods to fully quan-
tify its convex roof. We then show that for all rank-
2 states which have only one or two unentangled
states in their range (their Bloch sphere), the geo-
metric structure of all polynomial measures of en-
tanglement is identical to that of the concurrence.
We call such states one-root and two-root states,
respectively. This result allows us to quantify the
convex roof exactly, not just for the concurrence,
but also for the three-tangle and for any other poly-
nomial measure of any degree.

Using the geometric approach, we provide ex-



Figure 1: The curves of constant entanglement for
the concurrence (or any other polynomial measure
in two-root states). The curves obtained as the in-
tersection of the surface with the Bloch sphere show
all states with a given value of entanglement.

act, easily computable formulas for the entangle-
ment of all one-root and two-root mixed states. We
additionally prove an even stronger geometric re-
sult, showing that for all polynomial entanglement
measures of degree 2, the entanglement of one-root
states does not depend on the chosen convex decom-
position and becomes trivial to compute.

Further, we show that several classes of four-qubit
states have marginals which are one- or two-root
states, meaning that the simplified entanglement
properties are a common occurrence among all rank-
2 three-qubit systems. We show a direct physical
application of the relevant classes of states by inves-
tigating the monogamy of entanglement. In partic-
ular, we introduce a generalised form of the well-
known Coffman-Kundu-Wootters monogamy rela-
tion [4] in which we consider multipartite entangle-
ment in addition to the bipartite one, and we show
that among four-qubit states this stronger form of
monogamy is violated only for a small subset of
states. Interestingly, all of the states in the vio-
lating subset have one-root marginals, allowing us
to quantify exactly the three-partite entanglement
in these states [5]. The exact quantification of the
convex roof thanks to the simplified properties of
one-root states is therefore crucial to understand-
ing monogamy relations in systems of many qubits,
proving the relevance of the geometric methods in-
troduced in our work.

Lastly, we show that the geometric approach can
be used beyond one- and two-root states, employing
the case of the mixtures of GHZ and W states as an
example. We rederive known results for this class
of states [6] in the new approach, justifying its use
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in a broader range of states and showing that the
geometric methods can be extremely helpful if the
Bloch sphere of a the considered state enjoys certain
symmetries.

3 Discussion

We introduced a geometric approach to character-
ising and quantifying convex roof-extended polyno-
mial measures of entanglement, showing a relation
between different measures and allowing for a sim-
plification of the problem of quantifying their con-
vex roof. While geometric methods have been em-
ployed in the study of entanglement, their applica-
tion to quantifying polynomial measures of entan-
glement has not been explored before. We showed
that this approach provides novel insight into the
structure of entanglement for rank-2 states, allow-
ing us to derive many simplified properties of such
states and quantify their entanglement exactly in
many relevant cases of three-qubit states as well as
more complex systems.

We investigated the particularly simplified cases
of one-root and two-root states, for which we can
quantify the convex roof of any polynomial measure
exactly. We showed that states of this type, in ad-
dition to being crucial in studying the generalised
monogamy relations of entanglement, are a common
occurrence among quantum states and thus of high
importance in quantum information.

Our approach not only provides a convenient vi-
sual representation for the properties of entangle-
ment, allowing us to introduce geometric insights
and results into the problem of entanglement quan-
tification, but also has immediate applications in the
theory of quantum correlations.
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Xin Wang! * Runyao Duan! 2

L Centre for Quantum Computation and Intelligent Systems (QCIS),
Faculty of Engineering and Information Technology,
University of Technology Sydney (UTS), NSW 2007, Australia

2 UTS-AMSS Joint Research Laboratory for Quantum Computation and Quantum Information Processing,

Academy of Mathematics and Systems Science,
Chinese Academy of Sciences, Beijing 100190, China

Abstract. A new additive and semidefinite programming (SDP) computable entanglement
measure is introduced to upper bound the amount of distillable entanglement in bipartite quan-
tum states by PPT operations. This quantity is always smaller than or equal to the logarithmic
negativity, the previously best known SDP bound on distillable entanglement, and the inequality
is strict in general. By using similar techniques, a succinct SDP characterization of the one-copy
PPT-assisted deterministic distillation rate for any bipartite state is also obtained. We also
resolve two open problems in entanglement theory by showing that the Rains’ bound is neither
additive nor equal to the asymptotic relative entropy of entanglement. Finally, we introduce an
SDP quantity not only to lower bound the entanglement cost of general bipartite states, but also
to upper bound the PPT-assisted deterministic distillation rate.

Keywords: distillable entanglement, entanglement measure, entanglement cost, Rains’ bound

Introduction One basic entanglement measure
is the entanglement of distillation, denoted by Ep,
which characterizes the rate at which one can ob-
tain maximally entangled states from an entangled
state by local operations and classical communica-
tion (LOCC) [1, 2|. Entanglement cost F¢ [1, 3] is
another fundamental measure in entanglement the-
ory, which quantifies the rate for converting maxi-
mally entangled states to the given state by LOCC.
Since both distillable entanglement and the entan-
glement cost are important but difficult to compute
[4], it is of great importance to find the best ap-
proach to efficiently evaluate them.

Improved SDP upper bound on distill-
able entanglement The logrithmic negativity of
a quantum state pap is given by Enx(pap) =
log, min ||p£% |1 [5, 6] . We now introduce a new
SDP quantity Ey as follows:

Ew(pap) =logy min HXg%Hl, s.t. Xap>paB.

Theorem 1 The function Eyw(-) has the following
properties:

i) Additivity under tensor product: Ew(pap ®
oap)=Ew(pap) + Ew(oap).

“xin.wang-8@student.uts.edu.au
frunyao .duan@uts.edu.au
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ii) Upper bound on PPT distillable entan-
glement: Er(pap) < Ew(paB).

iit) Detecting genuine PPT distillable entangle-
ment: Ew (pap) >0 if and only if pap is PPT
distillable.

Entanglement monotone under PPT op-
erations: Ew(A(pap)) < W(pagp) for any
A e LOCC (and PPT).

Improved bound over logarithmic neg-
ativity: Ew(pap) < En(pap), and the in-
equality can be strict.

It is worth pointing out that En has all properties
i) to iv). In particular, for pfan); = Y2 o [UmXm|/3
(0 < a<0.5) with |¢hg) = /a|01) + V1 — a|10), |¢1) =
Va|02) +v/1 - «|20), and |12) = /a|12) + V1 — a|21),
we have EW(pffg) < EN(p,(:g)-

Nonadditivity of Rains’ bound The Rains’
bound is arguably the best known upper bound of
distillable entanglement [7]. As it is is proved to
be equal to the asymptotic relative entropy of en-
tanglement for Werner states [8] and orthogonally
invariant states [9], one open problem is whether
these two quantities always coincide. Another open
problem is whether Rains’ bound is additive [9].

We resolve the above two open problems by in-
troducing a class of two-qubit states p, whose clos-



est separable states can be derived by the result
in Ref. [10]. Thus, the Rains’ bound of p, is ex-
actly given. Then we apply the algorithm in Refs.
[11, 12] to demonstrate the gap between R(p®?) and
2R(p,). The example is p, = £[00)00] + [01)}01| +

82 110)(10] + 32’"2‘(t“’*j’j’;”"*“”””(|01><1o| + [10)(01])
32r2-10r+1 (16r-5)y~1
256r2-1607+33 | 32In(5/8—y)-321n (5/8+y)°

y = (412 - 5r/2 + 33/64) /2.

with ¢ = r +

Theorem 2 For 045 < r 0.548, we have

R(pry)®? <2R(pry). Meanwhile, E55 (pry) < R(pry ).

<

It is now reasonable to define the asymptotic Rains’
bound, i.e., R®(p) = inf,»1 %R(pm). Clearly R*
would be a better upper bound for the distillable en-
tanglement. How to evaluate this quantity remains
open.

Deterministic distillation rate The deter-
ministic entanglement distillation concerns about
how to distill maximally entangled states exactly.
The one-copy PPT-assisted deterministic distilla-
tion rate can be formalized as an SDP.

Theorem 3 For bipartite state pap,

B (pan) =max —log, | R oo Q)

s.t. Pap < Rap <14p,

where Pap is the projection onto supp(pap).
And the asymptotic rate is given by Ero(p) :=

1 . 1
SUPps1 Eég (p®™)/n = limy,s, E§3 (p®™)/n.
For a bipartite quantum state psp, we define

En(pap) = —logymaxTr PopVag,
st. Tr[ViB|=1,Vap 20.

We further show that Ep;(p) is not only the upper
bound of the deterministic distillation rate of p, but
also a lower bound for the asymptotic Rains’ bound.

Theorem 4 For any bipartite state p, Ero(p) <
En(p) < B=(p) < Ec(p).

The last inequality is from Ref. [13]. Interestingly,
FE) also gives the PPT-assisted deterministic distil-
lation rate for many special cases.

Conclusions We present a new and improved
SDP upper bound Eyy to the distillable entangle-
ment. This quantity enjoys additional nice prop-
erties such as additivity under tensor product and
monotonicity under both LOCC and PPT opera-
tions. Furthermore, we show that the Rains’ bound
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is neither additive nor equal to the asymptotic rela-
tive entropy of entanglement by constructing a class
of two-qubit states. We also introduce the asymp-
totic Rains’ bound and give an SDP lower bound
FE) for it, which provides an efficiently computable
lower bound for the entanglement cost of general bi-
partite states for the first time. Finally, we provide
a refined SDP for the one-copy PPT-assisted dis-
tillation rate and show that FEj; is the best upper
bound for the asymptotic rate. Proof details of our
main results can be found in arxivs: 1601.07940 and
1605.00348.
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Abstract. Motivated by the notions of k-extendability and complete extendability of the state of a
finite level quantum system as described by Doherty et al (Phys. Rev. A, 69:022308), we introduce
parallel definitions in the context of Gaussian states and using only properties of their covariance matrices
derive necessary and sufficient conditions for their complete extendability. It turns out that the complete
extendability property is equivalent to the separability property of a bipartite Gaussian state. We also
give proof for this in general bipartite quantum states (need not be of finite dimensions). We further show
that maximum extendability number can be used as a measure of entanglement for Gaussian states.

Following the proof of quantum de Finetti theorem as outlined in Hudson and Moody (Z. Wahrschein-
lichkeitstheorie und Verw. Gebiete, 33(4):343-351), we show that separability is equivalent to complete
extendability for a state in a bipartite Hilbert space where at least one of which is of dimension greater
than 2. This, in particular, extends the result of Fannes, Lewis, and Verbeure (Lett. Math. Phys. 15(3):
255-260) to the case of an infinite dimensional Hilbert space whose C* algebra of all bounded operators is
not separable.

Keywords: Gaussian state, exchangeable Gaussian state, extendability, entanglement, measure of entan-

glement.

1 Introduction

One of the most important problems in quantum me-
chanics as well as quantum information theory is to de-
termine whether a given bipartite state is separable or
entangled [5]. There are several methods in tackling this
problem leading to a long list of important publications.
A detailed discussion on this topic is available in the sur-
vey articles by Horodecki et al [3], and Giihne and Téth
[2]. One such condition which is both necessary and suffi-
cient for separability in finite dimensional product spaces
is complete extendability [1].

Definition 1 Let k € N. A state p € B(Ha ® Hp) is
said to be k-extendable with respect to system B if there
is a state p € B(HA@HE®) which is invariant under any
permutation in ’H%k and p = TI',H®(k-—1)ﬁ, k> 2.

A state p € B(Ha ® Hp) is said to be completely ex-
tendable if it is k-extendable for all k € N.

The following theorem of Doherty, Parrilo, and Spedalieri
[1] emphasizes the importance of the notion of complete
extendability.

Theorem A:[1] A bipartite state p € B(Ha @ Hp) is
separable if and only if it is completely extendable with
respect to one of its subsystems.

In this paper we have introduced concept of extend-
ability of Gaussian states. We have further shown that

*phat@isibang.ac.in
Tkrp@isid .ac.in
frbeisid.ac.in
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any state in a bipartite Fock space is extendable if and
only if it is separable. We have reduced these conditions
in terms of simple matrix inequalities which in principle
can be solved by computer programmes.

2 Gaussian extendability

Definition 2 (Gaussian extendability) Let k € N.
A Gaussian state p, in I'(C™) @ T(C™) is said to be
Gaussian k-extendable with respect to the second sys-
tem if there is a Gaussian state p, in I'(C™) @ I'(C")®*
which is invariant under any permutation in T'(C")®k
and pg = Tr pcnyon-1) pg, k > 2.

A Gaussian state pg in T(C™) @ T'(C™) is said to
be Gaussian completely extendable if it is Gaussian k-
extendable for every k € N.

Theorem 3 Let p be a bipartite Gaussian state in

. . . A B
I(C™) @ T'(C™) with covariance matriz S = [BT cl
where A and C are marginal covariance matrices of the
first and second system respectively. Then p is completely
extendable with respect to the second system if and only
if there exists a real positive matrixz 6 such that

VA T 1
_ >0 > _
C+5Jon=202B (A+2J2m) B, (1)

where (A + %ng)i
5Jom-

is the Moore-Penrose inverse of A+

Theorem 4 Any separable Gaussian state in a bipartite
system is completely extendable.



Theorem 5 Any two-mode quantum Gaussian state p is
completely extendable if and only if it is separable.

Theorem 6 If a state p (not necessarily Gaussian) on
a bipartite Fock space is completely extendable, then it is
separable.

3 Complete extendability and separabil-
ity in general case

Consider a separable Hilbert space h and denote B =
B(h) the C* algebra of all bounded operators on f. Let
B, = B(h®") = B®" be the n-fold tensor product of
copies of B. Let B> be the C* inductive limit of B,, and
G denote the set of all states in B°° equipped with the
weak® topology. Then & is a compact convex set. For
any w € G, define

Wn(X) :w(zn(X))v X € B,.

Then w, is a state in B,, for all n and

Wn1 (X)) =wp(XQI), VX€EB,_1,n=2,3--.
in other words {w,} is a consistent family of states in
{B,}, n=2,3,--- with the projective limit w.

Conversely, let w, be a state in B, for each n =
1,2,3,--- such that w, (X ® I) = w,—1(X ® I),VX €
B,_1,n = 2,3,---. Then there exists a unique state w
in B such that

W(in(X)) =wn(X), VX €B,, n=123,---.

Definition 7 A state w in B> is said to be locally nor-
mal if each w, in By, n = 1,2,--- is determined by a
density operator p,,n = 1,2,---, i.e., a positive opera-
tor p, of unit trace in h®™ satisfying

wp(X)=Trp, X, Xe€B,,n=12---.

Then the relative trace of p, in h®™ over the last copy of
h s equal to pp—1 for eachn=2,3,---.

Definition 8 A state in B is said to be exchangeable
if for any permutation ™ of {1,2,--- ,n} and operators

X,€B,i=12--,n

Wi (Xr(1) ® Xr2) @ @ Xr(n))
(X190 Xo®---®X,)

We shall now describe a version of quantum de Finetti
theorem due to Hudson and Moody [4] (see also Stgrmer
[6] for an abstract C* algebraic version) which we shall
make use of in our analysis of complete extendability -
separability problem. To this end denote by Ry the set
of all density operators on h. Viewing Ry as a subset of
the dual of B = By, equip it with the relative topology
inherited from the weak* topology. Let P, denote the
set of all probability measures on the Borel o-algebra of
Ry.
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Theorem 9 [Hudson and Moody] A locally normal state
w on B> is exchangeable if and only if there exists a
probability measure P, in Py such that

w(in(X))

—/ Trp®"X P,(dp), VX E€B,,n=12---
Ry

The correspondence w — P,, between the set of locally
normal and exchangeable states and the set Py of proba-
bility measures on Ry is bijective.

Remark 1 Theorem 9 shows that exchanbeability prop-
erty automatically implies that every finite dimensional
projection of w, namely w,, is separable. It is natural to
expect that complete extendeability would force separabil-
ty.

Theorem 10 Let by, h be Hilbert spaces with dim by > 2
and p be a density operator in hy ® bh. Let B, =
B(bho ® h®"), n = 0,1,2,---. Suppose there exist den-
sity operators p, in ho @ h®", n =1,2,--- satisfying the
following properties:

1. p1 =p and
Tron(X®I)=Trp, 1 X, X €By,,
1 being the identity in h, n=1,2,---.

2. For any Xo € B(ho), Y; € B(h), j =1,2,---
any permutation w of {1,2,--- ,n}

Tr pp, Xo®@Y1®- - -®Y,, = Trp, X0®Yﬂ_(1)® : ®Y7r(n)

,n and

Then p is separable in ho®b. Furthermore p, is separable
m h0®h®na n= 1527"' .

Results of this paper are taken  from
http://arziv.org/abs/1601.02365. The last theorem

will be posted soon in a separate preprint.
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1 Introduction

Compression of information is a central concept in information theory, originating in the pioneering
work of Shannon [Sha]. Shannon showed that in asymptotic and i.i.d. setting, compression of
messages upto the Shannon entropy of the source could be achieved with arbitrarily small error.
This result was soon extended to the one-shot setting by Huffman [Huf52], who gave a zero error
coding scheme, now known as the Huffman coding scheme, that achieved a compression of expected
length of the message upto Shannon entropy of the source.

The notion of expected length of the message was further explored in the work by [HJMR10].
They considered the following task: Alice and Bob know a joint distribution p(z,y). Alice is
given an input x and Bob needs to output the conditional distribution p(y|z). They gave a
nearly tight characterization of the communication requirement of this task in terms of thenutual
information (I{X :Y)), showing that the expected communication cost for this task is upper bounded
by I(X :Y) 4+ 2logI(X : Y) 4+ O(1) and lower bounded by I(X : Y). Their result also gave an
operational interpretation to the relative entropy through a task where Alice is given a distribution
P, both Alice and Bob are given a distribution () and they need to jointly sample from a distribution
P’ that satisfies ||P’ — P|l; < e. In the work [BR11], the task was simplified to the case where
only Bob knows ) and the authors gave an interactive protocol with expected communication cost
D(P||Q) + v/D(P[[Q) + O(log 1). Not only did these results give elegant operational interpretation
to fundamental information theoretic quantities in one-shot setting, they also had implications for
direct sum results in communication complexity. Following theorem was shown in [BR11] (with
analogous result for product input distribution shown earlier in [HJMR10]):

Theorem 1.1 (Corollary 2.5, Braverman and Rao [BR11]; see also Result 3, [HIMR10]). Let C be
the communication complexity of the best protocol for computing a relation f with error § on inputs
drawn from a distribution p. Then any r round protocol computing f&™ on the distribution p®™
with error § — & must involve at least Q(n(C —r -log(L) — O(VC - r))) communication.

In quantum information theory, two-party communication protocols are typically of two kinds:
non-coherent protocols and coherent protocols. In non-coherent protocols, a well known example
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of which is the Schumacher compression [Sch95], the parties do not need to maintain a quantum
correlation with the Referee. There are various one-shot protocols that are formulated in non-
coherent setting and also have applications for direct sum results in one-way quantum communication
complexity ([JRS05, JRS08, AJM™14]).

In the case of coherent protocols, the parties are required to maintain a quantum correlation
with the Referee. This is seen, for example, in the case of Quantum state merging [HOWO07|, where
Alice (A), Bob (B) and Referee (R) share a pure tripartite quantum state ¥4 and Alice needs to

send her register A to Bob (with the aid of shared entanglement) such that the final state between

Referee and Bob is W4/ (where register A’ = A held by Bob). A generalization of Quantum state
merging is the task of Quantum state redistribution, which very nicely captures the round by round
interaction of quantum communication protocols.

Quantum state redistribution : A pure state Ugpc4 is shared between Alice (A,C), Bob(B)
and Referee(R). For a given ¢ > 0, which we shall henceforth identify as ‘error’, Alice needs to
transfer the system C' to Bob, such that the final state \I/%BCO 4 (where register Cp = C' is with
Bob), satisfies P(\I"RBCOA, Urpc,a) < €. Here, P(.,.) is the purified distance.

This task has been well studied in literature in asymptotic setting ([DY08, Opp08, YBWOS,
YDO09]), giving an operational interpretation to the quantum conditional mutual information (de-
noted as I(R : C|B)y), and more recently in one shot-setting ([DHO16, BCT16, AJD14]). It has
been used by Touchette [Toul5] as a natural framework to define the notion of quantum information
complezity (inspired by the notion of Information complexity, formally introduced in [Bral2]), with

application to direct sum result in bounded-round entanglement assisted quantum communication
complexity. Following is the main theorem in [Toul5]:

Theorem 1.2 (Touchette [Toul5], Theorem 3). Let C be the quantum communication complexity
of the best entanglement assisted protocol for computing a relation f with error § on inputs drawn
from a distribution p. Then any r round entanglement assisted protocol computing f&" on the
distribution p®™ with error § — & must involve at least Q(n((%)? - C —r)) quantum communication.
This theorem uses the one-shot upper bound of O(%) on worst case quantum communi-
cation cost for Quantum state redistribution (as obtained in | Toul5] using the one-shot results in
[BCT16]), which leads to a stronger dependence on the number of rounds, in comparision to Theo-
rem 1.1. A natural way to improve upon the theorem is to consider the expected communication
cost of Quantum state redistribution.

Our results

In this work, we study the expected communication cost of Quantum state redistribution; taking in-
spiration from the elegant one-shot operational interpretations of fundamental information theoretic
quantities provided in [Huf52],[HJMR10] and [BR11], and to explore the possibility of improvement
of Theorem 1.2. We find that, in contrast to the classical case, the expected communication cost is
not much better than the worst case communication cost. Our main theorem is the following.

Theorem 1.3. Fiz ap <1 and an e € |0, (%)lfip] There exists a pure state Vrpca (that depends
on €) such that, any interactive entanglement assisted communication protocol for its quantum state

redistribution with error € requires expected communication cost at least I(R : C'|B)y - ( é)p.
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For the special case where registers A, B are absent, which is also known as Quantum state
transfer and is the one-shot coherent analogue of Schumacher compression [Sch95], we obtain a
similar result with slightly better constants.

15
Theorem 1.4. Fiz a p <1 and any ¢ € [0, (3)7-7]. There exists a pure state Ve (that depends
on €) such that, any interactive entanglement assisted communication protocol for its quantum state
transfer with error € requires expected communication cost at least S(Vg) - (%)p.

Note that Theorem 1.4 in itself is sufficient to given a lower bound on expected communication
cost of Quantum state redistribution, as Quantum state transfer is a special case. But the state
W rpoa that we consider in Theorem 1.3 has all registers R, A, B, C non-trivial and correlated with
each other. Thus, Quantum state redistribution of ¥rpca cannot be reduced to the sub-case of
Quantum state transfer by any local operation, giving robustness to the bound.

A result similar to Theorem 1.4, but in the context of non-coherent quantum protocols, has been
obtained recently in [AGHY16]. This can be viewed as a complementary work in the following sense:
on one hand, it is stronger since non-coherent quantum protocols are less restrictive that coherent
quantum protocols. On the other hand, it is weaker due to the presence of round dependence
(Theorem 1.2, [AGHY16]) and error that depends on input size (Theorem 1.3, [AGHY16]), none of
which are present in Theorem 1.4. Moreover, this work does not provide an analogue of Theorem
1.3.

Our technique and organization

We discuss our technique for the case of Quantum state transfer, for simplicity. For some 5 > 1, we
choose the pure state U in such a way that its smallest eigenvalue is% and entropy of U is at

most 21g(d) (d being dimension of register R, see Lemma A.15). Let wrc be a maximally entangled
2
state defined as |w) - = \Ijid |U) o For any interactive protocol P for quantum state transfer

of ¥ o with error £ and expected communication cost C' (formally described in Appendix B), we
obtain an expression that serves as a transcript of the protocol, encoding the unitaries applied by
Alice and Bob and the probabilities of measurement outcomes (Corollary B.5, see also Lemma B.3).
This expression takes ideas from the technique of convez-split, introduced in [AJD14], for one-way
Quantum state redistribution protocols.

Then, crucially relying on the facts that ¥ is a pure Sitate and the register R is untouched

by the protocol (which allows the operation p — \I/}_{§ p\II}_f to be performed on the register R,
see Lemmas C.3 and C.4), we construct a new interactive protocol P’ which achieves quantum
state transfer of the state wrc with error /Be 4+ (/i (for any p < 1) and worst case quantum
communication cost at most & (Lemmas C.5 and C.6). Suitably choosing the parameters ¢, 8 and
 and using known lower bound on worst case communication cost for state transfer of wrc, we
obtain the desired result. Same technique also extends to quantum state redistribution. Details
appear in Appendix C (and can also be found in the arXiv version [Ansl15])
Some questions related to our work are as follows.

1. What are some applications of Theorems 1.3 and 1.4 in quantum information theory? An
immediate application is that we obtain a lower bound on worst case communication cost
of Quantum state redistribution, since worst case communication cost is always larger than
expected communication cost of a protocol.
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2. Is it possible to improve the direct sum result for entanglement assisted quantum information
complexity obtained in [Toul5]? The work [AGHY16] provides yet another limitation to
such an improvement. But it may be possible to compress the whole protocol, rather than
round-by-round compression, along the lines similar to [BBCR10].
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A Preliminaries

In this section we present some notations, definitions, facts and lemmas that we will use in our
proofs.

Information theory

For a natural number n, let [n] represent the set {1,2,...,n}. For a set S, let |S| be the size of
S. A tuple is a finite collection of positive integers, such as (i1,42...1,) for some finite r. We let

log represent logarithm to the base 2 and In represent logarithm to the base e. The £; norm of an

operator X is || X||, 4 T/ XTX and £5 norm is 1 X1, ©FTex Xt A quantum state (or just a

state) is a positive semi-definite matrix with trace equal to 1. It is called pure if and only if the
rank is 1. Let |[¢)) be a unit vector. We use 1) to represent the state and also the density matrix
[1) (|, associated with |¢).

A sub-normalized state is a positive semidefinite matrix with trace less than or equal to 1.
A quantum register A is associated with some Hilbert space H 4. Define |A| dof dim(Ha4). We
denote by D(A), the set of quantum states in the Hilbert space H4 and by D<(A), the set of all
subnormalized states on register A. State p with subscript A indicates py € D(A).

For two quantum states p and o, p ® o represents the tensor product (Kronecker product) of
p and o. Composition of two registers A and B, denoted AB, is associated with Hilbert space
Ha Q@ Hp. If two registers A, B are associated with the same Hilbert space, we shall denote it by
A = B. Let pap be a bipartite quantum state in registers AB. We define

pp = Tra(pas) € S (i @ Lp)pap(li) ® 1p),

(2

where {]7)}, is an orthonormal basis for the Hilbert space A and 1p is the identity matrix in
space B. The state pp is referred to as the marginal state of pap in register B. Unless otherwise
stated, a missing register from subscript in a state will represent partial trace over that register.
A quantum map € : A — B is a completely positive and trace preserving (CPTP) linear map
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(mapping states from D(A) to states in D(B)). A completely positive and trace non-increasing

linear map E:A> B maps quantum states to sub-normalised states. The identity operator in

Hilbert space H 4 (and associated register A) is denoted I4. A unitary operator Uy : Ha — Ha is
such that UJZUA = UAUL = I4. An isometry V : Hq — Hp is such that ViV =14and VVT = I5.
The set of all unitary operations on register A is denoted by U(A).

Definition A.1. We shall consider the following information theoretic quantities. Let € > 0.

1. generalized fidelity For p,0 € D<(A),

F(p,0) € | Vaval, + /(1 = Tr(p)(1 — Tr(0)).

2. purified distance For p,0 € D<(A),

P(p,0) = /1 -F(p,0).

3. e-ball For py € D(A),

def

B (pa) = {pls € D(A)| P(pa, pla) < €}

4. entropy For py € D(A),

H(A), € —Ti(palog pa).

5. relative entropy For ps,04 € D(A),

def
D(palloa) = Tr(palogpa) — Tr(palogoa).

6. max-relative entropy For p4,04 € D(A),

def .
Duax (palloa) = inf{A € R: 2204 > pa}.

7. mutual information For psp € D(AB),

I(A: B), D(paglloa ® pp) = H(A), + H(B), — H(AB),.

8. conditional mutual information For papc € D(ABC),
I(A: B|C), € 1(A: BC), ~1(A: C),=1(B: AC), ~ (B : C),.
9. max-information For psp € D(AB),
Imax (A = B), © inf, ,c(p) Dimax (045104 © 05)
10. smooth max-information For psp € D(AB),
I

max

def .
(A . B)p = lnfplegs(p)]:max (A N B)pl .
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11. conditional min-entropy For psp € D(AB),
def .
Huin (A|B), = —inf,,en(5)Dmax (04B]|14 © 05) .

12. conditional max-entropy For pap € D(AB),

def

Hmax (A|B) = —Hnin (A|R)

PAB PAR’

where pappR is a purification of psp for some system R.

13. smooth conditional min-entropy For pap € D(AB),

Hein(AlB), € sup Huin(A|B)

min , o
p €B(p)

14. smooth conditional max-entropy For pap € D(AB),

def .
H; . (A|B), = inf s g,y Himax (A|B) -
We will use the following facts.
Fact A.2 (Triangle inequality for purified distance, [Tom12]). For states pl, p%, p% € D(A),
P(pa, p4) < P(pl, p2) + P(0%, ph)-

Fact A.3 (Purified distance and trace distance, [Tom12], Proposition 3.3). For subnormalized

states p1, p2
1
llor = p2lli < Plp1, p2) < \/llpr = p2]ls.

Fact A.4 (Uhlmann’s theorem). [[Uhl76]] Let pa,04 € D(A). Let |p) 45 be a purification of pa
and |o) 4 be a purification of o 4. There exists an isometry V : Hc — Hp such that,

F([0){0] 45, |p)(plag) = F(pa,oa),
where |0) 45 = (4@ V) |0) 4

Fact A.5 (Monotonicity of quantum operations). [[Lin75, BCF196], [Tom12], Theorem 3.4] For
states p, o, and quantum operation &(-),

1€(p) = &)y < llp—ally, P(p, o) <P(E(p), &(0)) and F(p, o) < F(E(p), &(0)).
In particular, for a trace non-increasing completely positive map é(),

P(p,0) < P(E(p), E(0)).

Fact A.6 (Join concavity of fidelity). [[Wat11], Proposition 4.7] Given quantum states pi, p2 ... pg, 01,02 . .

D(A) and positive numbers p1, p2 ... pg such that >, p; = 1. Then

F(Zpipz‘, mei) > ZpiF(pi, o).
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Fact A.7. Let p,0 € D(A) be quantum states. Let a < 1 be a positive real number. If P(ap, ac) <

€, then
P(p,0) < ,/2
,0) < et/ —.
P e

Proof. P(ap,ac) < e implies F(ap, ac) > V1 —e2 > 1—&%. But, F(ap, ao) = af/pv/o|1 +(1—a).
Thus,

2
&
F(p,0) = Ivavalhi 21— .

Thus, P(p,0) < /1 (1- )2 < (/2 -

Fact A.8 (Fannes inequality). [[Fan73]] Given quantum states pi, p2 € D(A), such that |A| =d
and P(p1,p2) =< 1

= 9g»

1S(p1) — S(p2)| < elog(d) + 1.

Fact A.9 (Subadditivity of entropy). [[AL70]] For a quantum state pap € D(AB), |S(pa) —
S(pB)| < S(pas) < S(pa) + S(pp).

Fact A.10 (Concavity of entropy). [[Watll], Theorem 10.9] For quantum states p1, p2 ... pp, and
positive real numbers Aj, Aa ... A, satisfying >, \; =1,

SO Xipi) =D XS (pa).
Fact A.11. For a quantum state papc, it holds that
14 0), < 28(pc),
I(A:C[B), <I(AB: C), < 25(pc).
Proof. From Fact A.9, I[(A: C), = S(pa) + S(pc) — S(pac) < 2S(pc). O

Fact A.12. For a bipartite quantum state pap, I, (A : B), > —H5;, (A|B),.

max min

Proof. Let op be the state achieved in infimum in the definition of L.y (A : B) ,- Let A o
Iax (A : B)p. Consider,
pap <2'pa@op <2My @ 0p.
Thus, we have
_Hmin(A‘B)p = infgjgeD(B)Dmax (PABHIA ® U/B) < Dmax(pABHIA ® UB) < A= Imax (A : B)p .
This gives,
ianABegg(ﬂAB) - Hmin(A|B)pl S Iranax(A : B)p .
O

Fact A.13. For a classical-quantum state pap of the form pap = 32, p(j) 17)(il4 ® afg, it holds
that Imax (A : B), < log(|B).
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Proof. By definition, Iax (A : B)p < Dax (PABHPA ® %ﬂ). Also,

Ig
= |Blpa ® —;

pAB—Zp )13)Gla @ 0% < [BI>. p(i) [3)(l, ® Bl

J
Thus, the fact follows. ]

15
1B|

Fact A.14. For a classical-quantum state papc = >2; p(j) 1) (G| A @ e, it holds that I(AB : C),>
2 p(HUB = C),

Proof. Consider,
I(AB:C), = S(pap)+5(pc) — S(pasc)
= zp )13) J|A®MB>+S<Z <y>pé>—s<z (7)19) 014 © Psc)

= ZP B) + S ZP | Zp S(Phe)
> Z +Zp ZP p]BC (Fact A.10)

O]

Lemma A.15. Fiz a 8 > 1 and an integer d > 1. There exists a probability distribution p =

{e1,e2...eq}, with e; > ea... > eq, such that eq = % and entropy S(p) < 2%
Proof. Set ea =e3 = ...eq = dﬂ Then e; =1 — %=-. Using xlog( ) < log( ) <1 for all z > 0, we
can upper bound the entropy of the distribution as
1 d—1 1 d—1 log(d) log(d)
ilog(—) = (1 — 1 log(d 2 <2
Zi:e og() = (1= =z log(] dd;ng g5 losldh) <2+ —p= <2

B Interactive protocol for quantum state redistribution

In this section, we describe general structure of an interactive protocol for quantum state redistri-
bution and its expected communication cost.

Let quantum state |¥) 554 be shared between Alice (A4, C), Bob (B) and Referee (R). Alice
and Bob have access to shared entanglement 0, g, in registers E4 (with Alice) and Ep (with
Bob). Using quantum teleportation, we can assume without loss of generality that Alice and Bob
communicate classical messages, which involves performing a POVM measurement on registers they
respectively hold, and sending the outcome of measurement to other party. This allows for the
notion of expected communication cost.

A r-round interactive protocol P (where r is an odd number) with error £ and expected com-
munication cost C is as follows (see also Figure 1)
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Input: A quantum state |¥)pp-y4, error parameter € < 1.
Shared entanglement:

9>EAEB‘

e Alice performs a measurement M = {M}, Ea M3, £, -} Probability of outcome i; is

Piy def Tr(MQCEA VUoa®0p,). Let qﬁ%BACEAEB be the global normalized quantum state,

conditioned on this outcome. She sends message i1 to Bob.

e Upon receiving the message i1 from Alice, Bob performs a measurement
Mil _ {Mlyil Mz,il }
- BEpg> BEg " "J"
Probability of outcome iz is pj,;, def Tr(Mgg; % By)- Let ¢§:2££31ACEA g, be the global
normalized quantum state conditioned on this outcomeis and previous outcomes;. Bob
sends message is to Alice.

e Consider any odd round 1 < k£ < r. Let the measurement outcomes in previous rounds
U—1,0k—2---01

be i1,4z...i,—1 and global normalized state be ¢pp Aoy, 1,- Alice performs the measure-

T o Y PO s ¢ ' .

ment Mk-tik=2i2i — (A b2t s b2 Y and obtains outcome iy,
det s b g2 in s g

= Tr(Myay " ek g ™). Let the global

normalized state after outcome iy, be qbZng’;(ég';Et'“. Alice sends the outcome i to Bob.

with probability p;, i, .

lfg—2...92,01

e Consider an even round 2 < k < r. Let the measurement outcomes in previous rounds be

1,19 ...1_1 and global normalized state be gb%é%ii’ﬁé. Bob performs the measurement

M’ik_l,ik_g...ig,il _ {M17ik71,ik72~~i27il M27ik717@'k72~~~i27i1 }
BEpR ’ BEg et

and obtains outcome i, with probability

def Tr(Mikaik—lvik—Q---i%il ¢ik—17ik—2---i1).

Diylig_1,ik—2...i2,01 BEgp BEg

Let the global normalized state after outcome i, be qﬁ%’“é’%‘é}%ﬁ;il. Bob sends the outcome
15 to Alice.

e After receiving message i, from Alice at the end of round r, Bob applies a unitary

Uz“;,zpl...z‘l : BEp — BCyTp such that Ep = CyTp and Cy = C. Alice applies a unitary
def
U’3~,ir71.--i1 . ACEA — ACEA. Let Uir’i7,71‘_.i1 - Ulg‘vi’l‘fl'-'il ® Uibrﬂ:rfl--.il' Deﬁne
Tz‘r,irfl..¢1> def rpo ¢ir,ir71...il>
RBACC,TEa frotr=1- RBACERE4

e For every k < r, define

def
Pivjia..ir,. = Pir " Pisliy " Pisliagiy ++  Piglig_1,ip—_o...i1"

11
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The joint state in registers RBCy A, after Alice and Bob’s final unitaries and averaged over
: def iy 1o .
all messages is Wz g 4 = D i1 .in pil,ig...irT]Z%BZCOh . Tt satisfies P(Wkpcyar YRBCA) <

E.

The expected communication cost is as follows.

Fact B.1. Expected communication cost of P is

Z Diyig...ip 10g (i1 - 42 . . . 1y)

i1,i2..ir

Proof. The expected communication cost is the expected length of the messages over all probability
outcomes. It can be evaluated as

> P 10g(i1) + D PirDigliy 108(i2) + - D Pirineiv1 Dirlis 1y .z 108(ir)

i1 11,12 11,12...9p

= 3 Divisi, (log(in) +log(ir) + .. . log i)

11,820

This allows us to define

Definition B.2. Communication weight of a probability distribution {p1,p2...pn} is de-
fined as >_1"; p;log (7).

The following lemma is a coherent representation of above protocol.

Lemma B.3. For every k < r, let Oy represent the set of all tuples (i1,i2...1) which satisfy:
{i1,ia2... i} is a sequence of measurement outcomes that occurs with non-zero probability upto k-th
round of P.

There exist registers My, Mo ... M, and isometries

{Uik_l,ik_zmi%il : ACEA — ACEAMk’k > 1,k odd R (il,ig .. .’L'kfl) c Okfl},
{Uik—hik—Q---iQail : BEB — BEBM]C“{Z even , (il,ig - ik,1> S Okfl}

and U : ACE4 — ACE oMy, such that

‘\II>RBCA ’9>EAEB - UT Z \/pil,iQ‘nirU'LTlUjg,il ce U’LTr,inl...il

11,12...0r

T ylp—1...01 . .
it >RBCACOTBEA ‘ZT>MT RN ”L1>M1 .

12
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Referee Alice Bob

YrBAC

Figure 1: Graphical representation of interactive protocol for Quantum state redistribution. The
messages i1, 1o ... are exchanged by Alice and Bob till round r.
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Proof. Fix an odd k > 1. Let the messages prior to k—th round be (ij,ig...ix_1). As defined in

protocol P, global quantum state before k-th round is qb%élc’ijgig;. Alice performs the measurement

1k —1,ik—2...92,01 2yip—1,0k—2--12,01
{MACEA 7MACEA ...}.

This leads to the following equation (referred to as convez-split in [AJD14]):

Ip—150k—2.-81  __ Uyl —150k—2--12,81 1k —1,0k—2.--01
¢RBEB = Z Trace,(Mop A ¢RBCAEB E A)
i
Uy Tk —150k—2++-92,81 4 l—1,0k—2--01 3 rlkstk—1,0k—2---12,01
o Trace,(M 05 A ¢RBCAEB Ea M ¢k A )
- Zpik‘ik—lvik—}--i%il Dili ] T
i il —1,0k—2.-12,01
_ Ikl —1,0k—2---12,11
- Zpik‘ik—laik—}ui%il(bRBEB (1)
i

A purification of qbZRkéléZ“’Q"'“ on registers RBCAERE is qﬁgél(}lf';g;g;. Introduce a register

Mj; (of sufficiently large dimension) and consider the following purification of
Ty lh—1 0k —2---12,01
Zpik\ik—lyik—wuiz,il(ﬁll%CBleB} e
i
on register RBCAEgE A My, :

Z \/piklik_hik_g...iz,il

ik

Ukylk—1,0k—2---12,01 ;
) .
¢ >RBCAEBEA | k>Mk

By Uhlmann’s theorem A.4, there exists an isometry U;, | i, ,..i0,i; : ACEA — ACE M), such
that

¢ik:ik—1:ik—2~-~i2yi1 >

U . . ik717ik72~-i1> - — - — 7
Tk—15tk—2---22,21 d) RBCAERE 4 ZZ \/plk|lk,1,lk,2.“22,ll RBCAEpE, | k>Mk
k

(2)
For k = 1, introduce register M; of sufficiently large dimension. Similar argument implies that
there exists an isometry U : ACE4 — ACE4M; such that

UY)rpacEsE. = Z\/]Tl ¢i1> li1) ar, (3)

RBACEBE 4

For k even, introduce a register My, of sufficiently large dimension. Again by similar argument,
there exists an isometry U;, | i, .04, : BEB — BEMj, such that

U. . . ik*lvik72~~-i1> — . - — ik,ikfl,ik,QA..iQ,i1> Z
1k—1,tk—2---12,1 d) RBCAERE 4 ZZ \/p/[/k|lk717/[/k72.“22711 ¢) RBCAEgRE, | k>Mk
k

(4)
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Now, we recursively use equations 2, 3 and 4. Consider,

) ppoal e, =UT Y /Pi
i1
= Ul Z V/Diy UiTl Dislin
i i
= Ul Z \/Pil,iQUiTl ¢i2’i1>

11,02

_ Trrt T
= U]L Z ‘/pil,i2-~irUi1Ui2,i1"'Uir,irfl...il

01,82 ir

i1 .
¢ >RBCAEBEA i),

’i2>M2 |7:1>M1

¢i2,i1>

RBCAEREA

rBCAEyE, 200 10,

i ir—1 i1 . )
T >RBCABOTBEA [ird o, - - li)any

Last equality follows by recursion. This completes the proof.

We introduce the following useful definitions.

Definition B.4. Define the following isometries and unitaries.

e Let k> 1 be odd. Isometry Uy : ACEAM{ My ... My_1 — ACEAM{Ms ... My_1 My,

def . . . . . .
Uk é Z ‘Z1><21‘M1 & ’ZQ><ZQ‘MQ & ... ‘Zk*1><zk*1’Mk,1 & Uik—lvik—z-ni%il'

11,820k —1

e For k even, Isometry Uk : BEBMlMQ .o 'Mk—l — BEBM1M2 ‘e Mk_le,
def . . . . . .
Uy = Z ‘Z1><21|M1 ® ’12><Z2|M2 ®. .. |Zk—1><lk—1’Mk_1 ® Usy,_1i_gnvizyis -
11,820k —1
o Unitary U} | : ACEAM My ... M, = ACEAMM>...M,,
def . . . . . .
Uty = Z li1) (i1l g, ® lig)(i2lpy, @ - - lin) (irlpy, @ U ;L 4y
i1,i9..ir
e Unitary UY, | : BEgMiMs. .. M, — BCyTgMM,...M,,
def . . . . . .
Uql~7+1 = Z li1) (i1l pp, @ lig) (ol pp, @ - Jir) (|, ® Uibr,ir_l...il'
i1,i2..0r
e Unitary U,41 : ACEABEgMiMs ... M, - ACEABCyITgM{ M, ...M,,

def

U1 = ) i) (ialay, @ li2)(izlpy, © - i) (irla, © Uty i

i1,82..dr

This leads to a more convenient representation of Lemma B.3.
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Corollary B.5. It holds that

— T rylr— y
) rpcald)p,m, = U'Us - r+1z zZZ VPiriaei [T “>RBCACOTBEA fir)ag, - linhag,
1,2 r
and
P(VrBcoas Z DPiyia.. zTTgéZEqu Zl) <e.
i1,d2. iy
Proof. The corollary follows immediately using Definition B.4 and Lemma B.3. 0

Following lemma is a refined form of above corollary, where we clarify the structure of the states
|TZT’ZT71“'Z1>RBCAC()TBEA' Its proof is deferred to Appendix D.

Lemma B.6. There exists a probability distribution {p}, ;, . } and pure states ﬁg}é;}lé"il such that

P(Urpca ® 0p,p, UNUS . UL S /0 i WRBCoA ® Koy ™ i) ag, - lin) ar,) < 2V/E,

i1,i2.ir
and the communication weight of p;, ;, ; s at most 1 -

C Lower bound on expected communication cost

In this section, we obtain a lower bound on expected communication cost of quantum state redis-
tribution and quantum state transfer, by considering a class of states defined below.

Let register R be composed of two registers R4, R/, such that R = RjqR'. Let d, be the
dimension of registers R4 and A. Let d be the dimension of registers R, C' and B.

Definition C.1. Define

|‘I’>RBCA < Z| VR4 10 A V) RiBe s

where

d
) mae =D Ve 1) g 10i()  lwi(a)) ¢

j=1
withe; > e >...eq>0, 5% e; = Land {|uy),...|ug)}, {|vi(a)),. .. |va(a))}, {Jwi(a)), ... |wa(
form an orthonormal basis (second and third bases may depend arbitrarily on ) in their re-
spective Hilbert spaces.
¢ ) d f . .
Define a ‘GHZ state’: |w®) pgo = ﬁ E?Zl [uj) pr |vj(a)) g lwj(a)) . Using this, we define

def
WRBCA = Z =1 |a>RA @) 4 |w*) prpe-

For quantum state transfer, we have the following definition.
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Definition C.2. Define a pure state

=~ def
Vge =

Z@|Uj>3 lwj) e
7j=1

Corresponding maximally entangled state w'pq o \1[ —1 |ug) g i) o

Following two relations are easy to verify.

1 -1 1 -
= VL2 | d W) pe = —= (¥
W) rBCA d..d W) rpoa and |w')pe \/Zi( R)

1
2

Ve O

As noted in Appendix B, the protocol P achieves quantum state redistribution of ¥rpc4 with
error € and expected communication cost C.

We now use Lemma B.6 to prove the following for the state wrpca. Recall that ey is the
smallest eigenvalue of %/, independent of a.

Lemma C.3. It holds that

i Gpyip—1.81 | - . 8¢
P(WRBCA ® OEAEB’ UTUQ : Z pu,lz i, WRBCoA ® RC’EATB ’ZT>MT ce |7’1>M1) < eqs-d’
11,02 0p d
. . . . . . / . C
Communication weight of distribution p; ;. ; 15 1.

def ¢ *%

Proof. Define a completely positive map & : R — R as &(p) = (Vg ¥, ), which is trace

non-increasing since \Ilsz1 < ‘i—ZIR. Using equation 5, observe that

E(Vrpca) = eq-d-wRBCA.

Consider,
2\/‘g > P(\I/RBCA ® QEAEB? UTU; : 7'+1 Z \/ pzl,zg zr\IIRBCOA ® ’igg;_ﬁ;“ ’iT>MT s |11>M1)
11,12...0r
(Lemma B.6)

v

11,82...0r

(Fact A.5)

_ T Tpydp—1...01
= P(d-eq wrpcA ®Op,py.d €q- UTUQ . r+1 Z Y, pn,zz i, WRBCoA @ Ko, Ty lir) ar,

11,820

Using Fact A.7, we thus obtain

. . 8¢
P(wrpca ® O, k5, UTUQT ) +1 Z ,/plw2 i WRBCoA ® RZ}EZTATIB 41 lir)ag, -+ l11)ag,) < T

. ed
11,12...0r
Furthermore, there is no change in communication weight. This completes the proof.
O
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Similarly for quantum state transfer, we have the following corollary

Corollary C.4. It holds that

rylr - . 85
P(wre ® 08,85, UTUQT : +1 Z \/pu,zg W WRey ® "GZCPEATB “ lir)ar, -+ li1) pp,) < q

€q -
11,820

. . . . . . / . C
Communication weight of distribution p;, ;. ,; 1S 1=

Now we exhibit an interactive entanglement assisted communication protocol for state-redistribution

of wrpca with suitably upper bounded worst case communication cost. Proof of this lemma has
been deferred to Appendix E.

Lemma C.5. Fiz an error parameter p > 0. There exists an entanglement assisted r-round
quantum communication protocol for state redistribution of wrpca with worst case quantum com-
munication cost at most ﬁ and error at most \ea 85 7 T NI

Similarly, we have the corollary for quantum state transfer.

Corollary C.6. Fix an error parameter i > 0. There exists a r-round communication protocol for

state transfer of W}zc with worst case quantum communication cost atmost u&ga) and error at most

VS + V.

Next two lemmas obtain lower bound on worst case quantum communication cost of quantum
state redistribution of wrpca and quantum state transfer of wi.

Lemma C.7. Let d, the local dimension of register B, be such that d > 2'®. Then worst case
quantum communication cost of any interactive entanglement assisted quantum state redistribution
protocol of the state wrpca, with error 6 < %, s at least élog(d).

Proof. Following lower bound on worst case quantum communication cost for interactive quan-
tum state redistribution of the state wrpca, with error §, has been shown ([BCT16], Section 5,

Proposition 2):
1
( max(R BC) ImaX(R : B)w)

Recall, from definition C.1, that wrpc = i % a) (alp, ® Wi pe is a classical-quantum state.
Consider,

Bo(R:BC), > i, cnsumme (R : BC),
> inf, eniwy)S(PR) +I0f, L eBiup0)S(PBe) — sup S(prBC)
PRECEBY(WRBC)
> I(R:BC),—3dlog(d) —3 (Fact A.8)
> dlaiazl(R’ : BO) . —3dlog(d) —3 (Fact A.14)

= 2log(d) — 3dlog(d) — 3.

To bound Iiax(R @ B),, notice that wpp = dlda yde Z —1 |a)(al g, ®|u;j)(uj| p @|vj(a))(vj(a)l
is also a classical-quantum state. Using Fact A.13, we obtam Imax (R : B), < log(|B|) = log(d).
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Thus, communication cost is lower bounded by

1 1 — 341 _ 1—
(maX(R BO), — Inax(R: B),) > og(d) 32 og(d) =3 _ 235

for d > 218. O

1
log(d) — 1.5 > 6 log(d),

For quantum state transfer, we have following bound.

Lemma C.8. Worst case quantum communication cost for state transfer of the state Wy, with
error § < 3, is at least §log(d) + 3 log(1 — 62).

Proof. The following lower bound on worst case interactive quantum communication cost of state
transfer of wh~ has been shown ([BCT16], Section 5, Proposition 2):

*16 (R . C)w/

2 max
Consider,

R:C), —HS..(R|C),, (Fact A.12)
—Hpax (R|C),, +log(1 — 6%)  (Proposition 6.3, [Tom15])

log(d) + log(1 — 62)

max (

AVANIY

Now we proceed to proof of Theorem 1.3.

Proof: Theorem 1.3. Suppose there exists a r-round communication protocol P for entangle-
ment assisted quantum state redistribution of the pure state WVrpoa with error € and expected
communication cost at most I(R : C|B)y, - (1)P. Then we show a contradiction for p < 1.

For a 3 > 1 to be chosen later, and d > 2!8 we choose {e1,es...¢e4} (Definition C.1) as
constructed in lemma A.15. Thus,

log(d)
B

Fix an error parameter p. From lemma C.5, there exists a communication protocol P’ for
quantum state redistribution of wrpca, with error at most /i + /88¢ and worst case quantum
communication cost at most

I(R: C|B)y <25(0¢) <4

(Fact A.11).

2-I(R:C|B 1 log(d 1 log(d) 1
( By . (2P < g_log(d) (2P <16 og(d) (2)P.
n(l—e) £ Bu(l—¢) ‘e Bu e
Last inequality holds since e < 1/2. Let SueP = 128 Then f + V8B = \/u —|— 32 e , which
is minimized at py = 32. 73", This glves \f—k 32 =8V2-¢ 7 and 8= 4/8 7 > 1.
As in the theorem, let € € [0, ( 0) 1= P] Thus, we have a protocol for state redistribution of
WRBCA, With error at most 8v/2 - e < % and worst case communication at most %log(d), in
contradiction with lemma C.7. O
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Above argument does not hold for any p > 1 since we need to simultaneously satisty g > 1,
8fe < 1and pu < 1.
On similar lines, we prove Theorem 1.4 below.

Proof: Theorem 1.4. Suppose there exists a communication protocol for state transfer of the
pure states Wro with error e < 3 and expected communication cost at most S (TR) - (1)P. Then
we show a contradiction for p < 1.
For a 3 > 1 to be chosen later, choose a; as constructed in lemma A.15. Then S(¥g) < 2%.
Fix an error parameter u. From corollary C.6, there exists a communication protocol for state
transfer of why, with error at most /i + +/8f¢ and worst case quantum communication cost at
most

25 (¥ 1 4log(d 1 8log(d) 1
#.( )pg%.(,)pgﬂ.(,)z{
p(l —e) Bu(l —e) e Bu e
Let Sue? = 16. Then \/u + /8B =/ + Lﬁsl%p, which is minimized at p = 8\@51_713. This
gives /i + +/88e = \/32\/551%? and = \/5/51# > 1.

15
As in the theorem, let € € [0, ( %)tp] Thus, we have a protocol for state transfer of wi, with

3

1—
error at most /32 1 < % and worst case communication at most %log(d), in contradiction with
lemma C.8.

O

D Proof of Lemma B.6

Proof. Let B be the set of tuples (i1, iz ...14,) for which FQ(\IIRBCOA,T;{EEBZ”Z'I) <1—¢. Let G be
remaining set of tuples. From corollary B.5 and purity of Yrpc,a, it holds that

2 Gpylp—1...01 2
Z pi1,i2...’i7«F (\IJRBCOAaTRTBCOA ) Z 1 — &,

01,82 dr

Thus,
1—2) > Pigir+ D Diriigeiy 21—,
(i1,i2...ir)EB (i1,32...i7)€G
which implies >2; i, i )eB Piris...i, < €. Thus we have > . i yegDiio.ip = 1 — €.

’ def Piy,ig..ir
Define Piiio.ir = ST P
i1,i9...1p €EG 11,8201

e e . def | .., . . .
,if (41,42 4) € G and pf ;o 4 = 0 if (iy,4...4,) € B.

For all (i1,i2...1,) € G, F2(\IIRBCOA,TZJ’;6;;““) > 1 —e. Thus by Fact A.4, there exists a pure

by sip—1..01

state KOE Ty such that

2 Tpylr—1.81 __fp,dp—1...91
F (WRrBCoA @ KB 1y TRBOACYTsE,) = 1 — € (6)

Consider,
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Z V pil7i2~~~“7—g73161410017113EA |/LT> |Zl My > Z \/ pll,lg Ar ;{}’E;TCXCOZ%FBEA |7’T>MT T ‘21>M1)

i17i2~--ir 11712 Ay

= \/1 — ( Z \/pzl,iQ.‘.iTpgl,iQ_._ir)Q = \/1 —( Z Diy jig.iin) < Ve
01,09 0r

11,i2...10€G

and

P(Y /P JZ%TJBZEKCOTBEA‘T>Mr---“1>Mlv > V/Phiais VRBCOA @ KCE iy lin)ag, - - li1) )

11,12...0p 11,2...0p
_ ! Ipyipr—1...91 Upylp—1..01\\2 . .
\/1 ( Z D in i FORBOAC Ty 4 YRBCoA ® K& s 1 ))? < Ve (Equation 6)
11,22...%pr

These together imply, using triangle inequality for purified distance (Fact A.2),

Z vpil,iz.--ergi;TCAlcg%BEA |ZT>MT s |i1>M1 > Z \/pél,ig...ir\IjRBCOA ® “ZCTJ%XTlB” |iT>MT ce |i1>M1)

i1,82..0r 01,82 ir

< 2ye

Thus, from corollary B.5, we have

P(Vrpca ® 05,65, UTUQT . 'r+1 Z Y pn,zz i VRBCoA © KZ(SZJAIEB " |ZT>M e |i1>M1) < 2VE.

1177/2 S

The communication weight of p} ; ., is

. . 1 L .
Z pglﬂ-%ir log(iy -ig...1,) < T Z Din io...iy. 10811 - G2 . . . 0y)
i1simiy € i1z ireg
1 o . C
< — Z Diyin...ir 10811 - 2 .. . 0p) = T
1,20 -
This completes the proof. ]

E Proof of Lemma C.5

Proof. From lemma C.3, we have that

rylr . 88
P(WRBCA ®OE, Ep, UJ[U%L . r+1 Z szl ig.in WRBCHA ® HC%A%B A1 ’ZT>MT .. ‘21>M1) <

9
aq-d
11,12...0r d

and .
Z Dy gy 108 (01 - d2 . i) < T

11,82...0p

- .
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Consider the set of tuples (i1, 42 ...4,) which satisfy i; -ig...7, > 2(1 au . Let this set be B’ and
G’ be the set of rest of the tuples. Then

¢ C
1 i) > ———— A
(1 — 2'5) ~ Z pzl’m r Og(ll i ) > (1 — 6),& Z Diy ..y

i1,12...10EB’ i1,12...1pEB’

def Piy yig...ir

This implies 7, ;. i cp D, .5 < i Define a new probability distribution g;, 4,..i, =
’ ’ r Z(zl ig.. [ir)eg’ pll ...

for all (i1,i2...4,) € G" and ¢;, 4,..45, = 0 for all (i1,42...4,) € B'. Consider,

Z \/ pgl,ig...ir RBCOA®I{ZCC.’EZ]:4’1£B “ |ZT>M ’Zl My > Z V q7417'52 erRBCOA®K'CTE(‘4%B “ |Z7'>M . |/Ll>M1)

11,12...9p 11,820

= \/1 - ( Z \/p{il,ig...irqi17i2--~ir)2 = \/1 - Z pgl,iz...l} S \/ﬁ
11,090y (

11 ,i2...’ir)€g/

Thus, triangle inequality for purified distance (Fact A.2) implies

P(wrpeA ® 05,m5, UTUS ... ULy S iy WRBCoA © KJZE’ATB i ag - i) ag)

11,12...0r
8e
< =+
= Ve d Vi
Defini def + T Gpylp—1...01 | - .
e nlng TFRBCAEAEB U U2 7,_;'_1 Zil,iQ.--ireg, \/qll,lg ZTWRBCOA ® K/CEATB ’ZT>MT e |1’1>M17

we have

8¢
P(wrBoA @ OB B> WRBCEAES) < {/ p— + Vi (7)

Let T be the set of all tuples (i1,1is . ..7;) (with k < r) that satisfy the following property: there
exists a set of positive integers {igi1,ik42...%} such that (i1,i9...0k, iks1...4,) € G'. Consider
the following protocol P’.

Input: A quantum state in registers RBCAFEAEp.

e Alice applies the isometry U : ACEy — ACE M, (definition B.4). She introduces a
register M| = M, in the state |0) M and performs the following unitary Wy : My M| —
MlM{:

Wi ‘i>M1 ‘O>M{ = WMI !i>M{ if (i) €T and W |i>M1 ’0>M{ = li ‘O>M{ if (1) ¢ T.
She sends M to Bob.

e Bob introduces a register M4 = M, in the state |0>M§' If he receives |O>M{ from Alice,
he performs no operation. Else he applies the isometry U, : BEgM; — BEpMj My and
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then performs the following unitary W : M{ Mo M4 — M{ My Mj:

Wi !i>M{ U>M2 |0>M§ = WM{ U>M2 |j>Mé if (i,7) € T

and
Wi 16) a1y 903, 100ty = 180g 0a, 100n 3 (6,5) & T

He sends M/, to Alice.

e For every odd round k > 1, Alice introduces a register M; = M}, in the state \O>M;€. If
she receives |0) M from Bob, she performs no further operation. Else, she applies the
isometry

Uy : ACEAM\M,Ms... Ml._, — ACEAMM,Ms. .. Ml._, Mj
and performs the following unitary Wy, : MM ... M} M M; — MMy ... M _ M M;j:
Wi li1) ar, ’i2>M§ i) g, ’O>M{c = |i1) 5y, |i2>Mé ik ar, |ik>M;€ if (i1,49...9%) €T
and
Wilin) ar, li2)ary - i) a1 agy = li0)ag, 820 agg - - Nk ag, (00 ny 3 (i i) €T

She sends M), to Bob.

e For every even round k > 2, Bob introduces a register M} = M, in the state ’0>M,;‘ If
he receives |0) M from Alice, he performs no further operation.. Else, he applies the
isometry Uy : BEgM{MoMj ... M] | — BEpM{MyMj ... M] M and performs the
following unitary Wy : M{Msy ... M;_ MM — M{Ms... M | M;M;j:

Wi lin) sy li2) agy - - likd ag, 100 arr = Vi) agy li2) agy - - i) a, Vi) agy 3 (insig i) €T
and
Wi |i1>M{ li2) pz, - - - \zk)Mk |0>le€ = |i1>M{ li2) pg, - - - |Zk>Mk ]0>MI,€ if (i1,i9...1) ¢ T.

He sends Mj, to Alice.

e After round r, if Bob receives |0) M from Alice, he performs no further operation. Else
he applies the unitary UY,, : BEgM{MyM}. ..M} — BCoTgM{MyM} ... M. Alice
applies the unitary U?, | : ACEAMMjMs ... M, — ACE,M;MyMs ... M,. They trace
out all of their registers except A, B, Cj.

Let & : RBCAEAEp — RBCyA be the quantum map generated by ?'. For any k, if any of the
parties receive the state |0) M let this event be called abort.
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We show the following claim.

Claim E.1. It holds that E(WRBCAEAEB) = WRBCHA

Proof. We argue that the protocol never aborts when acting on Trpcar,k;. Consider the first
round of the protocol. Define the projector II e > iiiyer 11)(ilpy, - From definition B.4, it is clear

that the isometry UgU;f e U:H is of the form 3, |i)(i| ;, ®V;, for some set of isometries {V;} . Thus,
from the definition of TrpcaE, £, (in which the summation is only over the tuples (i1, 42 . ..4,) € G'),
it holds that

NMUnrBcAEsER = 0.

This implies that Bob does not receive the state |0) M and hence he does not aborts.
Same argument applies to other rounds, which implies that the protocol never aborts. Thus,
the state at the end of the protocol is

Trep, s (Urs1Ur .. .UdUTRBCAE s Ep) = WRBCHA-

Thus, from equation 7, it holds that

8¢
P(&(wrBca ® OB, EL), wRBC,A) < \/m + /1

Quantum communication cost of the protocol is at most
max(;, j,..i,)eg (log((i1 + 1) - (la + 1) ... (i + 1)) < 2-max(, 4, iyeg (log(ir - iz... i) < m

This completes the proof.

24

58



An approximated single photon state generation from coherent states
entangled with qubits by measuring qubits

Fumiaki Matsuoka! *
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Abstract.

In an entangled system between coherent states and qubits, a superposition of coherent

states is formed by measurement of the qubits. The induced superposition state can be controlled by
the initial coherent states, the initial qubit states and the measurement basis, and the magnitude of the
entanglement. In this paper, firstly, we briefly explain the entanglement preparation between the coherent
states and qubits using the conditional phase shift or the conditional displacement. Then, we show that
an approximate single photon state obtained when two weak coherent states are superposed in a distance

close to the origin of phase space.

Keywords: Quantum State Control, Conditional Operations, Post-Selection, Single Photon State

1 Introduction

The single photon source [1] is important for quan-
tum information technology such as quantum cryptogra-
phy [2] and photonic quantum information processing [3].
Quantum key distribution systems often employ weak co-
herent light as an approximated single photon. How-
ever, quantum information processing requires genuine
non-classical properties of single photons. Currently, a
practical single photon source is not available in terms of
generation efficiency, operation temperature, and quality.
Therefore, it is important to explore alternative methods
for single photon generation for the development of the
quantum information technology.

In this paper, we show that an approximated single
photon state can be generated by measurement of a qubit
from a hybrid system where coherent states are entangled
with a qubit. As methods of entanglement preparation,
we consider the conditional phase shift and the condi-
tional displacement [4]. A superposition of two coherent
states is formed by measuring the qubit. We show that
the induced superposition can be regarded as an approx-
imate single photon state, when two coherent states are
close and interfere destructively near the origin in phase
space.

2 Conditional Operation

In this section, we briefly explain the methods of en-
tanglement preparation using conditional operations [4].
As the first method, we consider the conditional phase
shift on a coherent state by a qubit. First, we prepare a
control qubit (|1),+10),.)/v/2 and a target coherent state
|ar), to obtain the initial state |i) = |a), (|1), +]0).)/V2.
Then, the control qubit and the target coherent state
interacts through the conditional phase shift operation
Uy 1), (1] + 1)0), (c| [4], where the phase shift opera-
tor is given by Up = """ where 0 is phase shift angle
and 7n is a photon number operator on the coherent state

i0n

*matsuoka@optnet.ist.hokudai.ac.jp
Ttomita@ist.hokudai.ac. jp

59

|a),. Using the conditional phase shift, the initial state
is transformed to the entangled state as follows:

1 .
E(|1>c|aew>t+ [0}, la)y)- (1)
As the second method, we consider the conditional dis-
placement. First, we generate the initial state |i) =
|y, (]1).41]0).)/v/2 as used in the conditional phase shift.
Then, the control qubit and the target coherent state are
interacted through the conditional displacement opera-
tion Ug|1), (1| + I0), [4], where the displacement op-

. t_a

|‘Iip> =

erator is given by Uy = @ The amount of the
displacement reads v = o — 3 = ixte'®?, where Yy is the
coupling strength between the coherent state and the
qubit, and ¢ is the interaction time. The direction of
the displacement on the phase space can be selected by
the phase ¢. In the present proposal, we choose ¢ = 0,
since the superposition of two coherent states of different
amplitudes is required to generate the approximate single
photon state. The conditional displacement transforms
the initial state to

|Wa) = %

3 Approximated single photon state gen-
eration by post-selection of qubit

(1) 18), + 10}, [a),)- (2)

We show that non-classical photon states can be gener-
ated by measurement of a qubit in the entangled system
of coherent states and a qubit prepared by a conditional
operation mentioned in Sec. II. The post-selection on the
qubit to the final state |f) = (|1), — [0),)/V/2, i.e., |-)
measurement, collapses the coherent state to the super-
position of two coherent states with the success proba-
bility given by the fidelity between the two states as

1 i
|thp) WTS—WU% D= la),),
where Pouep = 3 [1— 3((e|a) + (a]ae'®))], for the

state entangled by the conditional phase shift (1), and

) = 5= (18), ~ la),). @

3)



where Pyyeq = 3 [1 — 3((Bla) + (a]B))], for the state en-
tangled by the control displacement (2). When a dis-
tance between two states in the superposition is small,
and the states are placed near the origin in phase space,
the transformed superposition state can be regarded as
a single photon state.

In order to confirm the above claim, we numerically
evaluated the detection probabilities as photon number
states |(n|y,)> and |(n|iq)|®, when the post-selected
states are measured in photon number basis. Figure 1 (a)
plots the detection probabilities |(n|y,)]* for n =1 (sin-
gle photon states: solid line), n = 2 (two photon states:
dashed line) and n = 3 (three photon states: dot-dashed
line). Here, we assume that the coherent amplitude of
the initial coherent state is @ = 0.1. Similarly, Fig. 1
(b) plots the detection probabilities |(n|y4)|*. Note that
when the conditional displacement is used, the detection
probability for n = 0 (vacuum: dotted line) is appeared.
In order to compare the post-selected state and the co-
herent states, Fig. 1 (c) plots the detection probabili-
ties as photon number states |(n|a)|®, when the coher-
ent state is measured in photon number basis. In both
conditional operations, the detection probability as sin-
gle photon state |(1]¢,)|* and |(1]14)|* are greatly higher
than |(1]e)|>. Moreover, in both conditional operations,
there are the points of the detection probability as two
photon states equals zero, since superposition becomes
odd coherent states at these points.

4 Conclusion

In summary, we have shown that measurement of a
qubit in hybrid entangled system between a coherent
state and a qubit results in a non-classical state. We
have also proposed an application of the method to gen-
erate an approximate single photon state. The method
works probabilistically, but generates the heralded single
photons. The generation requires conditional operation.
It is reported that the conditional phase shift can be im-
plemented using superconducting circuits [5] and ions in
a solid [6], and that the conditional displacement can be
implemented using superconducting circuits [7], ion trap
[8] and Rydberg atoms [9]. Further comparison with the
conventional single photon generation methods under a
practical condition is left for future works.
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Abstract. We consider asymptotic convertibility of an arbitrary sequence of bipartite pure states into
another by local operations and classical communication (LOCC). We adopt an information-spectrum
approach to address cases where each element of the sequences is not always in tensor power of a bipartite
pure state. We derive necessary and sufficient conditions for the LOCC convertibility of one sequence to
another in terms of spectral entropy rates of entanglement of the sequences. Based on these results, we also
provide a simple proof for previously known results on the optimal rates of entanglement concentration

and dilution of general sequences of pure states.

Keywords:

1 Introduction

An entangled quantum state shared between two dis-
tant parties is used as a resource for performing nonlocal
quantum information processing. When a state is not in
the desired form as a resource, we need to transform it
by LOCC to a target state with the desired form. Well-
known examples of such tasks are entanglement concen-
tration and dilution [1]. Entanglement concentration is a
task to obtain a maximally entangled state from copies of
a non-maximally entangled state by LOCC, and entan-
glement dilution is its inverse process. When the initial
state is copies of a bipartite pure state, the optimal rates
of entanglement concentration and dilution are asymp-
totically equal to the entanglement entropy [1].

For cases where the initial and target states are not al-
ways in tensor power of a bipartite state, the information-
spectrum method has been applied to analyze entangle-
ment concentration [2,3] and entanglement dilution [3].
Originally, the information-spectrum method was devel-
oped in classical information theory by Verdd and Han
[4,5], and has been extended to quantum information
theory by Nagaoka and Hayashi [6-8]. In the setting of
the information-spectrum method, the optimal rates of
entanglement concentration and dilution are obtained in
terms of spectral entropies [2, 3].

In this contribution, we consider a more general situa-
tion in which a general sequence of bipartite pure states
A = {ypAB1o0 | is converted into another general se-
quence of bipartite pure states (;ASAB = {¢AB}o° | asymp-
totically by a sequence of LOCC protocol £ = {£,}2 ;.
We require that the trace distance between the final state
L, (¥AB) and the target state ¢/\” vanishes in the limit
of n — co. We address a question of when such a conver-
sion is possible. Contrary to the previous approaches, we
do not assume that the initial state or the target state is

*shouyu@quest.is.uec.ac.jp
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spectral entropy rates, LOCC convertibility, entanglement concentration and dilution

a maximally entangled state.

The main results of this contribution are as follows.
First, we prove that 1/)AB is asymptotically convertible to
¢AB 1f the spectral inf-entropy of entanglement of 1/)’43
is larger than the spectral sup-entropy of entanglement
of ¢AB Second, we prove that if wAB is asymptotically
convertible to d)AB the spectral inf- and sup-entropy of
entanglement of ¢AB is larger than those of ¢8| respec-
tively. If we restrict ¢AB or z/JAB to be a sequence of
maximally entangled states, our results are equivalent to
those obtained by Hayashi [2] and Bowen-Datta [3], re-
garding the optimal rates of entanglement concentration
and dilution. Our proof based on an application of clas-
sical random number generation, which was pointed out
by Kumagai and Hayashi [9], is much simpler than those
of [2,3].

2 Main Results

In this section, we present definitions of the problem
and state the main results of this contribution. As a
shorthand notation, we denote reduced density operators
Te [ 4E] and Tra[lo)($[AB] simply by 04 and 2,
respectively, for a bipartite pure state [¢)45

Let HA and HE (n 1,2,...) be arbitrary finite-
dimensional Hilbert spaces and consider a general se-
quence of bipartite systems HAZ = HA @ HE (n
1,2,...). Let [,)*" and |¢,)*" in HAB be arbi-
trary pure states for each n, and consider sequences
PAB = {pABr2 | and ¢AB = {¢AB}> . We ask when
L/JAB can be asymptotically converted to d)AB by LOCC
That is, we seek for conditions under which |¢n> can
be converted to |¢n>AB by LOCC for each n, up to a
certain error that vanishes in the limit of n — oco.

Definition 1 We say that TZAB = {yAB}2 | can be con-
verted to ¢AB = {pAB}2 | asymptotically by LOCC, if
there exists a sequence of LOCC L,, (n =1,2,...) such



that
lim_[|£n (") = 60"l = 0.
n—oo
Here, || - ||1 is the trace distance of two density operators.

In this contribution, we provide necessary and suffi-
cient conditions for the asymptotic convertibility of two
sequences of pure states in terms of spectral entropy rates,
which are key ingredients in the information-spectrum
method and defined as follows. Let p = {p,}>2; be an
arbitrary sequence of density operators, and o = {0, }52,
be an arbitrary sequence of Hermitian operators. Then,
for each € € [0,1], the spectral divergence rates are de-
fined by

D(zlpl|&) = sup {a | liminf Trp, {pn —

D(e|p|o) = inf {a | limsup Trp,{pn — €0y, > 0} < e}.
n—oo

Here, {A > 0} denotes the spectral projection corre-

sponding to the positive part of a Hermitian operator A.

Using the spectral divergence rates, the spectral entropy

rates are defined by

H(e|p) :== —D(elpllD), ~D(elpl| )

for € € [0,1], where T = {I,,}52, is the sequence of iden-
tity operators. Especially, for ¢ = 0 we write

H(p) = H(0lp), H(p) = H(0|p).

__For any general sequences of bipartite pure states
1/JAB = {¢AB}> | consider sequences of reduced states

¢A = {wn }ory and VB {ypB1y2 |, Then it is easy to

see that ’L/JA and z/JB have the same spectral entropy rates.
The main results of this contribution are as follows.

Hlp) =

Theorem 2 (direct part) Let (48 = {ypABY> | and
PAB = {¢AB)o0 | be general sequences of pure states
on bipartite systems HAB (n = 1,2,...). If H(yp*) >

F(QASA) holds, then @AB can be asymptotically converted
into ¢ by LOCC.

Theorem 3 (converse part) Let ¢AB = {ypAB}x
and ¢AP = {$pABY2 | be general sequences of pure states
on bipartite systems HAB (n = 1,2,...). If 4B ¢

be asymptotically converted into (bAB by LOCC, it must
hold that H(e|9A) > H(e|dA) and H(e|p?) > H(e|¢A)
for every e € [0, 1].

As special cases, the above theorems lead to coding the-
orems for entanglement concentration [2,3] and dilution
[3]. Letting the target state |¢,)?? be a maximally en-
tangled state |®,7, )48, with M,, = e"® be the Schmidt
rank of |®y; ) and R = H(¢*) —y (Yy > 0), the above
theorems show that the supremum of the achievable rates
of entanglement concentration is equal to H(i)4). On
the other hand, letting the initial state |1,)4? be a
maximally entangled state |®,, ), with M, = e and
R =H(¢*) +~ (Vy > 0), we can see that the infimum of
the required rates of maximally entangled states is equal
to H(o™).

e, >0t >1-— 5},
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3 Conclusion

We analyzed asymptotic LOCC convertibility of se-
quences of bipartite pure entangled states and derived
necessary and sufficient conditions for a sequence to be
asymptotically convertible to another. Applying these
results, we also provided a simple proof for the optimal
rates of entanglement concentration and dilution in an
information-spectrum setting.
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Abstract.

In quantum information theory, various results have been obtained regarding free-space quan-

tum communication. However, in realistic quantum communication systems, it is necessary to consider
fluctuations in amplitude and phase that are caused by such phenomena as turbulence and interference.
In the present paper, we consider a model of an attenuated channel with probabilistic transmissivity and
calculate the error probabilities of the homodyne and the optimum quantum receivers for binary phase
shift keying coherent-state signals and show that the latter is always superior to the former.

Keywords: Quantum communication, attenuated channel, transmissivity, fading, error probability

1 Introduction

In the research on quantum communication [1], models
of free-space, an ideal optical fiber, and transmission in
the presence of thermal noise have been demonstrated so
far. However, various types of classical noise in realistic
quantum communication systems may exist. One that we
must consider is the fluctuation of amplitude and phase,
which is caused for example by turbulence and interfer-
ence. Regarding the fluctuation of amplitude, many stud-
ies have been conducted for so-called Gaussian channels,
which include the well-known pure-loss channel. Hence,
we had focused our attention on phase diffusion (e.g., [2])
as a source of non-Gaussian noise and investigated an im-
provement in a quasi-optimum quantum receiver [3] and
the robustness of the optimum quantum receiver [4].

In the present paper, we return to the topic of am-
plitude fluctuation and consider an attenuated quantum
channel in which the transmissivity fluctuates probabilis-
tically [5]. If the transmissivity obeys a non-Gaussian
distribution, the amplitude noise is not Gaussian. We
consider a normalized Rayleigh distribution and calculate
the error probability of a homodyne receiver for binary
phase shift keying coherent-state signals and demonstrate
that the result approximates that of the well-known clas-
sical fading channel. We also calculate the error proba-
bility of the optimum quantum receiver and clarify that
there is a clear gap between the error probabilities of the
homodyne receiver and the optimum quantum receiver.

2 Channel model

Consider an attenuated channel in which the transmis-
sivity is probabilistic due to for example fluctuation and
interference.

2.1 Kraus representation of the channel

The Kraus operator of an attenuated channel with
transmissivity 7 (0 <7 < 1) is [6]

=3/ (4 )W =t el
n=0
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where k € N (the set of all natural numbers) and |n) is
the eigenstate of the number operator having n photons.
Suppose 1 obeys a probability distribution P(n). Let
p be an input state of this channel, i.e., a transmitted
quantum state, and let p°"* be an output state, i.e., a
received quantum state. Then

} dn.

= [ {P@)

If the transmitted state is a coherent state p = |a){«]
with coherent amplitude «, Eq. (2) becomes

oo

> Ex(n)pEf(n)

k=0

(2)

out

P

1

RGO
In the following, we assume the transmitted state is a co-
herent state. Note that p°" is a statistical mixture of co-
herent states |\/ﬁa>7 and therefore P(n) can be regarded
as a probability distribution of coherent amplitude /7o

2.2 Probability distribution of transmissivity

Suppose the probability distribution P(n) corresponds
to a Rayleigh distribution, which is a well-known non-
Gaussian distribution. However, as 0 < n < 1, we define
a truncated and normalized distribution,

n

P(n) e ™
P(77) = 1 = _ 1\
/O P(pydy '™ (1*6 "0)

where 79 (0 < 19 < 1) is related to the average of the

(4)

original Rayleigh distribution P(n) %67% and char-

acterizes the channel.

3 Error performance of BPSK signals

In this section, we derive the error performance of re-
ceived quantum-state signals passing through the channel
defined in the previous section. Assume that the mod-
ulation scheme is a binary phase shift keying (BPSK),
which is the most fundamental digital modulation. We
consider two receivers: a homodyne receiver, which is



the optimum classical receiver, and the optimum quan-

tum receiver. Suppose quantum-state signals are coher-

ent states. Then the transmitted quantum states are

po = |a){a] and p; = |—a)(—«a|, which correspond to the

classical information bits 0 and 1, respectively.
From Eq. (3), the received quantum states are
1

| P i) (el dn,

F
py” (5)

(F)

o /wawmwwmm. (6)
0

Here we assume a priori probabilities of signals are equal.

3.1 Homodyne receiver

As the signals are BPSK coherent states, the thresh-
old value in the decision process in the receiver is zero.
Hence, the homodyne receiver are formally described by
the detection operators

[e'e) 0
m:/|%m$m,m=/
0 —00

and the error probability of the homodyne receiver is

|xc><xc| dz., (7)
1
Plom = 3 {TFP(()F)Hl + Tfng)Ho} = Trp{ . (8)

The second equality in Eq. (8) hold through the symme-
try between the signals and detection operators. From
Egs. (5) and (8),

1 ot (we—yma)?
pHom — / / P(n)e” =22 d
¢ V2mo? J_s Jo ()
where 02 = i. Moreover, Eq. (9) can be expressed as
1 [
plom — 5/ P(n)erfc (\/27]04) dn,
0

where erfc (z) := % L e~tdt. Note that the above er-

ror probability coincides with that of Rayleigh fading in
classical theory (e.g., [7]) up to the integral range.

(9)

T]dxCa

(10)

3.2 Optimum quantum receiver

The optimum quantum receiver is the receiver that at-
tains the minimum value of the average probability of
error, i.e., the Helstrom bound. For the binary quantum-
state signals, the minimum error probability POP* is [1]

1
1—-"Tr
2

3.3 Error performance

1
R?mzzi{ (11)

F F
A7 ).

Figure 1 displays the error probabilities of the ho-
modyne and the optimum quantum receivers based on
Egs. (10) and (11). A clear difference is seen in the error
performance between the two receivers for BPSK signals.
Moreover, within the large photon number regime, we
find that the error probability of the optimum quantum
receiver does not asymptotically approach that of the
homodyne receiver, but rather the difference increases.
Therefore, it is expected that this difference is maintained
in the limit when quantum states are almost classical.
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Figure 1: Error probabilities of the homodyne and the
optimum quantum receivers.

4 Conclusion

In the present paper, we considered a model of an at-
tenuated quantum channel with probabilistic transmis-
sivity that obeys a non-Gaussian distribution and derived
the error performance for the homodyne and the opti-
mum quantum receivers. From the results we computed,
superiority in quantum communication is seen over the
entire range of the average number of photons. Further-
more, we showed that the error probability for the model
almost coincides with that of a classical fading channel
at least for the BPSK signals. We expect that the model
provides a one-dimensional approximation of a quantum
channel describing fading phenomenon [7, 8].
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Abstract.

Device-independent (DI) quantum information processing is a novel paradigm of quantum

information where analyses are carried out directly from the observed correlations between measurement
outcomes. While DI characterization of quantum states and measurements is intrinsically more robust,
there remains an important gap between the theoretical tools developed for such purposes and the ex-
perimentally obtained correlations, which generically violate the non-signaling condition. In this work,
we discuss some theoretical tools that may allows us to bridge this gap and compare how they perform

under various sample sizes.
characterizations.

This, in turn, provides insight on the minimal sample size needed for DI

Keywords: Device-independent quantum information, finite statistics, quantum correlations

The ability to prepare quantum states of interest reli-
ably and the ability to manipulate them at will are the
basic requirements of all quantum information process-
ing tasks. Typically, in order to certify that a desired
quantum state has been prepared with some reasonable
fidelity, quantum state tomography involving a daunting
set of local measurements is carried out. If, instead, only
specific properties of the quantum state are of interest,
then a partial tomography in the form of appropriate wit-
nesses (such as an entanglement witness) is employed.

Although these resource characterization procedures
have been in place for a long time, the fact that we always
have access to only finite sample size and that they rely
on the detailed knowledge of the measurement performed
make them susceptible to various systematic errors (see,
for instance, [I] and references therein). Developing ro-
bust means to characterize quantum state in a practical
setting is thus of fundamental importance for the imple-
mentation of quantum information processing tasks.

Incidentally, the relatively young field of device-
independent quantum information [2} [3] provides a (par-
tial but) natural solution to this problem. Within the
paradigm of device-independence, the analysis of exper-
imentally observed data is carried out without assuming
the Hilbert space dimension of the physical system mea-
sured, let alone the measurements giving rise to these ob-
served correlations. As such, this approach is inherently
immune to, e.g., possible misalignment systematic error
that may take place during the measurement procedure.

While a handful of theoretical techniques (see, e.g.,
[4, Bl [6]) have been developed for this rapidly emerg-
ing area of research, there remains some important gaps
between many of these techniques and their actual im-
plementation in physical systems. For example, with the
assumption of samples being independent and identically
distributed (i.i.d.), the correlations between measure-
ment outcomes — which we represent using a collection
of joint conditional probability distributions {P(a|Z)} —
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are usually estimated as the observed relative frequencies
of measurement outcomes. In the asymptotic limit when
the number of sample size N — 0o, quantum theory pre-
dicts correlations between measurement outcomes that
satisfy the Born rule. (Henceforth, we refer to the set of
distributions arising from quantum theory as Q.)

In practice, however, one will always have access only
to a finite amount of data. Thus, such estimated correla-
tions always deviate from quantum prediction. In partic-
ular, they do not even satisfy the so-called non-signaling
conditions [7]. On the other hand, all theoretical tools
that have been developed for device-independent quan-
tum information (either implicitly or explicitly) assume
that the correlation observed satisfies the no-signaling
condition. Our goal here is investigate a few generic set
of tools that may allow one to bridge the aforementioned
gap when one has access only to finite statistics.

The first of these bridging tools was proposed in [§],
and amounts to finding the nearest quantum approzrima-
tion (NQA)—according to certain norm —to the raw
correlation ﬁObS estimated from relative frequencies. In
practice, as these does not seem to be a simple character-
ization of the set of quantum correlations, this amounts
to solving some semidefinite program using the super-
set characterizations of the set of quantum distribu-
tion due to Navascués-Pironio-Acin (NPA) [4, @] or its
variant [0]. Hereafter, we refer to these supersets as
Q1 D Qs D ... D Q. Moreover, for simplicity, in look-
ing for the NQA, we use Q7 as our approximation to the
quantum set in all subsequent discussions. In contrast,
the second of this method—developed in [I0]—first per-
forms a canonical decomposition of any legitimate condi-
tional probability distribution into a non-signaling part
and a signaling part, followed by a projection onto the
corresponding non-signaling subspace. For convenience,
we henceforth refer to these methods, respectively, as the
NQA method and the projection method.

Clearly, in the asymptotic limit of infinite sample size,
both these methods would recover the prediction given
by quantum theory. Their behavior when there is only
finite data, in contrast, is not at all evident. In this work,



we perform a systematic study of the reliability of these
methods assuming various sample sizes. In particular, we
employ the following two criteria:

(i) Convergence criterion: for any given quantum
distribution {Pg(@|Z)}, we expect that the post-
processed distribution obtained by a reliable bridg-
ing method is one that converges to {Pg(d|Z)} as
the sample size N increases

Membership criterion: since there is a priori
no guarantee that the post-processed distribution
Pmethod (717) obtained from any of these methods
to be in Q, we demand that as N increases, the
chance of finding P=*4(g|#) to admit a quantum
representation to be increasing (or, at least, non-
decreasing).

To quantitatively compare the reliability of these meth-
ods, we numerically simulate the outcomes obtained in a
Bell-type experiment according to certain ideal quantum
distributions {Pg(d|¥)}, assuming various sample sizes.
We then use these simulated data to obtain P, (@|Z)
(by computing the relative frequencies) and post-process
each such raw distribution ﬁ0b5(5|f) using one of the
methods mentioned above to obtain Pmetd(g|Z). To
evaluate the reliability of these methods against the con-
vergence criterion, the distance of each post-processed
distribution to {Pg(d@|Z)} is computed, for simplicity, us-
ing the /1 norm. And to evaluate the reliability of these
methods against the membership criterion, we check for
the membership of each P=t"4(|#) against increasingly
better approximations of the set of quantum correlations.

As a first example, we performed the simulation us-
ing the quantum distribution {PSHSH (@)} that leads to
the maximal Clauser-Horne-Shimony-Holt (CHSH) [I1]
Bell-inequality violation. For both the projection method
and the NQA method (assuming the ¢;, ¢ and /
norm), basic fitting suggests that the average distance

Zf,a ﬁp"OjEC“°“(d|f) - ﬁg((ﬂf)’ decreases essentially in

Proc

all cases as 1/v/N, thereby showing that all these meth-
ods have preserved the rate of convergence of Prethod (| z)
to the ideal quantum distribution {ngSH(J\f)}

On the other hand, for the membership test, we see
that the NQA method with ¢;-norm performs consider-
ably better than the projection method, while the NQA
method with ¢>-norm has similar performance as the lat-
ter. Note that when subjected to the more stringent
test of Qo compared with Qi, the chance of finding a
ﬁ;;zihw (d|Z) within Q shrinks by a factor of 2 or more for
all these methods (while going from or Qs to Q3 makes
hardly any difference). Interestingly, for all these meth-
ods, we see that the chance of obtaining P4 (| Z) that
lies inside Qy for k = 1,2,3 rapidly converges at about
N =~ 200. This therefore suggests that for any mean-
ingful device-independent analysis, the minimal sample
size needed is of the order of 102. In the poster, we will
also present the corresponding plots assuming other ideal

quantum distributions {Pg(a|Z)}.
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Figure 1: Average probability of finding Prneted(d|z)

inside the various supersets of Q, specifically Qj for
k € {1,3}. Each Prethd(g|Z) is obtained by simulating
the quantum distribution 135HSH according to the sample
size shown. The plot for PY2¥(|#) in conjunction with
Q; has been omitted as, by definition, each PY2M(g|7) is
a member of Q. For clarity, the corresponding plots for
Q- have been suppressed as they are essentially visually
indistinguishable from the plots for Qs.
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Abstract. We investigate a generalization of the family of device-independent witnesses for entanglement
depth proposed in Liang et al. [Phys. Rev. Lett. 14, 190401 (2015)4 and its one-parameter generalizations.

Specifically, we compute the device-independent k-producible boun

s as a function of the number of parties

n and an additional parameter « for some small values of n. The effectiveness of these generalized witnesses
against the original one is compared by determining the robustness of these witnesses against white noise
for a few family of genuine multipartite entangled states. We also investigate the quantum violation of
these witnesses by the generalized Greenberger-Horne-Zeilinger (GHZ) states.

Keywords: Device-independent quantum information, finite statistics, quantum correlations

With the advent of quantum information, the general
perception of quantum entanglement [1] has been shifted
from a bizarre feature offered by quantum theory to a
useful resource for information processing. Indeed, by
now, entanglement is a well-recognized resource in vari-
ous quantum information tasks, from quantum key distri-
butions, quantum communication to quantum computa-
tion etc. The reliable preparation of entangled quantum
state and the characterization of the corresponding en-
tanglement are thus important steps in these tasks.

Traditional means for characterizing quantum entan-
glement involves quantum state tomography, or the mea-
surement of so-called entanglement witnesses, namely,
Hermitian observables whose expectation value is guar-
anteed to be non-negative for separable states but which
can be negative for at least one entangled state. While
the measurement of such witnesses is much more prefer-
ably over a full-state tomography, it still shares a com-
mon drawback with the latter approach, namely, that it is
highly susceptible to various systematic errors [2, 3, 4, 5]
(especially in the presence of finite sample size), such as
a misalignment systematic error [6]. A possible way to
get around this issue is to measure, instead, a so-called
device-independent witnesses for entanglement [7], where
conclusions are drawn directly from the observed corre-
lations between measurement outcomes, without any as-
sumption of the Hilbert space dimension of the test state,
or the measurements being implemented during the test.

In contrast with conventional approach for witnessing
entanglement, a device-independent witness relies on the
observation of Bell-nonlocal correlations, i.e., correlations
that violate some Bell inequality [8, 9]. In a multipartite
setting, the strength of violation of these correlations may
even be used to witness the entanglement depth [10]—
the extent to which the underlying system is many-body
entangled—present in the system. See Figure 1 for an
illustration of the notion of entanglement depth.

While the possibility to witness entanglement depth
using Bell inequalities [11] was already recognized (im-
plicitly) in some earlier works based on the Mermin-
Ardehali-Belinskii-Klyshko inequalities [12], it was not

*L26041040@mail .ncku.edu.tw
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Figure 1: Schematic diagram showing the idea of an en-
tanglement depth. Dashed-lines connecting any two cir-
cles symbolically represent that the two subsystems are
entangled. The minimal many-body entanglement re-
quired to reproduce the quantum state associated with
this system is 4, and thus this 7-partite system has an
entanglement depth of 4.

until the work of [13] where this was properly formalized.
In particular, the following family of device-independent
witnesses for entanglement depth applicable to n parties,
each allowed to perform two dichotomic measurements
was proposed:

k-producible
- states

2t Y E@-Ell) < ST, (1)
7e€{0,1}"

where T is an n-bit string describing the choice of mea-
surements for each party, E,(Z) is the full n-partite cor-
relator, i.e., the expectation value of the product of all n
parties’ measurement outcomes (each measurement out-
come is assumed to be £1), and SO* is the maximal
possible quantum value of the left-hand-side of Eq. (1)
when n is replaced by k. If the measurement statistics
observed in an n-party Bell-type experiment gives rise to
a value for the left-hand-side of Eq. (1) that is larger than
Skg’*, then one can immediately conclude that the shared
state cannot be k-producible [14] and thus must have an
entanglement depth of at least k 4 1.

Towards the end of [13], a one-parameter generaliza-
tion of the above witness was provided:

k-producible
states

Y — T Sk
Iﬁ(’)’) “on Z Ey(Z) — En(1n) < SkQ,»Y , (2)
ze{0,1}n
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where 0 < v < 2 and as above, Skg,y* is the maximal
quantum value of the left-hand-side of the above inequal-
ity when n is replaced by k. Notice that when v = 2, the
witness of Eq. (2) reduces to the witness of Eq. (1). While
it was shown in [13] that Eq. (2) represent a legitimate
family of device-independent witnesses for entanglement
depth, the explicit form of the right-hand-side of Eq. (2),
ie., S,?V* has not been determined. The usefulness of
these witnesses compared with the witness of Eq. (1) has
also not been investigated. In this work, we address some
of these issues and also investigate the quantum violation
of these witnesses beyond the family of states considered
in Ref. [13].

To determine Slg;*, we adopt the ansatz given in [13]:
we assume that the n parties share an n-partite
Greenberger-Horne-Zeilinger (GHZ) state [15] |GHZ,,) =
% (J0)®™ 4+ [1)®™), and that each party performs mea-
surement described by the £1-outcome observables

Ag,—0 = cos o, + sina oy,
Ay,=1 = cos(¢pp, + ) 0, +sin(¢, + o) oy

where a = —%-1¢,. The left-hand-side of Eq. (2) then
evaluates to Sner (¢pn) = 7y cos"H1 %‘fcos ("T'ngﬁn), which
can be maximized further over ¢,, € [0, 5]. Carrying this
out explicitly, one can verify using a converging hierar-
chy [16, 17] of semidefinite programs and for n < 5 that
the maximal quantum value of Eq. (2) can indeed be
achieved via this ansatz, i.e., Sng,;" = maxg, S2(dn).

To compare the effectiveness of the generalized fam-
ily of witnesses Z* () against the original one Z%(2) for
witnessing entanglement depth, we carry out numeri-
cal optimizations for the maximal quantum violation of
these witnesses for the same four families of states consid-
ered in [13], namely, |GHZ,,), the n-partite W-state [18],
and the n-partite 1-dimensional cluster states [19] with
opened (closed) boundary condition. Unfortunately, for
the few values of v = ﬁ with ¢ = {1,2,...,7} that we
investigated, there does not seem to be any advantage of
ZF(y) compared with that of Eq. (1) (when measured in
terms of their white-noise robustness).

Next, we investigate its quantum violation of these wit-
nesses by the high-dimensional generalization of the GHZ
state, i.e., |GHZ, 4) = ﬁzgtol i)®". For even d, we
consider the modified ansatz

4_1q
2
Ag,=0 = @ cosozag(CQj’QjH) + sinaol(fj’QjH)’ (4a)
j=0
41
Apet = @ cos(¢n + @) 0502j,2j+1) + sin(¢n + @) 02(12j,2j+1)
j=0
(4b)

where the superscripts are used to label the qubit sub-
space [spanned by {|2j),|2j + 1)}] at which the Pauli
matrices act on. For the same choice of parameters a
and ¢,,, this turns out to give exactly the same quantum
value as with |GHZ,, ») = |GHZ,,). We thus know that
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TF are also good device-independent witnesses for entan-
glement depth for states that are close to |GHZ, 4) for
arbitrary n > 2 and arbitrary d even.
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Abstract.

We analyze a quantum assembly code translated from a programmed quantum algorithm via

a quantum computing compiler. From the analysis result, we estimate the running time of the algorithm

on a quantum computer.
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quantum computing

Since the mid-1990s, a quantum computer has at-
tracted much attention because several quantum algo-
rithms such as factoring algorithm and unstructured data
search algorithm were proposed [1]. It was proved that
the algorithms have relatively low computational com-
plexity than classical algorithms for the same problems.
Therefore, it has been widely believed that a quantum
computer that executes the algorithms can solve the
problems much faster than a classical digital computer,
even a supercomputer listed in the TOP500!.

On the other hand, in the words of Pérez-Delgado and
Kok [2], a quantum computer has to execute an efficient
quantum algorithm efficiently. However, unfortunately
nobody has seen that a quantum computer really finds
the answer to the problems faster than a classical digital
computer, even a mobile computing device.

To implement a practical quantum computer, we have
to overcome a quantum noise problem. Quantum infor-
mation is very susceptible to quantum noise, and thus it
is almost impossible to keep the original state of quantum
information long enough for a reliable computing with-
out any protection. The fault-tolerant quantum comput-
ing based on a quantum error-correcting code is to date
the most promising methodology to fight against quan-
tum noise. The computing protocol allocates huge time
(gate) and space (qubit) resource for a reliable quantum
computing in spite of quantum noise.

By the way, due to the big overhead, it may be very
difficult to keep the efficiency of the quantum computing
algorithm in the real situation. In particular, by addi-
tional gates for the quantum error correction and fault-
tolerant operations, it is very difficult to keep the fast
problem-solving ability with the fault-tolerant protocol.

In this work, we try to see how much the fault-tolerant
architecture affects the execution of quantum algorithms.
For that reason, we first analyze quantum assembly codes
translated from programmed quantum algorithms via a
quantum computing compiler, and then estimate the run-
ning time of the algorithms. As is well known, an assem-
bly code is positioned at the middle of the whole comput-
ing procedure from an algorithm to a signal controlling
hardware devices. Consequently, we believe that it is
reasonable to estimate the running time of a quantum

Thttp://www.top500.org
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computer from a quantum assembly code rather than a
quantum algorithm itself.

A quantum computing compiler translates a pro-
grammed quantum algorithm into a quantum assembly
code which consists of both of the quantum instructions
for qubits and unitary gates and the reduced classical in-
structions [3, 4]. There are two types of quantum assem-
bly codes, modular and non-modular. A modular code is
made up of one main module and several sub-modules.
The pre-defined sub-modules are called with qubit pa-
rameters during the execution of the main module. On
the contrary, a non-modular code has one main module
only. All the functions are stated in the main module
without any structure.

There is no difference in the execution between both
codes, but for the analysis the modular code is more use-
ful because of its structure and small size. After perform-
ing the analysis on the sub-procedures, the results are
combined to analyze the main module. From the analy-
sis result, we can estimate the required resource and the
running time of the quantum algorithm. In addition, we
can also find critical areas that consume much resource.

For this work, we use an open quantum computing
compiler ScaffCC that supports a programming language
Scaffold [4, 5]. By using the compiler, we translate two
quantum algorithms, Binary Welded Tree (BWT) and
Ground State Estimation (GSE). The BWT is a graph
traversal problem that finds a path from an entrance node
to an exist node over a welded binary tree. The quan-
tum BWT algorithm is based on quantum random walk,
which provides an exponential speed up over a classical
algorithm [6]. The GSE algorithm is a quantum simula-
tion algorithm to find the ground state of a molecule [7].

For the analysis, we assume the following quantum sys-
tem and fault-tolerant protocols. We employ the FCFS
(First Come First Served) scheduling over quantum gates
and 2D lattice for the qubit arrangement layout. In par-
ticular, the two-qubit operation is affected by the layout
because qubits have to be re-positioned beforehand by
following the layout.

We apply the fault-tolerant quantum computing proto-
col based on the concatenated Steane code. We differ the
gate execution time according to the implementations of
a logical gate, transversal and non-transversal. Further-
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Figure 1: Time units for running BWT algorithm.

more, because the level-1 logical qubit is not enough to
satisfy a threshold of a quantum computing component,
we vary the level of the concatenation. After each logi-
cal operation, the fault-tolerant quantum error correction
based on Shor’s scheme [8] is applied to logical qubits.

Fig. 1 shows the analysis result on the required time
units for running the BWT algorithm. Note that the
level-0 indicates an ideal quantum computing without
logical operations and quantum error correction. For
BWT problem, a critical input value is known as a height
300 [6, 9]. Note that the critical input value is the max-
imum input value (the height of a binary tree) it is be-
lieved that a classical digital computer solves efficiently.
Which means that the BWT problem with a tree of
height greater than 300 can be solved by a quantum com-
puter faster than a digital computer. From our analysis
result, the problem can be solved around 15 hours by
a quantum computer under the assumptions: the quan-
tum processor works at 1GHz and the concatenation level
is 4. If a concatenation level is higher than 4, the re-
quired time increases remarkably, 58 days (level-5) and
15.2 years (level-6). But fortunately such a high concate-
nation level is not required [10].

Fig. 2 shows the analysis result about GSE (M=04,
b=09) algorithms on varying the concatenation level.
The critical input value for GSE is known as M = 208 [4],
but unfortunately we did not analyze it because we could
not compile the case due to the lack of classical comput-
ing power. For reference, the size of the quantum assem-
bly code is bigger than 2G bytes even when M = 64.

References

[1] Michael A Nielsen and Isaac L Chuang. Quantum Com-
putation and Quantum Information. Cambridge Univer-
sity Press, October 2000.

Carlos A Pérez-Delgado and Pieter Kok. Quantum com-
puters: Definition and implementations. Physical Review
A, 83(1):012303, January 2011.

Krysta M Svore, A Aho, Andrew W Cross, and Isaac L
Chuang. A Layered Software Architecture for Quantum
Computing Design Tools. Communications of the ACM,
pages 74-83, January 2005.

70

Computing cycle

2 3
Concatenation Level

Figure 2: Time units for running GSE (M=04, b=09)
algorithm.

[4] Ali JavadiAbhari, Shruti Patil, Daniel Kudrow, Jeff
Heckey, Alexey Lvov, Frederic T Chong, and Margaret
Martonosi. ScaffCC: A Framework for Compilation and
Analysis of Quantum Computing Programs. In 11th
ACM Conference on Computing Frontiers, pages 1-10,

March 2014.

[6] Ali JavadiAbhari. ScaffCC. https://github.com/
ajavadia/ScaffCC

[6] Andrew M Childs, Richard Cleve, Enrico Deotto, Sam

Gutmann, and Daniel A Spielman. Exponential Algo-
rithmic Speedup by a Quantum Walk. In The thirty-
fifth annual ACM symposium on Theory of computing
(STOC03), pages 59-68, April 2003.

James D Whitfield, Jacob Bimonte, and Alan Aspuru-
Guzik. Simulation of Electronics Structure Hamiltoni-
ans Using Quantum Computers. Journal of Molecular
Physics, 109(5):735-750, March 2011.

[7]

Peter W Shor. Fault-tolerant quantum computation. In
37th Symposium on Foundations of Computing, IEEE
Computer Society Press, pages 56-65, January 1996.

Amlan Chakrabarti, ChiaChun Lin, and Niraj K Jha.
Design of Quantum Circuits for Random Walk Algo-
rithms. In 2012 IEEE Computer Society Annual Sympo-
stum on VLSI (ISVLSI), pages 135-140. IEEE, August
2012.

Tzvetan S Metodi, Darshan D Thaker, Andrew W Cross,
Frederic T Chong, and Issac L Chuang. A Quantum
Logic Array Microarchitecture: Scalable Quantum Data
Movement and Computation. In 2005 International
Symposium on Microarchitecture (MICRO-38), pages 1—
12, September 2005.

[10]



Generating tripartite nonlocality from bipartite resources

Zhaofeng Su! *

Yuan Feng!

L Centre for Quantum Computation and Intelligent Systems,
University of Technology Sydney, Australia

Abstract.

Nonlocality is an important resource for quantum information processing. Tripartite nonlo-

cality is more difficult to produce in experiments than bipartite ones. In this paper, we analyze a simple
setting to generate tripartite nonlocality from two classes of bipartite resources, namely, two-qubit en-
tangled pure states and Werner states. Upper bounds on the tripartite nonlocality, characterized by the
maximal violation of Svetlichny inequalities, are given, and the optimal measurements to achieve these

bounds are provided.
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1 Motivation

Nonlocality is one of the most fundamental character-
istics of quantum mechanics. The nonlocal quantum cor-
relations existing between spatially separated quantum
systems have significant advantages over classical cor-
relations, thus serving as an indispensable resource for
quantum information processing. In recent years, many
novel applications of nonlocality have been developed for
quantum computation and quantum communication [1],
including communication complexity [2], quantum cryp-
tography [3], randomness generation [4], and device in-
dependent quantum computation [5].

The quantum states which exibit nonlocal correlations
are called nonlocal states. The nonlocality of a quan-
tum state can be verified by Bell-type inequalities which
give upper bounds on all local correlations that admit
a local hidden variable (LHV) model [1]. For bipartite
quantum systems, a sufficient criterion of being nonlocal
is the violation of Clauser-Horner-Shimony-Holt (CHSH)
inequality [6], while for tripartite systems, Svetlichny in-
equality plays a similar role [7].

In the last several decades, nonlocality of bipartite sys-
tems has been extensively investigated. However, the
problem regarding multipartite nonlocality is much more
complicated than the bipartite case, and very few works
were presented in the literature. Even the nonlocality
of three-qubit states, the simplest multipartite system-
s, is not well understood. In this special case, Ghose et
al. derived an analytical expression of nonlocality for the
generalized GHZ states and W states [11]. Later in 2010,
Ajoy et al. extended this result to a set of more general
GHZ-class states and W-class states [12].

In experiments, it is much harder to produce entangled
tripartite systems than bipartite ones [13]. Note that be-
ing entangled is the necessary condition of being nonlocal
for quantum systems. Therefore, it has practical mean-
ing to generate tripartite nonlocal systems from bipartite
ones.

*youngpath2012@gmail . com
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2 Summary of Contribution

We analyze in this paper a simple setting, showed in
Figure 1, for generating tripartite nonlocality from bipar-
tite resources. There are three remotely located partici-
pants Alice, Bob, and Clare. Alice and Bob each shares a
copy of the resource state p with Clare, denoted as pac,
and ppc, respectively. Clare then applies a CNOT oper-
ation on C; (the control qubit) and Cy (the target qubit),
and measures the system Cy with some projective mea-
surement. The tripartite nonlocality of the remaining
systems ABC, will be quantified by the maximal viola-
tion of Svetlichny inequalities.

Clare
Cl Z K

A
Alice Bob

Figure 1: The setting for tripartite nonlocality genera-
tion.

Two different types of resource states are investigated
in the paper: two-qubit Werner states

1
pw = pl®)(®] + (1 - p)§ (1)
where 0 < p < 1 and |®) = (|00) 4 |11))/v/2, and arbi-
trarily entangled two-qubit pure states with the Schmidt

decomposition

|®g) = cos6]00) + sinf|11), (2)

T
0 < —.
0< <2

Our contributions are detailed as follows:



o A simple way to evaluate the maximal violation of
Svetlichny inequalities for a special class of three-
qubit states. We develop a technique to calculate
the maximal violation of Svetlichny inequalities for
a class of three-qubit states including both pure s-
tates and mixed states. With this technique, we
are able to compute the maximal violation for gen-
eralized GHZ states |¥g) = cos6]000) + sin§|111)
which reads

if sin?20 <
if sin2260 >

4| cos 26|

Smaz (Vo) = { 44/2| sin 26|

o=l

This result coincides with [11], but the proof is
much simpler. Furthermore, the technique plays
a crucial role in obtaining optimal measurements
for generating tripartite nonlocality from bipartite
resources considered in this paper.

Optimal measurement for generating tripartite non-
locality from Werner states. Suppose a Werner s-
tate py as defined in Eq.(1) is used as the bipartite
resource in Fig. 1, and Clare is only allowed to per-
form projective measurement in the X — Z plain.
Then the maximal Svetlichny inequality violation
of the remaining states satisfies

pOSma;E(pO) + plSmaw(pl) S 4p2\/§a

where pg and p; are the post-measurement states of
system ABC with the corresponding probabilities
po and pp, respectively. The equality holds when
the measurement according to the standard basis
{]0),]1)} is applied. Furthermore, in this case the
maximal violation 4p?+/2 is achieved for both mea-
surement outcomes, thus tripartite nonlocality will
be generated with certainty if p > 273 ~ 0.8409.

Optimal measurement for generating tripartite non-
locality from two-qubit pure states. Suppose |®g) as
defined in Eq.(2) is used as the bipartite resource
in Fig. 1, i.e. p=|®g)(Pg| where

3

holds when the measurement according to the stan-
dard basis {|0), |1) } is applied. Furthermore, in this
case we have Sy, (¥1) = 4v/2 and

4+/2sin? 20

Smaw Vo) = ——5=,-
(¥o) 1+ cos? 20

3)

Thus tripartite nonlocality will be generated with
certainty if

0.5412 ~ 4/ 2 _2\/5 < cosf < \/§ ~ 0.8409.
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Abstract. We introduce and analyze graph-associated entanglement cost, a generalization of the entangle-
ment cost of bipartite quantum states to multipartite. We identify a necessary and sufficient condition for
any multipartite entangled state to be constructible when quantum communication between the multiple
parties is restricted to a network represented by a tree. The condition for exact construction is expressed in
terms of the Schmidt ranks of the state defined with respect to edges of the tree. We also study approximate
construction and provide a second-order asymptotic analysis.

Keywords: multipartite entanglement, entanglement cost, distributed construction of states

1 Introduction

Convertibility between multipartite quantum states by
means of local operations and classical operation (LOCC)
establishes a hierarchy on entanglement of the quan-
tum states [1]. The convertibility results obtained in
the LOCC framework also apply to more general non-
LOCC settings, answering resource requirements for cer-
tain tasks. For instance, let there be two parties sepa-
rated by some distance, who are connected by a quan-
tum channel, but otherwise limited to LOCC. The op-
timal amount of quantum communication to asymptoti-
cally construct a shared entangled state equals the entan-
glement cost [2], since a noiseless qubit channel can be
simulated by quantum teleportation with one Bell state
besides LOCC.

This scenario generalizes to more parties connected by
several quantum channels. The connectivity can be rep-
resented by a graph G = (V| E), where each vertex v € V
corresponds to a party and edge e € E to a channel. The
total number of channels is not enough to characterize
the network of channels. It amounts to the fact that the
topology of the whole graph cannot be determined by
the total number of edges. To represent a network con-
necting IV parties, at least NV — 1 edges are required. A
connected graph of the least number of edges is called a
tree.

If each channel at e € E has a limited capacity, say, of
logy m. qubits, the parties must suitably exploit the lim-
ited resources to construct a given state. Each noiseless
quantum channel is equivalent to a maximally entangled
state of mc-level systems, which composes an initial re-
source state |®r.s(G)). The possibility of the pursued
state construction is determined by a generalized notion
of bipartite entanglement cost, which we name graph-
associated entanglement cost.

We analyze the graph-associated entanglement cost of
multipartite pure states under trees to achieve exact and
approximate state construction. Our answer to the for-

*yamasaki@eve.phys.s.u-tokyo.ac. jp
Tsoeda@phys .s.u-tokyo.ac.jp
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Figure 1: Construction of a multipartite entangled state
p (gray circles) under a graph G. Parties (squares) are
connected by quantum channels (lines) specified by G.
Each channel is equivalent to LOCC and a maximally en-
tangled state (a pair of black circles connected by a line),
which composes a resource state |®,.s(G)). The con-
struction task is to transform |®,..s(G)) into p by LOCC.

mer is given in terms of the Schmidt rank [3] defined
with respect to edges of the given tree. For the latter,
we refine the analysis given in Ref. [4] and combine the
results of Ref. [5] to provide the second-order asymptotic
analysis.

2  Multipartite State Construction and

Graph-associated Entanglement Cost

We consider the tasks of exact and approximate con-
struction of a multipartite entangled state p, as shown in
Figure 1. In the LOCC framework, the exact construc-
tion under a graph G for a target state p is defined as a
task to deterministically and exactly transform the initial
resource state |®,..s(G)) into the target state p by LOCC.
The (n, €)-approzimate construction under G for p is de-
fined as a task to deterministically transform |®,.s(G))
by LOCC into an N-partite state p,, which approximates



n copies of the target state p®™ up to € in terms of the
trace distance. Note that the system size for the initial
resource state and the target state is not necessarily the
same.

We define variants of graph-associated entanglement
cost, namely graph-associated total entanglement cost
and graph-associated edge entanglement cost. As
|®,.s(G)) consists of bipartite maximally entangled
states, we can quantify entanglement of |®,..s(G)) using
ebit, which represents the entanglement entropy of a Bell
state. The total amount of entanglement of |®,..s(G))
is the sum of the amount of bipartite entanglement at
all the edges. The exact (or (n,e)-approximate) graph-
associated total entanglement cost is defined for a graph
G and an N-partite state p as the minimum total amount
of entanglement of |®,.4(G)) from which the exact (or
(n, €)-approximate) construction under G for p is achiev-
able.

We define graph-associated edge entanglement costs
to characterize distributed entanglement properties of
multipartite states. There can be several optimal ini-
tial resource states minimizing the graph-associated to-
tal entanglement cost, and we assign an index i to rep-
resent different configurations of the optimal resource
states. For a graph G and an N-partite state p, let
‘q»
with conﬁguration 1 for the exact construction under G
for p. Then, ezxact graph-associated edge entanglement
cost E807 .(p) is defined as the amount of entanglement
of the bipartite maximally entangled state prepared at

s )> denote the optimal initial resource state

edge e € E of ’@TSS(G,;))>. Similarly, (n, €)-approzimate

graph-associated edge entanglement cost Eggfe( ) is de-

fined for the (n, €)-approximate construction.

3 Graph-Associated Edge Entanglement
Costs under Trees

We analyze the graph-associate entanglement costs un-
der a special class of graphs, trees, which represent a net-
work in which all the parties are connected by the small-
est number of channels. We assume that target states
are pure states, denoted by |¢), for simplicity. When
any edge e € E on a tree T is deleted, T' is divided into
two connected components. A reduced state p. of |¢)
with respect to the edge e is defined as the one obtained
by tracing out the systems belonging to one of the two
components. We obtain the following theorems.

Theorem 1. Ezact graph-associated entanglement cost:
For any tree T = (V,E) and any N-partite pure state
|1y, the configuration i for the optimal resource state

‘@Teg (T, 1/))> is uniquely determined, and, for each edge
eck,

Egc,i,e (’L/))
Theorem 2. (n,e€)-approzimate graph-associated entan-
glement cost: For any tree T = (V, E), any N-partite
pure state |¥), any e,n > 0, and any configuration i for
the optimal resource state of the (n,€)-approzimate con-
struction, it holds that

= log, rank pe.
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1. upper bound: For error thresholds at respective
edges denoted by €(e) > 0 for each e € E satis-

fying > cp2€(e) S e,

T,n,e
§ :EGCze

eckE

€' (e)? /4 n
< ZSEE H (pég )
= n

)

—c'(e)?/4 . . .
where HZ )"/ is the quantum information spec-

trum entropy defined in Ref. [5].
2. lower bound: For any d,n >0 and each e € F,

o

Xn
T,n,e s (Ioe )_
Egoie) 2

n

0+ logy

To prove Theorem 1 and 2, we explicitly provide an
optimal algorithm for ezact construction, in which [¢) is
constructed in a distributed manner based on a recursive
description of |¢)) under trees. Approximate construction
of [))®™ can be achieved by exact construction of an ap-

proximate state z/;n> calculated from €. Our construc-

tion algorithms can save the maximum quantum memory
space of parties.
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Abstract.

We study a generalization of Kitaev’s abelian toric code model defined on CW complexes.

In this model qudits are attached to n dimensional cells and the interaction is given by generalized star
and plaquette operators. These are defined in terms of coboundary and boundary maps in the locally
finite cellular cochain complex and the cellular chain complex. We find that the set of energy-minimizing
ground states and the types of charges carried by certain localized excitations depend only on the proper
homotopy type of the CW complex. As an application we show that the homological product of a CSS
code with the infinite toric code has excitations with abelian anyonic statistics.

1 Background

Homological quantum codes are a class of CSS codes
with stabilizer generators constructed from finite dimen-
sional chain complexes over a finite field and equipped
with a distinguished basis. Algebraic topology is a rich
source of such chain complexes, the main examples being
the simplicial chain complex of a triangulated space and
the cellular chain complex of a CW complex. From a
purely coding-theoretic point of view, these are interest-
ing because they offer the possibility to construct quan-
tum LDPC codes from spaces with a “bounded local
geometry”. The first such example was the toric code
introduced by Kitaev [1], which has constant stabilizer
weights, O(y/n) distance and constant dimension.

To every CSS code with a given set of stabilizer gener-
ators there is a canonically associated Hamiltonian. The
interaction terms are —1 times the projections onto the
subspaces fixed by each generator, and the ground state
space coincides with the code space. Importantly, if the
CSS code is constructed from a cellular chain complex,
then the interaction terms are local (with respect to the
underlying topology), making such codes promising can-
didates for a potential physical implementation. Addi-
tionally, the toric code is known to have another interest-
ing feature, namely it exhibits topological order and has
excitations resembling localized charged particles with
anyonic statistics.

Ref. [2] introduced the homological product operation
for CSS codes, which corresponds to the tensor product
of the underlying chain complexes. This in turn is the
algebraic counterpart of the cartesian product of topo-
logical spaces, but is also defined for abstract chain com-
plexes. Important applications include ref. [3], where it
was shown that the tensor product of two random chain
complexes gives rise to asymptotically good codes with
only O(y/n) stabilizer weights, and ref. [4], where a spe-
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cific family of product codes is shown to have a phase
transition at a finite temperature.

The homological product construction thus seems to
have interesting properties both at the level of abstract
codes and for the corresponding physical systems with
local Hamiltonians. In ref. [3] the following question
was posed as one of the open questions: Do homological
products of the toric code and some fixed code retain the
property of having anyonic excitations? It is this question
which served as the main motivation for our work.

2 Results

In order to rigorously formulate the question, we use
the language of algebraic quantum field theory, following
the similar analysis of the toric code model in refs. [5, 6].
In this framework, it is necessary to consider infinite sys-
tems, thus the torus in the toric code is replaced with a
plane. It turns out that much of the analysis can be ex-
tended to more general spaces with the help of algebraic
topology. For this reason, the starting point of our inves-
tigation is the following collection of data: 1) a locally
finite CW complex E, 2) a finite abelian group G, and
3) a natural number n. The subsystems are described by
the Hilbert space £2(G), and they live on the set &, of
n dimensional cells of E. The interaction terms (equiva-
lently: stabilizer generators) are defined in terms of the
boundaries of n + 1-cells (for Z-type) and coboundaries
of n— 1-cells (for X-type). From these data one can con-
struct a C*-algebra 2 (quasilocal-algebra) together with
a derivation encoding the infinitesimal time evolution.

To present the model more precisely, we introduce
some notation. For any g € G we let X9 be the uni-
tary acting on £2(G) as |h) — |g 4 h) and for any x € G
we let ZX act as |h) — x(h)|h). If v is a formal lin-
ear combination of n-cells with coefficients in G (thought
of as an n-chain), then Z7 denotes the tensor product
of the Z-type operators acting at the appropriate posi-
tions. Similarly, if § is a formal linear combination of



n-cells with coefficients in G (a locally finite n-cochain),
then X? denotes a product of X-type operators. For an
n — 1-cell e, and an n + 1-cell eg we let

Ay = ﬁ Z X9"(9ea) anq Bg = ﬁ Z 79(xes)
geqG xe@G

where 9 and 07 denote the boundary and coboundary
operations, respectively. The Hamiltonian is the sum of
—A, and —Bg over the n £ 1 cells.

Since for every finite (compact) E the corresponding
systems always possess frustration free ground states, it
is natural to look for frustration free ground states in
the infinite case as well, even though in this case there
are also other ground states. We find that these ground
states are in bijection with the set of all states on an al-
gebra, which we call the logical algebra. The structure of
this algebra is determined by the nth homology and lo-
cally finite cohomology groups with coefficients in G and
G, respectively, and the canonical pairing between the
two. Moreover, the bijection respects irreducibility, the
factor property and quasiequivalence in both directions
(the latter informs us about the possible phases of the
system at zero temperature).

Having found these ground states, the next step is
to look for endomorphisms which, when composed with
a ground state, form states describing localized excita-
tions. By analogy with the infinite toric code, in which
case such endomorphisms can be obtained as conjuga-
tions with products of Z (X) operators along infinite
paths (dual paths), the most general candidates are con-
jugations with arbitrary products of Z (X) operators on
the n-cells. Such products can be conveniently encoded
as locally finite n-chains (n-cochains). Clearly, some re-
strictions need to be made, otherwise the resulting states
could have infinite energy, which is unphysical. The ap-
propriate condition turns out to be that the boundary of
the locally finite n-chain (coboundary of the n-cochain)
has finite support. If vy and §x denote the restriction of
v and ¢ to a finite subset K of n-cells (i.e. removing the
terms for cells outside K), the endomorphism is given by

. . 5 —5 —
p(775).AHI§LH§nZWKX KAXTORZ7K,

Such locally finite chains and cochains can be thought
of as representatives of homology and cohomology classes
at infinity, i.e. elements of H® | (F;G) and H? (F;G).
As usual in algebraic field theory, charged sectors are
identified with certain equivalence classes of representa-
tions of the quasilocal algebra. It turns out that this
equivalence class is left unchanged upon choosing a differ-
ent representative of the (co-)homology classes at infinity
in question.

For a partial converse, it is possible to introduce a uni-
tary representation of H®(E;G) x H™ 1(E;G) in the
center of the von Neumann algebra generated by the
GNS representation corresponding to these states. If
these representations are inequivalent, then the equiv-
alence classes of GNS representations are also different,
i.e. these are invariants associated to the states. In many
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important cases these invariants are able to tell apart
different charged sectors. If the GNS representation is
7w+ A — B(H), then the invariant is defined as

lim o, (X7 Cmen ) g2t )
Ki—Ens1

Po([d), [de) =

When E is essentially plane-like (e.g. the main exam-
ple E = R? x F with F compact), then it is possible to in-
troduce a canonical braiding on the category of localized
endomorphisms. In this case the anyonic charged sectors
correspond to elements of H,,_;(F;G) and H"'(F;Q),
and the braiding can be expressed via the Kronecker pair-
ing between homology and cohomology classes. In the
special case when F is a point and n = 1, we recover
the results for the toric code, where charged excitations
are obtained using half-infinite paths and dual paths. In
general, one can take the tensor product of an n — 1-
cycle (n — 1-cocycle) in F with a half-infinite path (dual
path), and these give rise to localized (i.e. particle-like)
excitations having anyonic statistics.
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Abstract

It has always been a difficult issue in Statistical Mechanics to provide a generic interaction
Hamiltonian among the microscopic constituents of a macroscopic system which would give
rise to equilibration of the system. One tries to evade this problem by incorporating the
so-called H — theorem, according to which, the (macroscopic) system arrives at equilibrium
when its entropy becomes maximum over all the accessible micro states. This approach has
become quite useful for thermodynamic calculations using the (thermodynamic) equilibrium
states of the system. Nevertheless, the original problem has still not been resolved. In the
context of resolving this problem it is important to check the validity of thermodynamic
concepts — known to be valid for macroscopic systems — in the microscopic world. Quantum
thermodynamics is an effort in that direction. As a toy model towards this effort, we look
here at the process of thermalization of a two-level quantum system under the action of a
Markovian master equation corresponding to memory-less action of a huge heat bath, kept
at certain temperature. A two-qubit interaction Hamiltonian (Hyy, say) is then designed
— with a single qubit mixed state as the initial state of the bath — which gives rise to
thermalisation of the system qubit in the infinite time limit. We then look at the question of
equilibration by taking the simplest case of a two-qubit system A+ B, under some interaction
Hamiltonian H;y,; (which is of the form of Hy,) with the individual qubits being under the
action of individual heat baths of temperatures 77, and T5. Different equilibrium phases
of the two-qubit system are shown to appear — both the qubits or one of them get cooled
down.

1 Introduction

Physical systems evolving towards an equilibrium state is a very common phenomenon. The
nature of the process, taking any given initial state to a fixed final state, is non-invertible. So if
one tries to give a quantum mechanical description of the process, it must be non-unitary. As we
know all closed systems in quantum mechanics evolve through unitary operators, non-unitary
evolution means a closed system description of equilibration is not possible. This suggests that
one should take an open system approach to equilibration. Along this line Popescu et. al [3, 4]
came up with the idea that although the whole system is undergoing a unitary process a part of
the system can evolve towards equilibrium; the part of the system behaving as an open system.
The usefulness of this process lies in the fact that although we get to study the equilibration
process which is essentially non-unitary, all the nice structures of unitary dynamics are retained.

In this work [1], we take this approach and start with a known thermalization process: a
qubit (system) interacting with a radiation field (bath). The corresponding master equation is
called the quantum optical master equation. We device a unitary process so that the system
qubit interacting with another ancilla qubit (bath) evolve in the same way as the solution of the
quantum quantum optical master equation. Thus we give an joint unitary description of two
qubits where one of them is thermalizing. We then go on to study a chain of qubits with nearest
neighbour interaction (which we have taken to be two for simplicity) with each end connected
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to a bath and the temperature of the two baths are different. We find that the system no longer
behaves like its classical counter part. Rather different phases of cooling and heating of the
qubits are obtained by varying the initial temperature of the baths.

2 Themalizing Hamiltonian

We start with a known thermalizing process - a qubit interacting with a bosonic bath - described
by the quantum optical master equation.

dp 1 1
B o+ 1) (a_p<t>a+ oot - 2p<t>o+a_)
) ) (1)
+ N <0+P(t)0— - §U—U+P(t) - 2P(t)0—0+>
Here, N = (exp% — 1)1 is the Planck distribution. kp is the Boltzmann constant, T is

temperature and F/(w) is the energy at frequency w. vy is the spontaneous emission rate of the
bath and v = vo(2N + 1) is the total emission rate (including thermally induced emission and
absorption processes). Here, v gives the measure of temperature of bath

Solving this master equation gives us the evolution of the qubit. Our next step is to simulate
this dynamics by appending a single qubit mixed state ancilla to the system qubit in order to
find a corresponding 2-qubit unitary. By utilizing the work of G.Narang and Arvind [2], we
succeed in doing this. And from this unitary we are able to extract a Hamiltonian. Since this
Hamiltonian leads to thermalization of the system qubit, we call it the thermalizing Hamiltonian.

Hun(t) = £ (167671 = 167)(671) (2)
where, f(t) = 2E2 |o*) = 15(/00) £ [11))

3 Two-qubit Interaction

Armed with the single qubit thermalizing Hamiltonian we try to extend our analysis to one-
dimensional chain of qubits which has heat baths of different temperature at each end. We
consider the simplest case of two qubits as shown in the figure.

Haya Hap Hpp,
i W 5 “
-

Figure 1: Two qubits A and B, which are associated with their individual baths A; and By,
arc interacting within themselves.

Here, A, B are the system qubits and Al, Bl are the corresponding ancillae representing
respective heat baths. We are interested in the respective thermal behavior of the two system
qubits A and B. The thermalizing hamiltonians H, 4(t) and Hpp, (t) are given by,

Haa(t) = a(t)(lo") (o7 = o) (¢ ])
Hpp, (t) = b(t) (|67 ) (o™ |~ [¢7) (07 ])
Where, a(t) = e g b(t) = ppen2t?

2ot T o/l

For simplicity, we take the interaction hamiltonian H 4p to be of the same functional form
as the thermalizing Hamiltonian.

Hap(t) = c(t)(loT) (0" — o7 ){(67])
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Now, we can calculate the total Hamiltonian and the time evolution operator. We turn to
numerical calculations at this point and plot graphs that indicate whether heating/cooling has
taken place for the system qubits A and B. Heating/cooling is decided by comparing the initial
temperature of the qubits to their final equilibrium temperatures. Some examples for the plots
are shown below (with thermal states as initial states of A, B)

where, ¢(t) =

The X and Y axes are the temperature measures of By and A; respectively.Blue indicates
that both qubits have cooled, red indicates that both have heated up and yellow/green indicate
that one has cooled while the other has heated up.

4 Conclusions

We have here different phases of the two qubits A and B in the steady state case: (i) both of
them may be cooled down to min. possible temperatures, (ii) both of them may be heated, or
(iii) one of them gets cooled down and the other one gets heated. But, note that there is never
any violation of the second law. Changing the form/strength of the interaction Hamiltonian
Hine (t), we may get to see a completely different equilibrium phases No external source is
acting on the two qubits (apart from their respective heat baths) In order to come up with a
two-qubit refrigerator (with another qubit system being cooled down) — like in the case of [5]
— we should consider a three-qubit system A + B + C (with a Hamiltonian approach)-starting
from an optical master equation for a squeezed thermal bath (say).
The reference to the arxiv version of the main article is given in [1].
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1 Introduction

In order to demonstrate the ability of quantum com-
puting in the near future, an efficient quantum algorithm
should be implemented efficiently. In general, a quantum
algorithm includes a part to calculate (classical) logic
functions corresponding to a problem instance. Thus,
an efficient design technique for realization of a (clas-
sical) logic function should be very important even for
quantum circuits, as pointed out in the literature (e.g.,
[1]). Therefore, the design methodology of reversible cir-
cuits has been studied very extensively in the reversible
computation as well as quantum computation research
communities.

There are many ways to design a reversible circuit to
calculate a Boolean function; one of the most popular
ways is to design an initial circuit consisting of Mixed
Polarity Multiple-Control Toffoli (MPMCT) gates, and
then decompose a large gate (i.e., with the large num-
ber of inputs) into elementary gates. In the latter part,
there have been proposed many methods dedicated to
reversible/quantum circuits.

For the first part, the important task is to find a small
Exclusive-or Sum-Of-Products (ESOP) expression for a
given Boolean function because we can generate a re-
versible circuit for a logic function by concatenating an
MPMCT gate corresponding to each product term in the
ESOP expression (as we will mention later). There are
many ESOP-based synthesis methods; in the approaches
our essential task is to find a small (with respect to the
quantum cost) ESOP expression, which may be a pure
classical logic synthesis problem.

Recently, the paper [2] proposed an idea to reduce
quantum cost; we add MPMCT gates to change the given
functionality so that the modified function has a smaller
ESOP expression. However, the paper [2] only shows
how to apply the idea to a single output function, and
it is unclear how to deal with multiple-output functions.
Thus, we propose a new method that can reduce quan-
tum costs of multiple output functions by utilizing the
same idea. Our method utilizes a property that we can
“copy” a classical logic by using a CNOT gates. Our
preliminary experimental results confirm that our new
method can reduce quantum cost much more than using
only previous method.
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Figure 1: A Kmap for G;. Figure 2: A Kmap for Gs.
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Figure 4: A Kmap after
copying the function by a
CNOT gate.

Figure 3: Kmap for
(Gl =+ Gg)/.

2 Reducing Quantum Cost by Adding
MPMCT Gates

2.1 Previous Method

In the following, we refer to a blank cell or a cell having
the 0 value as O-value cell in a Kmap. Also, a cell hav-
ing the 1 value is called 1-value cell. A minterm of a
logic function is the combination of all the input variables
(negative or positive) when the logic function becomes 1.
Thus one minterm can corresponds to an MPMCT gate
that has n control bits, which is called an M PMCT,, gate
in the following. One 1-value cell in a Kmap corresponds
to one minterm in a logic function, and a rectangular con-
sisting of 2™ 1-value cells corresponds to an M PMCT,,
gate.

Now let us explain the previous method in [2]. Let a
circuit G have qubits, x1,--- , 2,41, and calculate a logic
function with n variables (z1, -+ ,z,) on x,11. Suppose
we add an MPMCT gate whose (possibly many) control
and target bits are some of xq,--- ,x, before and after
G. Let the set of control bits of the added MPMCT gate
be C' and the target bit be x;. Then, if there is a gate
g in G such that the control bits of g is the same as
C + {z:} and the polarities for the control bits of g and
the added MPMCT gate are the same except for x;, we
need to change (i.e., invert) the polarity of x; of g to keep
the functionality of the circuit. This means that adding
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Figure 5: Copying the function of G; by a CNOT gate.

Figure 6: Copying a part of G; by a CNOT gate.

an MPMCT can change the locations of 0-value cells and
1-value cells in a Kmap for the function realized by G.
Therefore, if we add appropriate MPMCT gates, we can
modify the given function so that it has a much simpler
ESOP forms; the total quantum cost can be reduced.
By using this modification, the previous method [2] can
design a circuit for a single output function with lower
quantum cost.

2.2 Our New Idea: Using CNOT Gates to Copy
Classical Logic

The previous method explained in the previous section
cannot deal with multiple-output functions efficiently.
Here we propose an efficient method to treat multiple-
output functions directly. Our idea is to use a CNOT
gate to copy a classical logic between multiple outputs.

Let Gy be a set of MPMCT gates whose target bits
are all ¢;. In other words, G; is a quantum circuit that
calculates a Boolean function on t;. Let also the Kmap
for the function be as shown in Fig. 1. Further let G5 be
a set of MPMCT gates whose target bits are all to, and
the Kmap for the function of G be as shown in Fig. 2.
Then let us consider to design a circuit that calculates the
above two functions at the same time, i.e., two-output
function. If we add a CNOT gates whose control bit
is t; and target bit is to between G; and G5 as shown
in Fig. 5, we can ”copy” the function of G; at t; into
the function of G9 at t5. This means that the circuit in
Fig. 5 calculate the function that is exactly the same as
G2 at to because any MPMCT gate-based circuit is self-
inverse. In othe words, we can consider that the part of
the circuit after the CNOT gate in Fig. 5 (i.e., G; and
G2) calculates the function whose Kmap is as shown in
Fig. 3. Note that if we ”"copy” the 1-value cells in Fig. 1
to the Kmap as shown in Fig. 2, we get the Kmap as
shown in Fig. 3. In conclusion, if the function after the
above ”copy” is easier to be designed than the function
by only G, the total quantum cost of the circuit designed
as Fig. 5 becomes smaller than the simple concatenation
of G; and G5. This is our idea in this paper.

We can copy only part of a circuit. Let G; be divided
into two parts, G1, and G1p. Then, the circuit as shown
in Fig. 6 can copy only the functionality of G1,, and thus
we need to design a circuit equivalent to G5 and G4, for
the function on t9 as shown in Fig. 6.

81

(G + G2)'

Figure 7: Applying previous method to Fig. 5.
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Figure 8: The final circuit.

For the circuit as shown in Fig. 5, we can use the previ-
ous method [2] to design a circuit for the function realized
by G5 and G;. Namely, we add two MPMCT gates be-
fore and after Gy and Gia. By this, the circuit becomes
as shown in Fig. 7, and then our final circuit becomes as
shown in Fig. 8.

3 Experimental Results and Conclusions

To evaluate our idea presented above, we performed
the following experiment. We generated randomly two-
output functions with four variables. We have 146C5 X
16C2 =14,400 functions even if we only consider the case
when the number of minterms is two. Thus, we tried
10,000 randomly selected two-output functions with four
variables having 2 to 7 minterms. For the randomly se-
lected functions, we compared two methods; (1) we ap-
plied the previous method to each of the outputs, and
combine the results, and (2) we applied our idea to add
CNOT gates to copy appropriate partial function from
one function to another function before applying the pre-
vious method. Then, we confirmed that our proposed
method can achieve lower quantum cost for 95% cases,
and it can reduce the quantum cost by approximately
12.5% compared to the previous method in average.
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1 Introduction

Recently topological quantum computation [2] has
been drawing much attention as one of the promising
ways to realize fault-tolerant quantum computation. The
topological quantum computation model perform compu-
tations by using braiding operations [2]. The most im-
portant issue is that any two operations can be performed
parallelly when the braiding operations corresponding to
the two operations are not physically overlapped [4]. For
example, g1 and go in Fig. 1(a) can be performed paral-
lelly because these are not overlapped with each other.
Thus we can reduce a computational time of a circuit by
parallelizing operations. Fig. 1(b) shows the parallelized
circuit.

However, the number of combinations of operations to
parallelize is enormous. Thus it is difficult to find a op-
timal way to parallelize a circuit. Therefore, we propose
some heuristics to parallelize a circuit, and compare var-
ious methods. These heuristics decide sets of operations
(computational steps) that can be performed parallelly
from the beginning (left-hand side) of a give circuit. An
example of a parallelized circuit is shown in Fig. 1(b)
where a dotted-line box means a set of computational
steps that can be performed parallelly.

In the followings, first, we describe an algorithm that
is commonly used in these methods for listing candidates
of computational steps that can be performed parallelly.
Then, we propose three methods, a greedy method, a
method based on a cost function and a probabilistic
method to select good computational steps in the listed
candidates. Our methods parallelize a whole given circuit
by repeating the above two steps (i.e., listing candidates
of computational steps and selecting one from the list.)
Finally we report our experimental result which shows
that the method based on a cost function and the prob-
abilistic method produced good solutions.

X ® X, P
0 m Y9a 0 ~Niida
X1 X1
Xy 928 x, <92
M M M
X3 —p o X3 P
x4 x4 =
gl g 1] 1130
xs —@ \\Vj xS —@ A\
X N x D o
6 N7 S 6 TPy
X7 5 6 X7 g 6
% DN LD

(a) original (b) parallelized

Figure 1: A quantum circuit.
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2 Parallelization of a circuit

2.1 Listing candidates of computational steps

Recently, a promising implementation scheme for topo-
logical quantum computation has been proposed [2]; the
implementation is divided into three parts, initialization
part, a large array of only CNOT gates, and the mea-
surement part. Thus it is very important to optimize
a circuit consisting of only CNOT gates; we consider to
optimize a circuit consisting of only CNOT gates. In the
following, the target and the control qubits of gate g; are
denoted by T'(g;) and C(g;), respectively.

First we introduce a terminology “overlapped.”

Definition 1 A pair of gates g; and g; are said to be
overlapped if the line between T(g;) and C(g;) and
the line between T'(g;) and C(g;) overlap each other. If
gi and g; are not overlapped, they are said to be non-
overlapped with each other.

For example, in the circuit as shown in Fig. 1(a), g1
whose target and control bits are x3 and x5, respectively,
and go whose target and control bits are x; and xo, re-
spectively, are non-overlapped, whereas g; and g3 whose
target and control bits are x5 and x4, respectively, are
overlapped. This is because two lines between x5 and x5,
and between x1 and x5, are not overlapped, but two lines
between x3 and 5, and between x5 and x4, overlap each
other. If the two logical CNOT gates are non-overlapped,
the braiding operations for the two CNOT gates can be
performed in one logical time step in our model.

We can swap two CNOT gates, g; and g; , if C(g;) #
T(g;) and T'(g;) # C(g;). We refer this as the swapping
rule in this abstract. For example, g4 and g5 in Fig. 1(a)
can be swapped. However, ¢; and g3 in Fig. 1(a) cannot
be swapped because the control qubit of g; and the target
qubit of g3 are the same qubit (i.e., x5).

To explain our method, we also need the following ter-
minology.

Definition 2 When g; and g; cannot be swapped by the
swapping rule, and there is g; before g;, We say g; de-
pends on g;.

For example, g3 depends on g; in Fig. 1(a) because
C(g1) and T'(g3) are the same. On the other hand, go
does not depend on g;.

We explain our method to list up candidates of com-
putational steps checking the above two relations (i.e.,
overlapped and dependence) of gates.

First, we create a directed acyclic graph, Gp, which
represents the dependence relation between any two
CNOT gates in a given circuit. A vertex in Gp cor-
respond to a CNOT gate, and an edge between two ver-
tices represents the dependence relation between the cor-
responding two CNOT gates. CNOT gates to be selected
as a candidate computational step should be the source
vertices in Gp.



Next, we create the undirected graph, Gg, from the
source vertices in Gp. A vertex in Gg represents to a
CNOT gate, and an edge between two vertices represents
the non-overlapped relation between the corresponding
two CNOT gates. It is obvious from our construction of
the graphs that two CNOT gates whose corresponding
vertices are adjacent to each other in Gg can be done
at the same time. When we select some CNOT gates as
a candidate computational step, there should be edges
between any pair of all the vertices corresponding to the
CNOT gates to be selected. This means that the vertices
to be selected should compose a clique of Gg. Accord-
ingly, we have to select a maximal clique in Gg as a
candidate computational step in order to parallelize as
many CNOT gates as possible. In our experiment, we
utilized Bron-Kerbosch Algorithm [3] to list all maximal
cliques in Gg. We consider the set of all these maximal
cliques as the candidate of the computational steps to be
parallelized.

2.2 Selecting computational steps

In the previous section, we described the method to list
candidates of the computational steps to be parallelized.
In this section, we explain how we can select one from
the candidates. We can find the optimal solution by ex-
haustive search, which is unrealistic from the viewpoint
of the computational complexity. Thus we propose three
heuristics to select a possibly good computational steps
from these candidates.

First, we describe a greedy method. The greedy
method selects the maximum clique of the listed cliques
in order to select the computational steps from the candi-
dates. In other words, this is the method that parallelizes
as many CNOT gates as possible from the beginning of
a circuit.

Next, we describe the method based on a cost function.
A cost function quantifies how a current situation is good
statically. For our purpose, the cost function corresponds
to weighting each of the listed cliques. Based on the cost
function, the method selects the clique with the maxi-
mum weight. The difficulty for this method is that we
still have not been able to find out a good cost function
for this purpose; we consider finding a good cost func-
tion would be very difficult problem. Therefore, in our
experiment we tried some cost functions and compared
those. The result showed that we were able to find out a
good solution when we considered the number of vertices
that depend on a clique as the cost function value for the
clique.

Finally, we describe the probabilistic method. As men-
tioned above, it is difficult to find out a good cost func-
tion. Therefore, we consider to use the method for se-
lecting the good solution probabilistically instead of se-
lecting based on pre-determined fixed cost function. For
this purpose, we can use Monte-Carlo tree search [1] as a
probabilistic method. Monte-Carlo tree search was pro-
posed in the field of computer Go, and has been used to
select the next move in any situation. In the research of
computer Go, it has been known to be difficult to evalu-
ate a situation by using a cost function similar to the case
of selecting cliques. Therefore, the following idea was
proposed; we play the game until the end by randomly
(playout) from each candidate move, and select the move
having the highest winning rate. However, we cannot
get a good solution by simply calculating winning rates.
Thus, we assign many playouts to promising moves, and
make the search tree grow by expanding moves when the
number of playouts exceeds a threshold. By this strategy,
it has been known that we are able to efficiently select

&3

Table 1: Execution results

circuit greedy cost function | probabilistic
bits/gates | steps time | steps time | steps  time
16/100 82 0.00 68  0.00 64 0.54
16/500 190 0.01 166  0.02 157 250
49/500 116  0.02 91 0.11 88 180
100/500 81 0.15 74 0.74 66 1500
100/1000 161  0.14 128  2.50 135 12000

good moves with high accuracy.

In the above Monte-Carlo tree search, the problem is
how to define a promising move. One solution is to de-
fine that the value called “UCB1” for a promising move
should be the maximum value. UCB1 is a value which is
used to solve Multi-armed bandit problem [1].

We can apply Monte-Carlo tree search to our prob-
lem of selecting cliques as follows: we consider a move
corresponds to selecting a clique, and a winning rate cor-
responds to the inverse number of the expected value of
the number of the total computational steps. The rea-
son why we consider an inverse number is that we want
to minimize the number of computational steps for the
problem of selecting cliques. Furthermore, we are able
to normalize the value to [0, 1] by inverting the number,
and thus it is convenient to calculate UCBI.

2.3 Preliminary Experimental Result

We implemented the above three methods, and tried to
minimize the computational steps of randomly selected
circuits. The comparison results are shown in Table 1.

3 Conclusion

In this abstract, we propose three methods to paral-
lelize a circuit for the reduction of computational steps
for topological quantum computation. Our method par-
allelizes a circuit by repeating two steps; (1) listing the
candidates of the computational steps, and (2) selecting
the good computational steps from the candidates. Our
method based on a cost function produces good results
generally in short execution time. On the other hand,
the probabilistic method needs more time but produces
better results than the method based on a cost function.
Thus there is a possibility that a better cost function ex-
its, which means our future work is to find such a cost
function. Also we would like to improve the execution
time of the probabilistic method.
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Abstract. In this work we make a comparative study between coupled spin-1/2 systems and coupled
quantum oscillators when they constitute as the working media of quantum thermodynamic machines. For
this purpose, we consider anisotropic 1-D Heisenberg model of interaction between two spin-1/2 systems.
Analogous interaction in the case of two oscillators is realized by considering quadratic coupling between
positions and momenta of the two oscillators. Interestingly, we point out certain range of parameters for
which the efficiency of the coupled oscillators outperform the efficiency obtained from coupled spin systems.
With the same interaction, the coupled systems work as refrigerator for a different range of parameters
and the coefficient of performance of coupled spins outperform that of the coupled oscillators.

Keywords: Otto cycle, coupled spin-1/2 system, coupled oscillators

1 Introduction

Study of thermodynamics in quantum regime can re-
veal fundamental features. As for example, the statement
of the second law of thermodynamics in the presence of an
ancilla [1, 2] or, when the system has coherence [3, 4], has
been established in great details from where the classical
version of the second law emerges under appropriate lim-
its. Extension of thermodynamics to quantum regime can
be approached in different directions such as information-
theoretic point of view [5, 6, 7], resource-theoretic aspect
[8], work extraction from quantum systems [9, 10, 11],
etc. Different models of thermodynamic machines can
be considered as useful tools to study in such directions.
Such heat devices also help us to understand the behavior
of thermodynamic quantities such as work and efficiency
with non-classical feature such as entanglement, quan-
tum superposition, squeezing, etc.

2 Results

Coupled systems as quantum heat engines are stud-
ied widely in recent past [12, 13, 14, 15, 16, 17]. It
has been shown that appropriate coupling can increase
the efficiency of the system compared to the uncoupled
model [15]. The aim of the present work is to com-
pare the performances of different coupled quantum sys-
tems when used as the working medium of a thermody-
namic machines. For this purpose, we consider coupled
spin-1/2 system and coupled quantum oscillator as work-
ing medium of quantum Otto cycle where the coupling
in both the cases are taken to be of similar form (e.g.
Heisenberg XX or XY interaction). Our findings are
listed as follows: (i) we compare the efficiencies in the
realm of increasing dimension of the system, (ii) we show
that efficiency of a coupled system is bounded (both from
above and below) in terms of the efficiencies of its parts
(independent modes) when both the independent modes
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work in the engine mode, (iii) global efficiency decreases
when a part of the coupled system works as refrigerator,
(iv) for certain range of parameters the efficiency of the
coupled oscillators outperforms the efficiency obtained
from coupled spin systems, (v) with the same interac-
tion, system work as refrigerator for a different range of
parameters and the coefficient of performance of coupled
spins outperform that of the coupled oscillators.

2.1 Quantum Otto cycle

Quantum Otto cycles are analogous to the classical
Otto cycle, and the latter consists of two isochoric pro-

Figure 1: Pictorial representation of quantum Otto cycle.
The working medium of this cycle is a harmonic oscilla-
tor. Stage 1 and Stage 3 are thermalization processes, in
which the system exchanges heat with the bath. Stages 2
and 4 correspond to adiabatic processes where frequency
of the oscillator changes from w to w’ and back by doing
certain amount of work.



cesses (work, W = 0) and two adiabatic processes (heat
@ = 0). The system exchanges heat with the bath during
the thermalization processes and the work is done when
the system undergoes adiabatic process. Work and heat
are calculated from the change in mean energies, where
mean energy of the system represented by the state p and
the Hamiltonian H is defined as Tr[pH].

2.2 Coupled oscillator and spin-1/2 system

Coupled oscillator:
as 1 and 2) having same mass and frequency,
Hamiltonian is given by,

Consider two oscillators (labeled
and the

P +m92 zi +
2m g 7

p% mQ? 2
71 — a2
2m 2

1
+2< AeT1T2 + 5 Q)\pplp2) , (1)

HOS

where A, and A, are the coupling strengths with same
units as that of 2. Under suitable co-ordinate transfor-
mation the Hamiltonian reads as,

BQB 2

p124 MAQA 22
9 B

— 2
2M 4 2 ( )
<CLCA + > Qa+ <cj3cB + ) Qp, (3)

pB
a+ 72MB +

HOS

where c,z and ¢, where k = A, B, are the creation and an-
nihilation operators for the independent oscillator modes
A and B. Here Q4 and Qp are eigenmode frequencies
and M4 and Mp are the effective masses in the new
co-ordinate frame The explicit expressions are given
as My p = (QiA ik Qa/B = \/(Qi)\p)(Qi/\w). While
this coupled system is used as the working mideum of the
above said Otto cycle, the total amount of heat absorbed
by the system from hot reservoir is given by,

wA B}LWA /Bcwfq
Q = < (coth [ 5 } — coth {2}>
+ % (coth {ﬂh;B} — coth {&;ﬁ;]) . @

The first (second) term Q4 (Qp) denotes the heat ab-
sorbed by the system A (B). Similarly, the total work is
the sum of the work done by the independent systems,
W = W4 4+ Wg, which is given by,

(wa —wy) Brwa Bew'y
— (coth [ > } — coth {2})

Con 28) (oo [ 2] — com [ 28] ) 5

The efficiency of the individual system is given as n =
1 — wy,/wy, where k = {A, B}. But the actual efficiency
of the coupled system is defined as the ratio of total work
over the total heat absorbed by the system. So we can
write

w

+

Wa+Wp

_ ~ 1aQa +1BQB
Qa+ QB

. Qa+Qs

(6)
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Figure 2: The two dotted curves show the upper bound
(nB) and lower bound (n4) . The continuous curve repre-
sents the efficiency of the coupled oscillator. Efficiency of
the coupled spin system is denoted by the dashed curve.
Carnot value is represented by the horizontal line. When
the independent systems work in engine mode, the global
efficiency of the coupled system lies inside the bounds.
The plot also shows that the global efficiency of the cou-
pled oscillators is higher than that of the coupled spins
for small values of A;. When the upper bound reaches
Carnot value, ng = 1—T,./T), for A\; = A\ (represented by
vertical dashed-dotted line), then we get °% = 7P = 4.
Here we take T, =2, T, =1, w = 4 and v’ = 3.

When both the systems are working in engine mode (i.e.,
Qa > 0and Qp > 0), we have,

(7)

Coupled spin-1/2 system: Consider two spin-1/2 sys-
tems coupled via Heisenberg exchange interaction, i.e.,

min{na,np} < n < max{na,np}.

H® =B, (S @I+ 1®S53)+2(J,57S53 +J,5{5Y), (8)
where J; and J, are the interaction constants along x and
y directions. Likewise oscillator case, here also the Hamil-
tonian can be expessed as raising and lowering operators
and under suitable coordinate transformations it can be
expressed as in terms of two uncoupled spin modes. In
the particular case A\, = J, = Ay, = J, = A;(say) (in spin
case, the model is known as Heisenberg XX model), the
efficiencys of the coupled systems have been compared in
Fig.2

3 Discussion

The coupled spins and coupled oscillators can also work
as refrigerators. The refrigeration cycle is same as the
cycle described for engine above provided refrigerators
absorb heat from cold bath (Q. > 0) and transfer it into
hot bath (Qn < 0). To transfer heat from the cold bath
to the hot bath, work has to be done on the system and
hence, we have W = Qp, + Q. < 0. The coefficient of



performance (COP) is defined as ( = Q./|W|. Likewise
efficiency, the global COP is bounded by COPs of the
subsystems when both the the subsystems work as re-
frigerators. Interestingly we find that the global COP
of the coupled spins is higher than that of the coupled
oscillators for small values of ;.

To conclude, we compared the performance of coupled
oscillators and coupled spins when they work as a heat
engine. We choose suitable co-ordinate transformation
to get two independent systems. The global efficiency is
bounded by the efficiencies of the independent systems.
We have also shown that such bounds exist when the sys-
tem work as refrigerator. We also point out the range of
parameters and form of interaction where the efficiency
of the coupled oscillators is higher than that of the cou-
pled spins. For two particular types of interactions, we
show that the global COP is higher for coupled spins
compared to coupled oscillators, whereas, with the same
interaction, coupled oscillators found to be more efficient,
when the system work as heat engine. Therefore coupling
causes opposite effects in the figure of merits of heat en-
gine and refrigerator.
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Abstract.

Harrow, Hassidim, and Lloyd proposed the efficient quantum algorithm (HHL algorithm) for

linear equations when the coefficient matrix is sparse and well-conditioned. The HHL algorithm can obtain
a quantum state corresponding to the solution of the linear equations. Here we consider linear systems with
circulant coefficient matrices and propose a quantum algorithm to obtain a quantum state of the solution.
The proposed algorithm does not require Hamiltonian simulation, which is used in the HHL algorithm,
because eigenvalues of circulant matrix can be obtained using quantum Fourier transform. The proposed
quantum algorithm is roughly quadratically faster than the classical algorithm.

Keywords: Quantum algorithm, Linear equations, Circulant matrix

Introduction

Linear equations occur in science and engineering com-
putation applications. There are many algorithms to
solve linear equations, e.g., LU factorization and the con-
jugate gradient method. Harrow, Hassidim and Lloyd
proposed a quantum algorithm (HHL algorithm) for lin-
ear equations [1]. The HHL algorithm outputs a quantum
state |z) = A~1[b) with O(log(IN)) runtime and is expo-
nentially faster than any classical algorithm, where A is
a well-conditioned and sparse N x N matrix. Moreover,
the HHL algorithm has some applications [2, 3, 4].

We wish to obtain a quantum state |z) for other ma-
trix. We focus on the circulant matrix C', which appears
in difference solutions of partial differential equations be-
cause the eigenvalues of C' can be calculated using dis-
crete Fourier transform.

Here, we propose a quantum algorithm to obtain
|z)= C~1|b) for a specific case of the circulant matrix.
The HHL algorithm obtains the quantum state |z) using
Hamiltonian simulation [5]. In contrast, the proposed
algorithm uses Amplitude Estimation (AE) [6] to ob-
tain the quantum state |x). The proposed algorithm is
roughly quadratically faster than the classical algorithm
[7].

2 Known quantum algorithms

2.1 HHL algorithm

For a well-conditioned and sparse N x N matrix A, the
HHL algorithm generates quantum state |x) that corre-
sponds to the solution of the linear equations AZ = b.
The HHL algorithm assumes that we can efficiently pre-
pare a quantum state |b) Z;V;Ol bj|7). The HHL

*im151006@cis.aichi-pu.ac. jp
fa-ohashi@fc.ritsumei.ac. jp
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algorithm first estimates the eigenvalues A; of A us-
ing phase estimation with Hamiltonian simulation e!4?,
which can be implemented in O(log(N)) runtime [5].
Next, the algorithm performs controlled rotation and

inverse phase estimation. We obtain a quantum state

S Bilus) (/1= 5100 + £ 11)a), where [uj) is the
eigenvector of A, 5; (ujby, I = O(1/k), and & is
the condition number of A. Finally, we measure the an-

cilla qubit. If we obtaén 1, the quantum state becomes
1 N1 By ;
SARTNEWE >0 ~ |uj) = |z). If we obtain 0, the
algorithm fails. Therefore, we use the Amplitude Am-
plification (AA) to obtain 1. Here, the total runtime is

O(log(N)s?k?/€), where s is the number of nonzero ele-
ments per row and € is the allowable error.

2.2 Amplitude estimation

Let A be an unitary operator used to obtain quan-
tum state |u) = fo;ol ui|k) for initial zero state |0),
ie., Al0) = |p). We can estimate |u;| by estimating
the phase of the eigenvalues of Q; = —AS(.A~!S; using
a technique that is similar to phase estimation, where
S; = (In—2[7)(j|) and Iy is the N x N identity matrix.
The eigenvalues of Q; are given by et1205 where 0;is a
real number such that sin(0;) = |u;].

We prepare |u)|0)™ (m is the number of qubit and
is relative to the estimation error) as the input state.
If §; can be represented as 0; = w4 for any positive
integer z, the AE can output the state |u;,g(0;)) =
(e ) ML) — e M (1- %)), where 1)
is the eigenvector of Q; and M = 2™,

2.3 Parallel amplitude estimation

Let Q be an unitary operator Q = —(Iy ® ASgA™1)S,
where S is an unitary operator that changes the sign
of the amplitude if and only if the first qubits equal
the second qubits (i.e., S|j)|j) = —|4)|j) and S|j)|i) =



[)i) for j # ).

ing eigenvectors are given by |j}|u and e for
7 =0,1,..., N — 1, respectively. For ?Vll 7 and any posi-
. . . . 1.

tive mteger z, if the input state is > ;_o"[7)[1)[0)™ and
f; can be represented as 0; = 747, the parallel AE can

output the state E;y:_ol )i, 9(05)).

The eigenvalues and the correspond-
(J)> +i26;

3 Circulant matrix

The circulant matrix C has the form:

Co C1 C2 CN—-1
CN-1 €o C1 CN—-2
C=]|¢N-2 CN-1 Co CN-3 (1)
C1 &) C3 Co

2wk
=5

The eigenvalues A; of C' are given by A\; = Z,JCV;OI cie
We can obtain A; by applying quantum Fourier trans-
ZkN‘Ol ck|k> Specifi-

Soeco pklk) =t |,

form Fy to quantum state |¢) =
cally, Fxle) = S0 (A /VN) k) =
where 1, = A /V/N.

The eigenvectors |u;) corresponding to the eigenvalues
A; are given by applying Fy to computational basis |j),

2mik
Fylj) = N k).

ie., |uj) = \sz o €

4 Main Algorithm

4.1 Outline

STEP 1 (state preparation):
We assume that |b) and |¢) can be prepared effi-
ciently. We prepare the quantum state |b)|c)|0)™]0), =

Z;y:_ol Bjlu;)|c)|0)™]0)q, where |u;) is the eigenvector of
the circulant matrix C' and 8; = (u,|b).
STEP 2 (parallel amplitude estimation):
We apply Fj\, to the first quantum state and F  to the
second quantum state. Since F;r\,\uﬁ = |j) and Fylc) =
|0}, we obtain Zj\gl B;17)11910)™]0),. Next, we estimate
|ie;] for each j using parallel AE. Thus, we obtain
N-1
> Bilidlug, 9(6:))10)a- (2)
3=0

STEP 3 (controlled rotation):

We perform a controlled rotation on the ancilla qubit
with the third qubits as a control to obtain the following

N—-1
> 5j|j>|uj79(9j)>< 1-—
=0

where constant I is chosen to satisfy |T'/sin(rz/M)| < 1.

I r
—10)a + |uj||1>a>, (3)

s

STEP 4 (inverse parallel amplitude estimation):

We undo the quantum states other than the ancilla
qubit, i.e., we perform the inverse of STEP 2 to obtain

the following
r
0™ {4/1- \0> Da ] (4)
( \ J\ 11451

N-1
> Bilug)le)
=0
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STEP 5 (measurement of the ancilla qubit):
We measure the ancilla qublt If we obtain 1, then we
1
have SRETAYIE ZJ 0 Iu ‘|uj> which equals to
1 B

Z i
\/ o 1B/ =0

If we obtain 0, then the proposed algorithm fails. Thus,
we use AA to obtain 1. If [A;| = A; for all j, then ob-
tained state (5) becomes |z) = C~1|b) corresponding to
the solution.

4.2 Runtime

In parallel AE, the unitary operator Q that runs in
O(log?(N)) is applied M times. The parallel AE requires
M = O(VN/e) to estimate )\; within error & due to
estimate |u;| = |\;|/V/N. Thus, parallel AE requires
O(v/Nlog?(N)/e) steps. The probability that we obtain
1in STEP 5 is Q(1/x2), where  is the condition number
of C. Therefore, we require O(x) repetitions in AA. Thus,
the total runtime of the proposed algorithm is as follows:

O(kVN log?(N)/e). (6)

There is classical algorithm by using fast Fourier trans-
form, which is O(Nlog(NN)) when used to solve linear
equations CZ = b. T herefore, the proposed algorithm is
roughly quadratically faster than the classical algorithm
in terms of N (i.e., the matrix size).

5 Conclusion

We have proposed a quantum algorithm to obtain
quantum state |x) C~Yb) for the circulant matrix
C with which we can efficiently obtain eigenvalues us-
ing quantum Fourier transform. The proposed algorithm
uses AE rather than Hamiltonian simulation to estimate
eigenvalues. However, there are many constraints on the
circulant matrix. Thus, in future, we plan to improve the
proposed algorithm to remove such circulant matrix con-
straints. In addition, we plan to perform error analysis
of the obtained quantum state.
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Abstract. 1In this paper, we present Clifford+T gates based quantum circuit design of integer division
having n ancillary qubits. The proposed quantum circuit is based on restoring division algorithm. The
proposed quantum circuit of integer division consists of (i) quantum circuitry of conditional addition op-
eration, (ii) quantum circuitry of integer subtraction. To design ancillary and T-count optimized design of
quantum integer division, the optimized quantum circuit design of integer conditional addition operation
and integer subtraction are presented. The proposed quantum integer division circuitry has 50% improve-
ment in terms of ancillary qubits, and 90% improvement in terms of T-count compared to the existing
design of integer quantum division based on quantum fourier transform.

Keywords: Quantum Arithmetic, Quantum Circuits

1 Proposed Restoring Division Algo-
rithm for Quantum Circuits

The proposed restoring division algorithm for quan-
tum circuits is shown in Table 1. In Table 1, the inputs
to be given are: (a) (|Qo:n—1]), n qubit register in which
the dividend is loaded; (b) |[Do:n—1]), n qubit register
in which the divisor is loaded; (c) |Rjo:n—1)), 7 qubit
remainder register which is initiated to 0 at the start.
Therefore, for initiating |Rjo,,_1]), we require n number
of ancillary qubits. The algorithm has to go through it-
eration processes. So, from the algorithm, we can see
that at the end of n iterations, we get the quotient at
(|Qjo:n—1)) and remainder at |R.,—1]). The divisor is
retained at the output. The quantum circuits that are
required for developing the hardware implementation of
the proposed restoring division algorithm are (i) Leftshift
operation circuitry, (ii) n qubit quantum subtractor and
(iii) Conditional ADD operation circuitry. We observed
that we can eliminate the LeftShift operation circuitry
by combining |Rjg.n—2)) and (|Qpn—1)) to form an n qubit
register which is actually equal to performing an left shift
operation. By combining the qubits in this way, we do
not have to use a separate left shift operation circuitry.

1.1 Design of N Qubits Quantum Subtractor
Module

The subtractor circuitry takes two n qubit inputs
a[o:n—1] and bjg.,—1). The input a is regenerated at the
output. The n-qubit output s[g.,—1) has the result of the
subtraction of b and a, i.e., b—a. Fig.1 shows the circuit
design of N qubit subtractor based on N qubit quantum
ripple carry adder. The quantum ripple carry adder cir-
cuitry proposed in [2] or [3] can be used in developing the
quantum subtractor circuitry.

1.2 Design of N qubit Quantum Conditional
Adder Circuitry

The quantum Conditional ADD operation circuitry
takes two n qubit inputs ajg.,—1) and bjp.,—1) and also

*hthapliyal@uky.edu
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a control qubit. The control qubit controls the opera-
tion of the whole circuitry. When the control qubit is
low, both the inputs a and b are retained at the output.
When the control qubit is high, while the input a is still
retained without any changes, the output qubit register
S[0:n—1) has the result of the sum of the qubits a and
b. The complete working circuit of quantum conditional
ADD operation circuitry is shown in Fig.2. Although,
Fig.2 is just shown for 4 qubit operands, it can easily be
extended to any operands sizes.

b, ~b— —®—s,
ag Qg
b, -&— —&—s;
a, N qubit a,

} Ripple Carry }
a,, Adder a,.,
b, —&—s,,
An1 A,

Figure 1: Circuit design of N qubits quantum subtractor
based on N qubits quantum ripple carry adder

ctrl ctrl
b0 & s0
a0 a0
bl ? <5 ? sl
al —e & B . al
b2 & S, P 52
02—t e b % S
b3 &P & P s3
03 — e S

Figure 2: Circuit design of quantum conditional ADD
operation circuit



Algorithm 1 : Proposed Restoring division algorithm

function Restore (|Qn),|Rn),|Dn))
fori=0 to n—1do

(‘Q[l:nfl]% ‘R[O:nfl]» = Lerrsuirr (lQ[O:n71]>v |R[O:n71]>)§

(IR = Dioin—1)) = IRo:in—1)) — |Pjo:n—1])
if(lR[O:n71]> > 0) then

Q) =1
‘R[O:n—1]> =|R- D[O:n—l])?
else
|Qo)) = 05
‘R[O:n71]> = |R - D[O:n71]> + ‘D[O:nfl]%
end if;
end for;
//repeat for n iterations//
return R;

end function

Table 1: Proposed Restoring division algorithm for quan-
tum circuits

|C|2[o;n2]§ IQ[1;n>1]>
Qn-1) :lj ® Rl
S CA
| Rio:n—2)) | [R1n-1))
[Rpn—1)) O |Qlpy)
| Dio:n—17) | Dio:n-11)

Figure 3: Quantum restoring integer divider circuitry de-
sign for a single iteration

2 Proposed Design for Quantum Restor-
ing Integer Division circuitry

Fig.3 shows the proposed quantum circuit of restoring
division. We now elaborate on how information moves
through the circuit.

Step 1. The |Djg.,—1)) holds the divisor, | Rjg.p—1) ini-
tialised to zero, and |Qo.,—1]) holds the dividend.

Step 2. We consider, |Qp,—-1)) and |Rjg.,—9]), as one
combined register. This allows us to not use a left shifting
circuit. In Fig.3, S represents subtractor circuitry and
C A represents conditional adder circuitry.

Step 3. The combined register mentioned above in Step
2, and |Dyg.,,—1]) are given as inputs to the quantum sub-
tractor circuitry. Register |Djg.,—1)) emerges unchanged.
The combined register now holds |R — Dig.p,—1])-

Step 4. Qubits |R — Dy,_17) and |Rp,_q)) are sent to
Feynman gate. |R — Dp,_q)) is the control qubit and
the |Rp,—q)) is the target qubit. The target now holds
the value of |R — Dy, _1j) because |Rp,_y)) is always zero
throughout the computation.

Step 5. The |Rj,—1)) computed in Step 4 now be-
comes the control qubit to the conditional ADD circuit.
|R — Dig.—1]) and |Djg.,—1)) are the two n bit inputs
to the conditional ADD operation circuit. The outputs
of conditional ADD operation are collected. |Rp,_q)) is
complemented.

Step 6. All the above operations constitute the first
iteration. The outputs of first iteration will be used as
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inputs for the next iteration. The order of the output
qubits of the first iteration is altered and arranged again
as in the Fig.3. Then these altered qubits are given as
inputs qubits to the second iteration.

Step 7. This process continues for n iterations. The
circuit has to go through from steps 1 to 6 each time till
it reaches n iterations.

Step 8. At the end of n iterations, we have Quotient
in |Qno:n—1)), remainder in |Rn[g.,—1]) and the divisor is
retained. The dividend is not stored in our implementa-
tion.

The resources used in the design of the proposed quan-
tum restoring integer division circuitry is presented in
Table 2. As shown in Table 2, the proposed design will
require n ancillary qubits during initialization of remain-
der register.

Table 2: Resource count of proposed division circuitry

Designs Ancillaries T-count
n Subtractor 0 n* (1dn — 14)
n conditional ADDER 0 nx* (21n — 14)
Initial Ancilla qubits n 0
Total cost n 35n% — 28n

Table 3: Comparison of resource count between proposed
and existing division circuitries

Designs Ancillaries T-count
existing design [1] 2n ~ 400n2
proposed design n 35n% — 28n
Improvement ratio 50% ~ 91%

3 Comparison

We compared our proposed quantum restoring divider
circuitry with the existing design in [1].We compare the
ancillaries and T-count. T-count of the existing quantum
circuitry of integer division in [1] is calculated for 3, 4 and
5 qubits and extrapolated for n qubits. The proposed
quantum circuitry of integer division has an improvement
ratio of 50% in terms of ancillary qubits, and 91% in
terms of T-count compared to [1].
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Abstract.

We outline methodology for a universal set of quantum gates for surface acoustic wave (SAW)

quantum computations. We use analytical methods to postulate a Hamiltonian which would implement

the gates.

Numerical parameter sweeps of the time-dependent Schrodinger equation finds the optimal

parameters of the Hamiltonian. The two-qubit gates that we find are sqrt(SWAP) gates, either of the form
of inter-channel operations or intra-channel operations. The inter-channel operations are needed for the
circuit quantum computer models developed in prior SAW works. The intra-channel operations can be
used for a novel type of SAW cluster state quantum computations.

1 Extended Abstract

Since the initial breakthroughs and the discovery of
the potential power of a quantum computer, almost three
decades have been allocated towards exploring problems
that might be more efficiently solved on such a machine.
[1, 2, 5, 4, 15] Whilst numerous mathematical applica-
tions have been found for quantum computers, the exper-
imental successes in carrying out quantum computations
have been limited. The difficulty in acquiring long deco-
herence times, short operational times, fast optimal read-
out and scalability has driven the field of experimental
quantum computation around the entire spectrum of the
subject of physics. [6, 7, 1, 8, 2, 9] In terms of quantum
hardware, the quantum computation has to be tailored
to the specific qubit used in the manipulations. For ex-
ample, whilst the spatial quantum evolution of massless
particles is essentially non-dispersive, but interactions be-
tween particles are weak; the spatial evolution of massive
particles is dispersive, but interactions can be strong.

In this work we develop and investigate one of the sug-
gested experimental protocols for realising quantum com-
putations: quantum computations with surface acous-
tic wave (SAW) qubits. The ideas of a SAW quantum
computational protocol is based on electron spin qubits
that are carried forward by a surface acoustic wave on
the surface of a semiconductor heterojunction. [7, 10]
The acoustic wave begins on a 2D electron gas that
is incident on 1D quantum wires. In these quantum
wires the surface acoustic wave captures and carries sin-
gle electrons, which become confined to the minima of
the SAW. By placing a number of 1D wires parallel on
the 2D surface and capturing one electron spin qubit in
each wire, it is possible to realise quantum computations.
We suggest magnetic gating for the implementation of
single qubit rotations and non-magnetic screening gates
for inter-channel sqrt(SWAP) two-qubit operations. The
SAW based quantum computation model gains signifi-
cant benefits over other massive qubit models in that
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it straightforwardly obtains the transport of the qubits,
which in other technologies can be problematic. Further-
more, the SAW based systems allow the magnetic and
electric gates to be stationary and static on the surface
of the heterostructure device.

Presently, neither experimental data nor numerical
simulations have been published for the operations
needed in electron spin SAW quantum computing. Mo-
tivated by the prospect of experimentally implementing
these flying qubit quantum computations, we have car-
ried out a thorough numerical investigation of SAW fly-
ing electron spin qubit quantum gates. These simulations
have allowed us to specify the physical parameters needed
in order to implement the suggested two-qubit gates in
real physical systems.

Before we present our findings when it comes to the
implementation of the SAW two-qubit gates, we spend
a few lines on describing the numerical methods used in
this protocol.

In order to obtain the results of this paper, the
time-dependent Schrédinger equation (TDSE) was solved
based on the methods of [12]. We extended the original
Staggered Leapfrog method presented in [13] to also in-
clude the spin component of the potential of the Hamilto-
nian and incorporate the spin-dependence in the poten-
tial. In terms of the quantum evolution in 1D quantum
wires, we effectively remove two dimensions by integrat-
ing over them such that the problem reduces to a sim-
ulation of one dimension per particle but with altered
Hamiltonian parameters. A more detailed overview of
the numerical methods for a single particle simulation
can be found in our previous work in Ref. [14].

Whilst the matrix algebra of the quantum evolution
— in principle — is straightforward, the dimensional-
ity of a two particle quantum system and the need of a
large number of lattice points for a realistic simulation,
leads to enormous constraints on the speed of the sim-
ulation. However, we have found that owing to the ro-
tational nature of spin qubit quantum evolution, the use
of GPU cards can significantly increase the speed of such



computations. By parallelising the Staggered Leapfrog
method on GPUs using OpenCL, it has been possible
to reduce the computational time by two orders of mag-
nitude, which is crucial for realising parameter scans in
realistic computational times. We also deem the numeri-
cal GPU adapted methods of this work to be highly valu-
able for simulations of any similar system and we strongly
advocate the use of GPU boosted code in tailoring few-
particle quantum Hamiltonians on classical computers.

Inter-Channel Gates: The simulations of the proposed
inter-channel sqrt(SWAP) operations were successfully
implemented. We simulated Hamiltonians created by
carefully tuned screening gates on the top of the het-
erostructure. The electric gates are such that they can
bring two separated harmonic potential minima to a mu-
tual minimum and then separate them again. Crucially,
the massive wavepacket dispersion is eliminated due to
the Gaussian wavepacket nature of the qubits in these
potentials. These simulations are crucial in order to get
a hint of what the real experimental parameters will have
to be.

One way of realising quantum computations in these
systems is by allowing a circuit model to be implemented
on the set of input qubits that are initialised in the ar-
ray of 1D quantum wires of the system. However, owing
to the 2D nature of the device structure qubits can only
directly interact with qubits in neighbouring wires. The
limit of the two-qubit interactions to nearest neighbour
inter-channel gates significantly limits the speed of the
quantum computation. Hence, we suggest the alternative
implementation of SAW quantum computing; namely fly-
ing qubit cluster state one-way quantum computing. In
order to efficiently create cluster states for fault toler-
ant quantum computing, the SAW system will have to
include multiple qubits travelling on successive minima
of the SAW in the same wire. This creates a 2D array
of qubits. Crucially, the system then requires means of
intra-channel two-qubit gates.

Intra-Channel Gates: These gates are implemented on
two-qubits trapped in successive minima travelling down
the same 1D quantum wire. We find that by implement-
ing a stripe Schottky gate, perpendicular to the direc-
tion of travel of the qubits, one can alter the Hamil-
tonian, such that the ground state is perturbed for a
short period of time, allowing some tunnelling between
the two quantum dot minima that contain the qubits.
By carefully tuning the parameters of the confining po-
tential and the stripe gate, it is possible to utilise the
spin-dependent difference in the interaction potential of
the electron qubits in order to implement a sqrt(SWAP)
operation. We calculate the time-dependent Hamiltonian
analytically based on a semi-classical model and numer-
ically obtain its form by using density functional theory
to self-consistently solve the Poisson equation. In terms
of realising the intra-channel sqrt(SWAP) operation, the
two potentials are equivalent.

The intra-channel and inter-channel two-qubit gates
can then be used to create a cluster state of the M — 1
first channels in the semiconductor heterostructure junc-
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tion. The M®™ channel is used as the input channel.
This channel would remain latent during the first half
of the SAW computation (the half during which the clus-
ter state is created) but become live and manipulated
in the second half (the half during which the one-way
computation takes place).

Experimentally attainable SAWs have typical speeds
of around 3000 ms~! and coherence times of about 100
ns. Hence, with gate sizes of about a micron, several
hundreds of qubit operations can be carried out within
the lifetime of the qubits.

Conclusively, this work presents a toolkit for the im-
plementation of SAW quantum computing with flying
electron spin qubits. We show how two types of two-
qubit gates can be implemented. The realisations of
these gates are simulated by solving the time-evolution of
the Schrédinger equation for a Hamiltonian with credible
stripe Schottky gate and screening gate potentials found
either analytically or by density functional theory. We
also suggest how the combination of these two particle
gates together with single particle gates can be used in
order to realise one-way cluster state computations using
the SAW systems.
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Abstract.

We present two algorithms that apply an arbitrary quantum operation on a qubit, which may

be continuously evolving according to its own Hamiltonian. The qubit couples to a quantum computer
through a fixed interaction Hamiltonian, which can only be switched on and off. The algorithms achieve
an input and output operation, i.e., transfer of the qubit state between the qubit and quantum computer.
All the steps of the algorithms are described by a closed formula of the input parameters of the algorithm
and the interacting unitary between the qubit and quantum computer.

Keywords: quantum control, quantum algorithm, input-output approach

1 Introduction

Quantum algorithms assume that quantum systems
can be controlled, or more precisely, that the necessary
operations can be applied on the systems at will, but
such high controllability is scarce in actual quantum sys-
tems. In contrast, a quantum computer is a quantum sys-
tem, on which arbitrary quantum operations are possible.
One of the main goals of quantum control theory [1-4] is
to identify the means to increase the controllability of a
quantum system by coupling it to a quantum computer.
Typically, the poorly controllable systems are assumed
to evolve continuously according to its self-Hamiltonian.

Occasionally referred to as local control [5-12], certain
parts of a physical system are assumed to be highly con-
trollable or the system can be coupled with a quantum
computer. Protocols such as [10-12] show that we can
transfer the state of the physical system to the quantum
computer (output) and return it to the physical systems
(input), in principle by local control. Thus, physical sys-
tems become fully controllable by this input-output ap-
proach because of high controllability of quantum com-
puters. The advantage of this approach is independence
on the desired operation to be implemented on the phys-
ical system. Hence, once we find methods to realize the
input-output operations under limited controllability, we
can perform any quantum operations for the physical sys-
tem.

In this paper, we study means to control a physical
system by the input-output approach, for a system cou-
pled with a part of a quantum computer by a single fixed
interaction Hamiltonian, for which we can arrange the
duration of the coupling. It is generally difficult to con-
struct exact input-output operations on our restrictions
as pointed out in [10,11]. Thus, we will present two algo-
rithms for a given coupling which implement approzimate
input-output operations. The first algorithm is similar to
a procedure introduced by [10,11] and requires a larger
quantum memory for the quantum computer to perform
approximate input-output operations with higher accu-
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racy. The second algorithm requires only a fixed amount
of quantum memory with respect to the required accu-
racy. Finally, we will evaluate the upper bound of the ac-
curacy of the implemented operations of our algorithms
in the diamond norm.

2 Setting

We consider a qubit S, which evolves according to a
fixed time-independent self-Hamiltonian Hg. We assume
that the quantum computer in contrast to S is able to
perform arbitrary quantum operations (CPTP maps and
quantum instruments).

We model the coupling between S and the quantum
computer by two subsystems, a register system R and
an interface system I of the quantum computer. R is
the main processing part of the quantum computer con-
sisting of N qubits. The interface system I is one qubit
system, which directly couples to S by a single fized in-
teraction Hamiltonian Hj,;. We assume that we are only
allowed to choose between on and off of Hi,, and that
I behaves as a part of the quantum computer, i.e., any
unitary operations can be performed on I R when Hiy is
off. The set of unitary operators LU% .Hi,, describes all
the possible operations on the total system.

3 Algorithms

Our two algorithms implement an approximate output
operation T (£), which satisfies for any state [1hg) g =
as]0)g +bs|l)g on S

TS (E) |vs) ¢ [0) 10) 5™
=10)5 ® (as[0); +bsy/1—€2]1);) @ 0) 5"
+bsé |1>s |Gout) (1)

with a certain fixed basis on SIR, |gout) iS a state on
IR, and M is the number of qubits on R. We see that
T3r(0) is the exact output operation when the initial
state of IR is |0), |0)%M. Our algorithms consist of the
unitary operator U, on ST which is generated by Hing
and Hg such as Uiy 1= e *on7 for some fixed duration
time 7, where we defined Hy, := Hg ® Is + Hiy. Then,
the algorithms have the following properties:



e Algorithm 1 [10,11]: Alg. 1 requires sufficiently
large N-qubit register system for the approximate
output operation, i.e., £ of Eq. (1) is exponentially
close to zero with N.

e Algorithm 2: Alg. 2 requires only one qubit register
system for the approximate output operation. The
quantum circuit representation of Alg. 2 is in Fig. 1.

Ui nt Ui nt Uint Uint

W=

_Wl(k)

Figure 1: A quantum circuit representation of the Alg. 2.
The first three steps are the same as Alg. 1. Then Wl(k)
and Us,; are iterated, where Wl(k) (k=1,2,...) are uni-
tary operators on I R and depend on Uj,. Thus, the total
operations are in LIUZS,HM. By Alg. 2, £ of Eq. (1) is
exponentially close to zero with increasing the number of

iterations of Wl(k) and Ujpng.

By performing the inverse of our algorithms (T§3(£))*
for U;Lt instead of Uj,s, we can construct the approximate
input operation in LUY . Hine- (One can check that when
the initial state of S is |0) g, (T98*(0))T is the exact input
operation by applying (T$/(¢€))" on Eq. (1).) Therefore,
we obtain the concrete procedures of the realizations of
approximate input-output operations in LU%S’ Hie

Note that our algorithms do not succeed for all Uypy,
and we obtain the set of unitary operators on SI which
make the algorithms work. We will refer these unitary
operators as exploitable unitary operators.

4 Accuracy of control by approximate
input-output operations

We divide operations on the total system SIR into
three steps. First, we implement the output operation
TS5 (§out) to transfer the state on S to I. At the second
step, we perform a desired operation on I, say M, which
is always possible by definition. Finally, we perform the
input operation T (&) := (TS (€)' to transfer back
the state in I to S. We define map @f{;l““’&“ formed by
the above procedure, then we show the following lemma
to compare with M. The diamond norm is denoted by

e llo-

Lemma 1 For any CPTP map M on S, and 0 <
goutaé-in § ]-; ||q)§\c;1u“£in - M||<> § 2\/1752 sz Z O;
otherwise if = < 0, then ||<I>f{jl“°’5i" — Mlls < 2, where
-1+ \/1 - gut + \/1 - 51211 - goutgin-

The lemma shows that when &uut, &in are close to 0,
22 = 1— (&out + &n)?, hence H<I>§§1““§‘“ — M|l < 2(Eous +
&n) ~ 0. Therefore, Lem. 1 implies that T/ (€out) and
Ti (&) behave as input and output operations, respec-
tively, even when &, £yt are not strictly 0.

—_
— .
— .
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5 Conclusion

We have considered controlling a physical system by
coupling to a quantum computer, and the coupling is de-
scribed by time-independent Hamiltonian H;yt. In these
situations, we presented two algorithms for approximate
input-output operations under given unitary operator
Uing on SI, where Uiy, needs to be an exploitable uni-
tary. Although we have assumed that Ui, is generated
by time-evolution, we can prepare a unitary operator on
ST such as Ue(g) = e’iHO"t"(H?;f(Is ® ugj))e*im’"ti)

for any positive integer n, unitary operators ugj ) on
I, positive real numbers t;. Then our algorithms ap-
ply with U(Eg') € LUgs,Hmt instead of Ujy. In fact,
this technique is sometimes useful to construct an ex-
ploitable unitary operator. For example, we suppose that
Hiy := aXsg® Xy and Hg := gZg, where X, Z are Pauli
X and Z operators, respectively, and «,g € R, then we
can show that e *en™ is not exploitable unitary for any
T, but becomes Uéfzf) by the technique.
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Abstract.

UK

Different physical implementations of qubits offer advantages in different

tasks required by a quantum computer. In hybrid quantum systems, the need arises for
an interface between different types of qubtis. This research investigates quantum media
conversion between electron-spin qubits and photon-polarization qubits through accurate

GPU accelerated simulations.

Keywords: QMC, SAW, Single Photon Source, Quantum Computer, Qubit

1 Introduction

Quantum computing and quantum cryptog-
raphy are the two main areas of interest for
the applications of quantum information sys-
tems. Currently, there exist no perfect physical
qubit implementation which could be used effi-
ciently for all operations involved in quantum-
information technologies.[l] Different types of
qubits can be used at each step of the quantum
computation or quantum communication to op-
timise the success of each task. For example,
electron-spin qubits in a semiconductor mate-
rial offer straightforward initialization and ma-
nipulation of the qubit state since the interac-
tions between particles and an external magnetic
field are strong. Strong particle-particle inter-
actions also favour stable and scalable compu-
tation as they allow straightforward implemen-
tation of two qubit logic gates.[?] Conversely,
photon-polarization qubits are advantageous for
readout operations and for fast long-distance
communication.[3, @] Qubit coherence over long
distances makes photons absolutely necessary for
quantum key distribution schemes.

2 Quantum Media Conversion

Due to the hybrid nature of these quan-
tum systems, we investigated methods for in-

*h1407@cam.ac.uk
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terfacing different qubit types and an effi-
cient implementation of quantum media conver-
sion (QMC) between electron-spin qubits and
photon-polarization qubits. Certain protocols
only require QMC between definite states — map-
ping a spin-Y2 system onto a circular polariza-
tion state. In this case, the Hilbert space for
each qubit has dimension 2 and the mapping of
states can be expressed in terms of spin selec-
tion rules.[d] This has been the main focus of
our research. For truly generalizable QMC hard-
ware, the entire Bloch Sphere must be mapped
onto the Poincare Sphere. For the transmission
of quantum states over arbitrary distances, sev-
eral interfaces could be laid out in series leading
to a set of quantum repeaters.

A promising approach to the problem of single
electron transport are travelling surface acous-
tic waves (SAWSs). In piezoelectric materials
such as gallium arsenide, an oscillating stress
and strain wave is accompanied by an electric
potential modulation of similar waveform. Care-
fully tuned travelling SAWs can be used to carry
single electrons acting as qubits across a GaAs
device. B, [7]

In this research, a model is built in which an
electron is taken from a 2D electron gas and car-
ried by a SAW along a 1D channel, where its
spin is initialized by an external magnetic field.
It is then carried across a lateral p-n junction
and is ultimately introduced to a 2D hole gas



where it recombines with a hole and produces a
single photon. By engineering the band struc-
ture in the region of recombination to lift any
degeneracies in the valence band, the hole gas
becomes populated with |m | 3 holes only.
Spin selection rules then dictate the photon cir-
cular polarization state from the electron spin
state and provide insight on the relationship be-
tween the electron spin state and the angle at
which the photon was emitted.

3 GPU Accelerated Simulations

We model SAW-driven electron transport
across our device by solving the time depen-
dent Schrodinger Equation whilst the effective
potential of the n-p junction itself it obtained
via the density functional theory (DFT) mod-
elling method. The quest for meaningful and
stable resutls leads to a very large number of
operations to be carried out by a computer. A
two dimensional simulation with N, by N, lat-
tice points will require a vector of size (N, N,),
which then scales exponentially with the number
of particles simulated.

For simple operations, when each calculation
is independent of others, such calculations can
be performed in parallel. Modern CPU archi-
tectures make use of parallel computing where
multi-threaded processors can perform 4 to 32
tasks simultaneaously. However, graphics pro-
cessing units (GPUs) have been optimised to op-
erate at a very high level of parallelism. As of
when this paper is being written, modern GPUs
contain several thousands of processor cores and
can operate on the order of ten billion floating-
point operations per second (10 GFLOP/s). We
found GPU accelerated computation to be espe-
cially useful when simulating electron transport
in a 2D or 3D heterostructure.

4 Conclusions

SAW-driven single electron transport is simu-
lated by solving the time dependent Schrodinger
Equation. Band structure engineering and ap-
propriate selection rules dictate how quantum in-
formation is converted from electron-spin qubits
to photon-polarization qubits. Accurate simu-
lations are obtained using fast algorithms and
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GPU acceleration.
For more information, please refer
http://www.sp.phy.cam.ac.uk/research/

surface—acoustic-waves—saws

to
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Abstract. In this paper, it has been shown that multiclass support vector machine for big data classi-
fication can be implemented in logarithm time complexity on a quantum computer. Quantum version of
one-against-all approach has been developed to address the quantum SVM multiclass problem statement.
With quantum one-against-all approach, there will be k quantum binary support vector machine (SVM)
classifiers. The strategy involves training a single quantum binary classifier per class, with the samples of
that class as positive samples and all other samples as negatives. Once all the k quantum binary classifiers
get trained, all quantum classifiers are applied to an unseen quantum query state to predict the class for
which the corresponding classifier reports the highest confidence score. The quantum multiclass SVM with

proposed approach exhibits an exponential speed up over its classical counterpart.

Keywords: Quantum Algorithm, Multiclass Classification, SVM

1 Introduction

Support vector machine (SVM) is a very popular bi-
nary classifier, however,in recent years the need for mul-
ticlass support vector machine has been growing with
increase in big data applications. Multiclass SVM classi-
fies vectors into multiple sets with the help of trained
oracles[l]. Many approaches have been proposed for
constructing multiclass support vector machine with the
help of binary SVM and one of the most popular one
is one-against-all[2]. Recently,Rebentrost,Mohseni and
Lloyd[3],proposed an elegant quantum version of binary
support vector machine for big data which works in log-
arithm time for both training and classification stages,
so it has an exponential time complexity improvement
overits classical counter part.However, the algorithm in
[3] does not support multiclass classification. In our pro-
posed work, we have investigated and developed the mul-
ticlass quantum SVM algorithmfor big data with one-
against-all approach. For the purpose we adopted the
technique mentioned in [3] to construct the binary quan-
tum SVM as a base and then lead our investigation for
multiclass quantum SVM. We have used quantum ver-
sion of one-against-all approach. The run time complex-
ity of our proposed multiclass quantum SVM with quan-
tum one-against-all approach has been analyzed. It was
found that the algorithm works exponentially faster than
the classical version.

2 Multiclass quantum SVM Classifica-
tion for big data with Quantum One-
Against-All Approach

With quantum one-against-all approach, there is one
quantum binary support vector machine for each class
to separate members of that class from rest of the class
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members, this results inkquantum binary classifiers. At
first, we have formulated k quantum binary least square
SVM classifiers. Then we apply all the quantum binary
classifiers to an unseen quantum query state to predict
the class for which the corresponding classifier reports
the highest confidence score.The mentioned quantum ver-
sion of one-against-all approach uses Grover’s search al-
gorithm [4]and finds the highest confidence score with
quadratic speed up O(\/E) in comparison to the classical
version of one-against-all approach, which is O (k). The
total runtime of the proposed quantum multiclass SVM
has been analyzed as

O(k(logMN)) + O(Vk) (1)
where M is the training vectors associated with k quan-
tum binary classifiers and N is the dimension of feature
space.

While estimating the total run time of the algorithm,
the following error analysis has been carried out. We
begin the analysis for single classifier, later we scale to
k classifiers. The kernel matrix preparation causes O
(log M N) costs. The number of time steps in phase
estimation T requires O(tZe~1).

Where (t2) is the total evolution time which is de-
termining the phase estimation error and € is the
maximally error. Combining, we get the run time
O(t3e¢ 'O(logM N)). Lets define a constant e, such
that ex, < |N| < 1, also lets define an effective condi-
tion number k.s; = ext.. Where \; are eigen values and
kefs is used to employ the filtering procedure in phase
estimation, referring [5]. By considering the error anal-
ysis, and iterating the algorithm for O(k.sy) times for
achieving a constant success probability of the post se-
lection step, the total run time is O(k2; e =3(logM N))
including the error factor of O(ﬁgffe*?’). Which can be
scaled as O (log M N). Nowtherefore, for k classifiers with
quantum one-against-all approach it will be considered

O(k(logM N)) + O(VE).



3 Conclusion

It has been shown that the multiclass support vec-
tor machine can be quantum mechanically implemented
in logarithm time complexity as compared to the clas-
sical counterpart multiclass support vector machine for
big data classification, which runs in polynomial time
complexity, thus resulting in an exponential speed up.
We have analyzed and addressed the quantum multi-
class SVM problem with quantum mechanically imple-
mented one-against-all approach, which shows quadratic
speed gain as compared to the classical one-against-all
approach. In quantum one-against-all approach, we first
construct k quantum binary classifiers. Then we con-
struct a quantum query state, which is to be classified.
Next, is to classify the quantum query state with all the k
quantum binary classifiers. The class, for which the cor-
responding quantum binary classifier’s probability con-
fidence score is highest, will be considered as predicted
class.
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1 Introduction

The TQC (Topological Quantum Computing) model
has been receiving a lot of attention because it has proven
to be one of the most promising fault-tolerant quantum
computation models. In the TQC model, we arrange
qubits in a two-dimensional space, and we encode logical
qubits by using a surface code for error correction. By
adding the time axis, we consider the three-dimensional
space to represent calculation steps for the TQC model.
In a three-dimensional space, a region of physical qubits
measured in a specific basis is called a defect. We pre-
pare a pair of defects to encode one logical qubit. Then,
in a TQC model, we can perform a desired calculation by
mowing defects in the space [1]. This computation model
is called topological cluster state computation (TCSC),
and computation steps can be represented by defect pat-
terns in the three-dimensional space.

In TCSC, if the two defect patterns are topologically
equivalent, the represented two quantum computations
by the defect patterns are proven to be the same. We
can optimize the space for TCSC by using this property.
There have been found various transformations which do
not keep the topological equivalence, but still keep com-
putational equivalence [3].

Theoretically, we can optimize the necessary space (or,
volume) size for TCSC by applying transformation rules.
However, it is not fully automated to find a good order
of applying the rules up to today, and it is desirable to
have an automated software to do so [2].

The functionality of TCSC does not change when we
change the shape of each defect in anyway if we keep the
topology, e.g., we can bent and/or stretch it in anyway
without changing the functionality. Thus, if we consider
the exact shape of defects, we may need to consider infi-
nite possibilities of transformations. Thus, in this paper,
we propose an efficient way to represent a computation
for TCSC; we consider a loop for each defect, and we
maintain only the relationship between loops to repre-
sent a computation. We formulate the known transfor-
mations as changing the relationship of loops by using
simple set operations. Accordingly, we can have an au-
tomated optimization method based on our formulation.
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Figure 1: Rule 3.
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Figure 2: Rule 4.

In the following, we explain our formulation and our op-
timization method with some preliminary experimental
results.

2 Space Optimization for the TCSC

2.1 Transformation Rules

Here, we denote some useful transformation rules
which can be used to reduce the space for TCSC. In our
formulation, each defect pattern is represented by a (open
or closed) loop. Each braid between two defect patterns
is represented by a crossing between the corresponding
two loops.

Rule 1. In TCSC, topologically equivalent defect pat-
terns perform the same computation. Therefore we can
bent and/or stretch the shape of any loop.

Rule 2. If there are two braids between two defects,
they cancel each other. Thus, we can remove even num-
ber of crossings between two loops.

Rule 3. If one loop, I;, crosses only one loop, [;, we can
remove ;. If [; has injection points and/or input/outputs,
they move to ;. This rule is called teleporting. An ex-
ample is shown in Fig. 1.

Rule 4. If one loop, I;, which does not have either
any injection point nor any input/output, crosses three
loops, we can remove [;. Also we can remove one of the
three loops if it does not have either any injection point
nor any input/output. This rule can be described as in
Fig. 2.

Rule 5. This is similar to Rule 4. If one loop, I;,
that does not have either any injection point nor any
input/output crosses two loops, we can remove ;. Also
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Figure 3: Rule 5

Rule 4.
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Rule 5. Rule 5.

Figure 4: Optimizing SWAP circuit by our method.

we can remove one of the two loops if it does not have
either any injection point nor any input/output. This
rule can be described as in Fig. 3.

2.2 Optimization Method

As we mentioned before, topologically equivalent
defect patterns perform the equivalent computation.
Therefore, there are infinite equivalent defect patterns.
Accordingly, our method represents TCSC as a set of
loops; we can treat topological equivalent defect patterns
as the same set of loops.

We do not need to consider Rule 1 because we consider
the whole circuit as a set of loops, and thus we do not
need to care the geometry information of each defect,
such as size and position.

Our method is stated as follows:

e We find a loop, [;, that does not have either any
injection point nor any input/output.

— If I; crosses only one loop, we apply Rule 3 to
delete [;.

— If I; crosses only two loop, we apply Rule 5 to
delete loops.

— If [; crosses only three loop, we apply Rule 4
to delete loops.

We show an example in the following.

Fig. 4 (a) shows the defect patterns of TCSC for re-
alizing SWAP operation. First, we remove l7 and Iy by
Rule 4 to get Fig. 4 (b). Then, we remove lg and I5 by
Rule 5 to get Fig. 4 (¢). Finally, we use Rule 5 again to
remove lg and l3; Our optimized circuit is represented by
Fig. 4 (d). The circuit indeed swaps the inputs.

3 Preliminary Experimental Results and
Conclusion

We implemented the proposed method and performed
a preliminary experiment as follows. We first randomly

(b) Removing l7 and Iz by

(d) Removing lg and I3 by
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Table 1: Comparison between before and after our opti-
mization.

Quantum circuits f loops
qubits gates ex in | Before | After | (%)
10 10 1 0 30 1.00 | 96.7
10 10 1 10 30 8.84 | 70.5
10 10 10 0 30 6.38 | 78.7
10 10 5 ) 30 4.55 | 84.8
10 10 10 10 30 17.82 | 40.6
100 100 1 0 300 1.00 | 99.7
100 100 1 100 300 92.94 | 69.0
100 100 100 0 300 | 51.84 | 82.7
100 100 50 50 300 | 36.49 | 87.8
100 100 100 100 300 | 221.45 | 26.2

generated 10,000 circuits for each specific case (i.e., the
number of qubits, gates, and external inputs/outputs,
and injectors). Then, we derived defect patterns from the
circuits, and reduced the number of loops by our method.
Table 1 shows the numbers of loops of the initial circuit
in the fifth column from the left, and the average (over
10,000 circuits) number of loops after our optimization
method in the sixth column. The specification of cir-
cuits (i.e., the number of qubits, gates, and external in-
puts/outputs, and injectors) of our randomly generate
circuits are given in the first to the fourth columns, in
this order. The last column show the average reduction
ratios.

From the experimental results, we can observe that the
number of loops after our optimization method would
be related to the number of primary inputs/outputs and
injectors. In our experiment, we confirmed that the order
of applying our rules does not affect the final results. In
our future work, we would like to study this feature (i.e.,
the order of applying the rules) further. Also, our future
work would be to seek how to reduce the volume of TCSC
after reducing the number of loops by our method.
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Abstract.

Adiabatic quantum computation (AQC)[1, 2] was proposed by Farhi et al. to quickly solve

combinational optimization problems. However, there are only a few applications of AQC and we aim to
find more applications. In this study, we demonstrate the implementation of a method of classical optimal
decoding in digital communication using AQC. In particular, we consider classical optimal decoding of single
parity check codes. Moreover, we reduce the computational complexity and demonstrate the simulation

results.

Keywords: quantum algorithm, adiabatic quantum computation, classical optimal decoding

1 Introduction

Adiabatic quantum computation (AQC) using quan-
tum annealing theory[3] was proposed by Farhi et al. in
2002[1]. It was pointed out that AQC can solve combina-
tional optimization problems faster than classical compu-
tation. However, only a few problems are quickly solved
by AQC.

In this study, we consider implementing classical opti-
mal decoding of binary linear codes in digital communi-
cation by AQC. The computational complexity of classi-
cal optimal decoding increases exponentially as the code-
word length increases. An efficient calculation algorithm
for classical optimal decoding was presented[4]; however,
the algorithm could efficiently decode only some codes.
In the research of quantum ciphers called Keyed Commu-
nication in Quantum noise (KCQ)[5], classical optimal
decoding was used to evaluate the performance of KCQ
protocols using binary linear codes[6]; however, owing to
the high computational complexity of classical optimal
decoding, the performance of KCQ protocols could not
be evaluated. To solve these problems, we first demon-
strate how to implement classical optimal decoding by
AQC. In particular, we consider classical optimal decod-
ing of single parity check (SPC) codes that are used in
KCQ research[6]. Second, we reduce the computational
complexity by devising a step function and demonstrate
the numerical results.

2 Adiabatic
(AQQC)

In this section, we introduce AQC based on the

references[1, 2]. AQC uses quantum annealing theory|[3]

and solves combinational optimization problems. In
AQC, the Hamiltonian is

H(t) = (1 —q(t))Ho + q(t)Hi,

quantum computation

(1)
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where Hj is an initial Hamiltonian whose ground state is
trivial, H; is a final Hamiltonian whose ground state cor-
responds to the solution, and ¢(¢) is monotone increasing
function that satisfies ¢(0) = 0 and ¢(1) = 1. We control
the Hamiltonian H (¢) by varying the function ¢(¢) = 0 to
q(t) = 1. AQC works by maintaining the quantum state
close to the instantaneous ground state of Eq.(1). Fi-
nally, we obtain the solution by finding the ground state
of Hy; however, if there is a level crossing, quantum sys-
tems cannot keep the quantum state close to the ground
state.

3 Classical optimal decoding of binary
linear codes

In this study, we use binary phase shift keying (BPSK)
signals coded by binary linear codes, and we assume
that channel noise is an additive white Gaussian noise
(AWGN). AWGN is the most common model used in the
evaluation of KCQ protocols. To implement classical op-
timal decoding, we have to find the codeword that has
the maximum conditional probability as follows:

n
1
P(y|wl) - E 2’/TO'2
where y(y1,y2,...,Yn),y; € C is the output, n is the
codeword length, w; ; € {—A, A} is the amplitude of the
BPSK signal, and o2 is the variance of noise.

4 Classical optimal decoding by AQC

To implement classical optimal decoding by AQC, we
have to construct the Hamiltonian of Eq.(1) in accor-
dance with the problem. First, the Hy is constructed as

follows: Hy = Iyn — [9(0))(¥(0)], (3)

2 2
yj—wq,;|° /20
e ly; igl%/ ,

(2)

where

n

® lwig)

j=1

1 &
W(O»Zﬁ;\wi% lw;) (4)

lw; ; = A) = (1,0)T, |w;; = —A) = (0,1)", and ) is
the M x M identity matrix. Second, the H; is constructed
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Figure 1: Behavior of the eigenvalues of Hamiltonian

when the codeword length n = 4.

so that its eigenvalues express the cost function of the
problem. The cost function is Eq.(2) in classical optimal
decoding. On finding the codeword w; that maximizes
Eq.(2), we can transform Eq.(2) as follows:

n
> (=2Rely;lw; ; +w?)).

j=1

P (ylw;) = (5)

The final Hamiltonian H; is constructed based on Eq.(5)
and the property of SPC codes that states that no code-
words can have an odd number of 1.
n n
H1=ZAj—c(n)®(U;j—I2), (6)
j=1 j=1

where ¢(n) is a penalty function that is determined for
the problem, o7 ; is the Pauli matrix, and A; is

N =hLoh® - ®(—24y0]; + A%072) - @1y (7)

jth

5 Simulation

We examined the behavior of the eigenvalues of the
H(t) and simulated the behavior of observation proba-
bilities.
5.1 Problem setting

In simulating AQC, for simplicity we set the amplitude
A =1, the output y = (1,1,...,1) and the variance of
noise 02 = 1/2. We set the penalty function c(n) =
nA™ to increase as the codeword length increased and
the amplitude grew. We prepared the step parameter
t = j/J,(0 < j < J) for simulation, where J is the
number of steps and corresponds to the computational
complexity. In this study, we compare the step functions
q(t) =t and q(t) = t3.

5.2 Behavior of the eigenvalues of the H(t)

Fig.1 shows that the behavior of the eigenvalues of
Hamiltonian when the codeword length n = 4. As ob-
served from the lower two lines, these do not cross be-
tween ¢(t) = 0 and ¢(t) = 1 and therefore, we can appro-
priately implement classical optimal decoding.
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Figure 2: Observation probability when the number of
steps J = 800.

5.3 Simulation results

Fig.2 is the simulation result for AQC with each step
function ¢(¢) when the number of steps J = 800 and
n = 8. Each of the blue lines represents a solution state.
When J = 800, we can obtain the |11111111) state with
an observation probability of 99.02% with the step func-
tion ¢(t) = 3. On the other hand in AQC with the step
function ¢(t) = t, we obtain the state with an observation
probability of 89.58%. To achieve an observation proba-
bility of 99% with the step function ¢(¢) = ¢, we need to
implement AQC with J ~ 1700. From these results, it
can be observed that we can obtain a solution with higher
probability and reduce the computational complexity for
classical optimal decoding by using our proposed step
function ¢(t) = t3.

6 Conclusion

We considered implementing classical optimal decod-
ing of SPC codes by AQC. First, we demonstrated that
classical optimal decoding is apparently implemented by
using Hamiltonian proposed in this study. Second, we
can obtain the solution state vector with higher proba-
bility and lower number of steps than the conventional
step function ¢(t) = t by using the cubic step function.
In the future, we aim to consider the implementation of
classical optimal decoding with other codes by AQC.
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1 Introduction

In order to demonstrate the ability of quantum com-
puting in the near future, an efficient quantum algorithm
should be implemented. Since most of known quantum
algorithms include Boolean components, an efficient de-
sign technique for realization of a Boolean function is
very crucial even for quantum circuits.

There are many ways to design a reversible circuit to
realize a Boolean function; one of most popular ways is
to generate an initial circuit consisting of Mixed Polarity
Multiple-Control Toffoli (MPMCT) gates [1], [2] based on
a small Exclusive-or Sum-Of-Products (ESOP) expres-
sion [3] and then decompose a large gate (i.e., with the
large number of inputs) into elementary gates. Once an
initial circuit is obtained, further post-optimization tech-
niques such as library-based, transformation-based and
template-based optimization method can be applied [5].

This paper describes a technique to reduce the quan-
tum cost by changing the functionality of a Boolean func-
tion, represented as ESOP. This technique is of particular
interest since it is one of few in the literature (i.e., [4]),
that presents a way in which ESOP expressions can be
manipulated to reduce the quantum cost of the corre-
sponding circuit. The idea presented in [4] cannot be
simply applied to large practical functions. Thus, in this
paper, we propose a heuristic technique to utilize the
idea. Our proposed method find a small ESOP expres-
sions for the given function. Then, it will find a good
pair of product terms in the ESOP expression so that we
can reduce the quantum cost by applying the idea of [4]
to the two terms.

We expect that our approach may produce a better
quantum cost reduction than existing method, and in-
deed our experimentary results confirm this expectation.

2 Preliminaries

2.1 Quantum cost

For evaluating the performance of the quantum cir-
cuit synthesis, the most basic thing to do is to calculate
the quantum cost. The quantum cost of a reversible cir-
cuit is the number of premitive quantum gates needed
to implement the circuit. Primitive quantum gates are
elementary gates that are consist of two bits or less, such
as CNOT gates, NOT gates and control-V gates. Each
elementary gates are considered to have a unit cost.

2.2 Realizing Boolean function with MPMCT
Gates

A minterm of a Boolean function is the combina-
tion of all the input variables (negative or positive) when
the Boolean function becomes one. In the following, an
MPMCT, gate means an MPMCT gate that has n con-
trol bits.
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Table 1: A Truth Table for
a 4-input Boolean Function
with 4 Minterms
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Figure 1: The quantum cir-
cuit for Table 1
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Figure 2: Grouping of gates

To realize an n-input Boolean function with k&
minterms by a reversible circuit, one possible way is to
put k MPMCT, gates such that (1) each MPMCT,
gate corresponds to each minterm of the function, and
(2) the polarity of each control bit for an MPMCT gate
corresponds to each variable’s polarity in the correspond-
ing minterm. In other words, if x; or T; appears in a
minterm, the corresponding control bit is positive or neg-
ative, respectively. In this construction, the target bit of
all the M PMCT,, gates is the same as the qubit where
we want to realize the function.

For instance, Table 1 shows a 4-input Boolean function
with 4 minterms, and the circuit in Fig. 1 realizes the
function: xo -4 -T1 - T3P X2 23 T1 T4 D T1-Ta-T2-T3D
x1-x3 - To - T4. For example, the left most gate in Fig. 1
corresponds to xo - x4 - T1 - T3; the control bits for xs and
x4 are in the positive polarities denoted by black circles,
and x7 and x3 are in the negative polarities denoted by
white circles.

3 Better ESOP-based Implementation

3.1 Previous work

It has been shown in [4] that we can modify a given
specification in order to obtain a better ESOP-based im-
plementation, and then modifies the result to get back to
the originally desired specification/function. This justi-
fied us a way/approach in which ESOP expressions can
be manipulated to reduce the quantum cost of the cor-
responding circuit. However, the method in [4] cannot
deal with a large function. Motivated by this, this paper
proposes an iterative heuristic approach to reduce the
quantum cost of a large function.

3.2 Proposed Method

The idea behind our method that we first generate a
smaller versions of ESOP to the whole functions. We
group the product terms in the obtained ESOP by two,
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and then apply the concept to each group of two product
terms. This involves adding MPMCT gates to the initial
quantum circuit as shown in Fig. 3

Let us take the example of circuit shown in Fig. 1 and
group the gates into two groups as shown in Fig. 2. For
the first group (two gates from the left, gate A and B),
if we insert an MPMCT gate whose negative control bit
is x4 and the target bit is z3 (i.e., a CNOT gate) be-
fore G’ as shown in Fig. 4, the inserted CNOT gate (the
control bit is 24 and the target bit x3) inverts the value
of x3 when x4 = 0. See Fig. 5. This means that the
gate changes the input state (0110) = T, 22, x3,Z4 to
T1,22,%3,Z4. Thus the two MPMCT gates (A and B)
can be merged into one new MPMCT gate as shown in
Fig. 6.

Similarly, for the second group (two gates from right,
gate C and D), if we insert an MPMCT gate whose posi-
tive control bit is x4 and the target bit is x3 (i.e., CNOT
gate) before G’, the inserted CNOT gate (the control bit
is x4 and the target bit x3) inverts the value of 3 when x4
=1. See Fig. 7. and Fig. 8. Thus the gate changes the in-
put state (1001) = x1, %3, T3, x4 to 1, %3, 23, 4. There-
fore the two MPMCT gates (C and D) can be merged
into one new MPMCT gate as shown in Fig. 9.

Further, we would like to note that after applying the
CNOT gate in Fig. 3, the resulting states of the qubits
after the circuit are not exactly the same as the ones of
the desired circuit because we changed the functionality
of z3 by inserting the MPMCT gate. Therefore, we insert
the same MPMCT gate after G’ at the end of the circuit
as shown in Fig. 10.

Finally gates A, B, C and D in the circuit as shown in
Fig. 1 can be merged into two gates as shown in Fig. 10.
After applying the same MPMCT gate at the end of cir-
cuit in Fig. 10, the functionality of the resulting circuit
is exactly the same as the original circuit in Fig. 1. The
original quantum cost for Fig. 1 is 112 but now is reduced
to 30.
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Figure 8: After the in-
sertion of a CNOT gate
(Group 2)

Figure 7: The insertion of
a CNOT gate (Group 2)
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Table 2: Experimental Results
Function || Original Cost | This Work (Proposed)
z4ml 573 513
9symml 3,429 1,563
alu2 13,011 10,248
alud 496,980 38,3312
cordic 27,580,332 20,283,129

4 Experimental Results and Conclusions

To evaluate an ESOP-based synthesis method, we use
the program called as ABC. We can minimize ESOP
forms by ABC, and so we used the program as a base
method; we calculate the original quantum cost based on
the minimized ESOP forms by ABC. We applied our al-
gorithm to various benchmark circuits and compared our
results with the original cost. The outcome of the com-
parison (see Table 2) clearly shows that the proposed
method can reduce quantum cost.

From the results, we can observe that our proposed
method not only has the ability to produce a smaller
ESOP expression for the modified specification but also
can reach the result with much lower quantum cost. Ob-
viously our future work is to improve the resulting quan-
tum cost of other circuits.
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Abstract.

Whether the Boltzman entropy is equal to the thermodynamic entropy has been one of the

central issue since the beginning of statistical mechanics. Today, it is believed that the thermodynamic
entropy Stp is equal to a function Stp that is defined by regularizing the Boltzman entropy in order to

ensure extensivity. However, it is not known whether Spp completely determines the possibility of the
macroscopic adiabatic transformation in the same way as Spp does. In this paper, by formulating possi-
bility of the macroscopic adiabatic transformations in terms of “coarse-graining” of quantum operations,

we prove that Spp provides a necessary and sufficient condition for possibility of a macroscopic adiabatic

transformation.

Keywords: Quantum thermodynamics, Second law, macroscopic state transition

1 Introduction

How the thermodynamic entropy Stp is related to the
Boltzmann entropy Sp has been one of the central issue
since the beginning of statistical mechanics. Today, it
is believed that the thermodynamic entropy is equal to
the following regularzied Boltzmann entropy Stp, which
is defined in terms of the Boltzmann entropy Sp and is
extensive by definition [1];

SElUX,VX,NX]

Srp[U,V,N]:= lim e ;

X —o0

(1)

where U, V and N, denoting the internal energy, the
volume and the number of particles, respectively. How-
ever, it is not known whether Sy p completely determines
possibility and impossibility of a macroscopic adiabatic
transformation in the same way as Stp. As stated by
the second law of thermodynamics, the thermodynamic
entropy Stp satisfies the following statement [2];

(U, V,N) <aq (U, V',N)
<:>STD[U7V7N] < STD[UlvvlvN/]' (2)
where (U,V,N) <4 (U',V',N) means “an adiabatic
transformation from (U, V, N) to (U’, V', N) is possible”.
In statistical mechanics field, many researches [3—
5] have demonstrated the “only if” part of (2) for
SrplU,V, N] by adopting certain formulations of “adi-
abatic operations”, while leaving the “if” part unproven.
On the other hand, recent approaches from quantum in-
formation theory [6-15] have succeeded in deriving de-
tailed thermodynamic relations, which characterize pos-
sibility and impossibility of quantum state transforma-
tions by a set of restricted operations. In their ap-
proaches, however, conditions for possibility of state
transformations are represented by not only the macro-
scopic parameters, but also the microscopic parameters
such as the fluctuation in microcanonical state. This is in
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contrast to (2), which is represented only by macroscopic
parameters.

In this paper, we propose a coarse-graining approach
to try the “if” part in (2), and show that Srp provides
a necessary and sufficient condition for possibility of a
macroscopic adiabatic transformation, i.e., a macroscopic
state transformation by adiabatic operations. First, we
pdefine the possibility of macroscopic adiabatic trans-
formations, based on a “coarse-graining” of possibility
of quantum state transformations by unital operations.
Second, we prove that the magnitude relation of Stp pro-
vides a necessary and sufficient condition for possibility
of a macroscopic adiabatic transformation.

2 Preliminaries

In this section, we clarify basic concepts of thermo-
dynamics and statistical mechanics. See e.g. [1,2] for
details.

In thermodynamics, an equilibrium state is represented
by values of a set of macroscopic physical quantities such
as (U,V,N). In this abstract, we consider cases where
all these physical quantities are extensive, and where the
quantities include the internal energy, i.e., we represent
the equilibrium state as @ := (U, ay, ..., ar).

As the second law of thermodynamics, the thermo-
dynamic entropy Stp completely determines possibility
and impossibility of a macroscopic adiabatic transforma-
tion; @ <qq @ < Srpld]l < Srpld'], where @ <, @ to
represent the statement that “an adiabatic transforma-
tion from @ to @ is possible”.

Let us introduce the statistical mechanical counterpart
for the thermodynamic equilibrium @. Since we are con-
cerning a macroscopic limit, we describe a physical sys-
tem by a Hilbert space H(X) depending on a scaling pa-
rameter X. The macroscopic limit is defined as the limit
of X — oco. We assume that X takes values in a set
X=NorX=R*". Foreach X € Xand!l=0,---,L,
we denote the set of the Hermite operators on H(X) as
AX) = (HX), ACON AN - Then, the micro-



canonical state corresponding to an equilibrium state @

is defined by 7T(X) /Da5 , where ﬁé*)gl(

DS 5) are the projection and the dimension of the fol-

1T 6x and

lowing Ha 6 , which is a subspace of of H(X);

é)fsl € [X(a - 6x),

X(all +0x) st ACWg) = AUy for 0 < 1< 1
Q)

The parameter dx is a positive function of X, which
represents the negligible fluctuation of macroscopic quan-
tities. Since we are normalizing macroscopic observables
as (5), it is natural to assume that limx_,. dx = 0.

Next, we introduce the regularized Boltzmann entropy.
When the limit gTD exists, we call it the regularized
Boltzmann entropy;

H := span {|1/)> e HX) ‘ Al

~ L . 1
STD [a] = Xlgnoo — log l)éx)i (4)

Here, Déx)l is the dimension of the following ’H,((jx)i;
HY = span{w) e H® ‘ N < xql,

st ACOW|pY = AUy for 0 < < L} .5
With concrete calculations, it has been shown that there
exists the limit S7p in many physical systems, e.g., gases
of particles with natural potentials including the van der

Waars potential [1].

3 Formulation of Possibility of Macro-
scopic Adiabatic Transformations

We propose a definition of the possibility of a macro-
scopic state transformation, by “coarse-graining” the
possibility of the quantum state transformation which
can be considered as a quantum mechanical counterpart
of the adiabatic transformation. We employ the unital
CPTP map £(1) = 1 as the quantum state transforma-
tion, because a unital map does not decrease the von
Neumann entropy of an arbitrary quantum state [16], i.e.,
S(E(p)) > S(p) for all p € S(H). Because this feature is
similar to the adiabatic transformation in thermodynam-
ics, many researches have treat the unital operation as a
quantum counterpart of the adiabatic transformation in
thermodynamics [5,12,13].

Now, we give of the possibility of a macroscopic adia-
batic transformation. The basic idea is as follows;

Basic Idea 1 Suppose a microcanonical state ﬂé)g( 18

transformed by a quantum operation Ex to another mi-

crocanonical state Fé/ g, . From a macroscopic point of
;

view, we observe that an equilibrium state d is trans-
formed to another equilibrium state @, for any dx and
8% within the range of “macroscopically negligible fluc-
tuations”. Therefore, we could say that an equilibrium
state @ can be transformed to another equilibrium state
a if, for any macroscopically negligible 6x and a &, a

() X)

state w3 5. can be transformed to Wé, 5
0x
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We translate the above idea into a strict definition;
Definition 1 We define @ <4y @ as follows; For any
{6x}xex € A, there exists {0y} xecx € A and a set
{Ex}xex such that

- (X)
a5x

X

lim T 3

and Ex is a unital CPTP map on S(HX) for all X € X.
Here, ||p — o|| is the trace distance.

Exts =0

4 Main Results

Theorem 2 When the regularized Boltzmann entropy
Stp exists, the following holds for arbitrary d and d’':

(7)

Theorem 2 states that Sy p provides a necessary and
sufficient condition for possibility of a macroscopic adia-
batic transformation in the same way as Stp does.

Our results shows that the regularized Boltzmann en-
tropy Srp gives a total ordered structure of macroscopic
adiabatic transforamtion, just as thermodynamic entropy
Stp. We emphasize that our results do not depend on
any microscopic parameters, including dx that we have
introduced to define the generalized microcanonical state
Tg,5x- This is in contrast to Ref. [14], and other previous
approaches from quantum information theory [6-13,15],
in which convertibility of states are characterized by func-
tions that depends on microscopic parameters.

STD[ ] < STD[ ] @a%dq a.
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Abstract.

We present a theory of quantum optical feedback from a single-photon quantum-dot (QD)

emitter embedded in a microcavity in the strong-coupling limit [1] with optical feedback from a distant

mirror (external cavity) [2].

Keywords: Single photon emitter, Quantum coherence feedback

1 Introduction

The basic phenomenon for quantum information pro-
cessing network relies on preserving the coherence ex-
change between atomic excitations and photonic state.
Nowadays, the network technologies for optical quantum
device relied on the pure interaction at the single parti-
cle level and it requires photon source that can reproduce
highly indistinguishable single photons. Recently, the ad-
vances in designing semiconductor devices allows fabri-
cating such devices that meet the requirement. A single
quantum dot (QD) embedded in a microcavities create
high-purity single photon with high brightness with the
enhancement of the cavity. Additionally, by adding quan-
tum feedback of this system can be driven to a target
state via external control of the target state by a mod-
ification of the repumping strength. The single photon
emitter has been shown to stabilize the exchange between
the quantum states and improve qubit control based on
the repeated action of a sensor-controller-actuator loop.

Here, We discuss a theory of quantum optical feedback
from a single-photon quantum-dot (QD) emitter embed-
ded in a microcavity in the strong-coupling limit [1] with
optical feedback from a distant mirror (external cavity)
[2]. Furthermore, we expand our study for single excita-
tion state to two-excitation state within the external cav-
ity system, we study the photon statistics of the device
and compare it to a single photon emitter without feed-
back. Our proposed quantum feedback control scheme
shows a potential route to improve the purity of the sin-
gle photon source.

2 Model

The system consists of a microcavity with a QD cou-
pled to a single-cavity mode (see Fig. 1). An external
mirror is placed in front of the single photon emitter at
distance, L = -, to introduce coherent feedback into the
microcavity. The Hamiltonian within the rotating-wave
and dipole approximations is given in [3]:

.E[ 9]
5= —y(oe~aT+oTa™)— / [G(k, t)aldy+G* (K, t)d]a]dk
0

*cychang@gatech.edu
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Figure 1: Experimental scheme.

Thus, the system can be describe with superposition of
three orthogonal basis for single excitation:

|U) = c. le,0,0) + ¢, |g,1,0>—|—/cgk lg,0,k)dk (1)

Projecting the time-dependent Schrddinger equation
(ih% |¥) = H |¥)), the three rate equations for single
excitation are written:

Jce

0
% = iycCe —I—Z‘/cg’kG(/{?,t)dk (3)
aC k . «
;t =icgG*(k,1t) (4)
(a) (b) «
5 Winou e 2
0 ! Time (t/ 1) ? ’ lll(k/ko) °
Figure 2: (a) The photon density inside the cavity

|cg(t)|2 with feedback (red) and without quantum feed-
back (black).(b) The spectrum of the output photon

|cg;€(t)|2 with external feedback (red) and without quan-
tum feedback (black).



Next, We study the two-excitation states in our sys-
tem. A general time-dependent wavefunction for two-
excitation state is thus represent by superposition of each
state parameter:

D) = coo fe,1,0) +/cek 16,0, k) dk + ceo g 2,0) +

/Cck |gv]-7k> dk+//ckk’ |g,0, {k7kl}> dkdk/

Following the similar process for single excitation case,
we obtain five equations of motion for the various ampli-
tudes:

8{;? = iyCee + i / conG(k, t)dk (5)
Ocer _ iYCek + icecGT (K, t) (6)
ot
a;;c = iYCoe + i / con Gk, t)dk (7)
acck o . / ! . *
o = Cek +i | crwGK' )dE +ice.G*(k,t)  (8)
e . %
;t’“ = i G (k. t) (9)

Z
3
©
Q
o
o o.

Time (t/ 1)
Figure 3: Time evolution of the probabilities of five states

3 Result and Conclusion

While Fig. 3 shows the dynamics of each state it is
more interesting to study the photon statistics due to
their coherent nature. Assuming that the probability of
emission of photons is proportional to the square of the
state coefficient and independent from the different mode
in the external cavity(green and orange), we can see such
setup may emit single photon between 0 and 7 which are
from only one photon in the external cavity, for a photon
from these states, g(2) (t,0) = 0 for a single photon source.

(It +7))
(I@) I(t+7))

The dynamic of the photon statistics can also be
characterized by an experimental observable quantity,
g (t,7), the second-order coherence of the excitation
light source in a typical HBT setup (inset of Fig. 4(a)).
The correlation function at times detector 1 and 2 can
be used to characterize the photon statistics,

The value of g(®(¢,0) can be used to categorize the
quantum nature of the light: thermal if ¢ (¢,0) = 2,

gDt 1) =

109

coherent if g(®)(¢,0) = 1, or squeezed if g(®(¢,0) = 0.2.
In the following, we consider g(2)(t,0) as is measured in
the HBT experiment. We define gf)(tm) as that asso-
@) (t,7) as that

ciated with photons in the microcavity gp
associated with photons in the external cavity [3],

()4 gy = $aTaTa0) _ [ece(t)|”
g;,e (t70) - B 2 2 2 2|’
(@) leeeD + leee®) + leeel®) |
il
(2) _ <dkdkdkdk> _ lewie (1))
9pc(h0) = 2 2 2 2|
(ald)" [lea® + lea(@) +lews (1)

Here, we use our previous result in Fig. 3 to compute
g@ (t,7) shown in Fig.4(b) and compare with a continu-
ous single photon source in Fig. 4(a).

2 2
2
@ ..@g- | (0 g
—_ 2
o 4 10 —géé
1 1
N
o
1 2 1 2
Time (t/ 1) Time (t/ 1)
Figure 4: (a) The second order coherence function,

g (t,0), for continuous single photon source and (b)
g (t,0) for micro cavity photon (red) and an external
cavity photon (blue).

In conclusion, we performed a cQED simulation of a
single-photon emitter in a microcavity with time-delayed
optical feedback. The model extends the exact ana-
lytical solutions of the single excitation case [2] to the
two-excitation. Our results establish a future framework
for the theoretical description of feedback control in the
quantum limit of a quantum dot/micropillar coherent
feedback system. Such a scheme shows enhanced oscil-
lation. Our result also shows generating highly purity
and indistinguishable single photons that are desirable
for quantum network and large scale photonic quantum
computers.
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Abstract.

Einstein-Podolsky-Rosen (EPR) steering is a quantum phenomenon associated with the ability

of spatially separated observers to steer — by means of local measurements — the assemblage, i.e., the set
of conditional quantum states accessible by a distant party. Inspired by the studies of Bell-nonlocality, we
introduce the concept of steering fraction, which quantifies the extent to which a given assemblage violates
a steering inequality. We then use this to establish (1) a sufficient condition for the superactivation of

steering and (2) an upper bound on the maximal quantum violation of steering inequality achievable by

arbitrary finite-dimensional maximally entangled state.

Keywords: Einstein-Podolsky-Rosen steering, superactivation, quantum nonlocality

From the famous Einstein-Podolsky-Rosen (EPR)
paradox [I] to Bell’s seminal discovery [2], quantum the-
ory has never failed to surprise us with its plethora
of intriguing phenomena and mind-boggling applica-
tions [3,4]. Among those who made the bizarre nature of
quantum theory evident was Schrédinger, who not only
coined the term “entanglement”, but also pointed out
that quantum theory allows for steering [5]: through the
act of local measurements on one-half of an entangled
state, a party can remotely steer the set of (conditional)
quantum states accessible by the other party.

Taking a quantum information perspective, the
demonstration of steering can be viewed as the verifi-
cation of entanglement involving an untrusted party [0].
Imagine that two parties Alice and Bob share some quan-
tum states and Alice’s wants to convince Bob that the
shared state is entangled, but Bob doesn’t trust her. If
Alice can convince Bob the shared state indeed exhibits
EPR steering, then Bob would believe that they share
entanglement, as the latter is a prerequisite for steering.
Note, however, shared entanglement is generally insuffi-
cient to guarantee steerability. Interestingly, steerability
is actually a necessary but generally insufficient condition
for the demonstration of Bell-nonlocality. Hence, steer-
ing represents a form of quantum inseparability that is
intermediate between entanglement and Bell-nonlocality.

Apart from entanglement verification in a partially-
trusted scenario, steering has also found applications in
the distribution of secret keys in partially trusted sce-
nario [7]. From a resource perspective, the steerability
of a quantum state p, i.e, the extent to which a quan-
tum state can exhibit steering turns out to provide also
an indication for the usefulness of p in other quantum
information processing tasks. For instance, steerability
as quantified by steering robustness [§] is monotonously
related to the probability of success in the problem of
subchannel discrimination when one is restricted to local
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measurements aided by one-way communications. The
quantification of steerability is thus of relevance also in
quantum information.

In this work, inspired by the nonlocality fraction intro-
duced by Cavalcanti et al. [9], we introduce a quantifier
for steerability dubbed steering fraction, which is par-
ticularly suited for the studies of steerability in relation
to an arbitrary but fized steering inequality [10, 1] or
steering functional. To this end, consider an assemblage
of (unnormalized) conditional quantum states

o ={og} = {tra(p(Eee © 1))} (1)

and a steering functional F = {F2} [II], where E =
{Eq.} is the set of positive-operator-valued measure
(POVM) elements implemented by Alice on the shared
state p, I is the identity operating acting on Bob’s Hilbert
space, and trp is the partial trace over Alice’s Hilbert
space. We define the corresponding steering fraction as:

1 a __a

where Bo(F) = sup,ep, D, o tr(Fgog) is the supremum
of the steering functional F' over the set £, of all assem-
blages describable by local hidden-state model [6], 11]. In
this form, the steerability of an assemblage o (and hence
of the underlying state p giving rise to this assemblage)
for the given steering functional F' is evident: the assem-
blage o violates the steering inequality corresponding to
F if and only if I'y(0, F) > 1. From here, let us also
define—for any given state p and and steering functional
F—the largest steering violation corresponding to F' as

3)

Ls(o, F) =

LV,(F) = SUp Ly(o(p,E), F),

where o(p,E) is understood as the assemblage induced
by the state p and the set of POVMs E. Essentially,
this is just the largest steering fraction attainable by p
with respect to the steering inequality F. This can be
computed by maximizing Eq. over Alice’s POV Ms,
and hence the corresponding assemblages via Eq. .



As any quantum experiments necessarily involves re-
peated measurements over many copies of the quantum
state p, a natural question that arises in this context is
the steerability of p compared with multiple copies of p,
i.e., p®% with & > 1. In particular, an interesting ques-
tion that one may ask is whether there exists p which is
non-steerable (and hence does not violate any steering in-
equality), but which becomes steerable if we allow joint
measurements on sufficiently many copies of the same
state. Following the terminology introduced by Palazue-
los [I2] in the context of Bell-nonlocality, we say that
a quantum state p can be superactivated if it has the
aforementioned property, namely, that p is non-steerable
(and hence describable by a local-hidden-state model),
but p®* is steerable for some k > 1. The superactivation
of p for EPR-steering can be rephrased as:

LV,(F)<1 VF,
Ti(o(p®* ), F’) >1 for some k, E and F'.

That superactivation is possible for Bell-nonlocality
was first demonstrated by Palazuelos [12] using the
isotropic state in C® ® C® in conjunction with the so-
called Khot-Vishnoi (KV) game [13, 14] Ggky. Their
result was soon generalized by Calvacanti et al. [9] to
show that all entangled isotropic states that are Bell-
local can be superactivated. Since there exist entangled
isotropic states that are non-steerable, and as mentioned
above, a quantum state that is Bell-nonlocal must also
exhibit steering, we know that there must also be entan-
gled isotropic states whose steerability can be superacti-
vated. Indeed, our calculations show that for any state
p acting on C? @ C%, one can find a collection of POVM
E®) = {Ei’rﬂg} acting on C*" (Alice’s side) and a steering

functional Fiy induced by Gk such that:

[Fax(p)d]*

Rk m(k)\ 1 >
Fs(a(p 7]E )7FKV) = c (logdk)Q )

(5)
where Fiax(p) is the fully entangled fraction [I5, [16] of
the state p. This implies that for any state that is non-
steerable but with Fuax(p) > 4 (such as those entangled
but non-steerable isotropic states) must exhibit superac-
tivation of EPR steering via the steering functional Fiy .
More generally, we establish the following result:

Theorem 1 Given a state p acting on C¢ @ C* and a
steering functional F' = {Fy > 0}. A sufficient condition
for p to be k-copy F-steerable (from Alice to Bob) is

1
:| k
Here F is a steering functional induced by F through the
operation of twirling and LV,;s(F) is the largest violation

(Eq. ) of maximally entangled pure states in C* @ C?,
1 Z?:_ol i)|2), with respect to F.

d

1

LVyss(F) (6)

Fnax(p) > [

such as |®g)

Notice that in the sufficient condition given above, the
right-hand-side is phrased in terms of the property of a
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d-dimensional maximally entangled state, such as |®g),
which illustrates once again the importance of the max-
imally entangled state as a benchmark for quantum in-
formation task. Apart from its own interest, Theorem
together with a simple physical argument imply the fol-
lowing estimate for LV . (F), where 7 indicates only

MES
projective POVMs are considered: (Hy = Zle 1)

Corollary 2 For a steering functional F = {F% > 0}:
d2

wwr ()< ———mM8M8 .
‘/;\/IES( )—Hd+Hdd_d (7)
Note that the upper bound is less than ﬁ, which is
3

the current finest upper bound for the largest Bell vi-
olation of maximally entangled states under projective
measurements [I7]. Let us stress the generality of the
above corollary: it holds for arbitrary dimension d and
arbitrary steering functional that involves only positive
semidefinite operators. This upper bound is better than

Proposition 2.17 derived recently in [I1] by a factor loé <
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Abstract.

According to Bell’s theorem, quantum systems exhibit stronger correlations than

classical systems described by local hidden variables. In standard Bell scenarios, the local hid-
den variable is shared between all observers; consequently, the set of local correlations is convex.
Convexity also holds for the quantum set when sharing a multipartite state between all ob-
servers. In quantum networks however, resources have a distribution restricted according to a
specific topology; the resulting local and quantum sets are particularly difficult to characterize.
Considering the simplest cyclic quantum network, the triangle, we devise a method to sample a

three-dimensional slice of local and quantum sets.

Keywords: Quantum nonlocality, causal structures, n-locality, quantum networks, nonlinear

Bell-like inequalities

Bell’s theorem characterizes the scenarios where
all observers have access to the same resource. Con-
sider, for example, an experiment with three ob-
servers, who we name Alice, Bob and Charlie. The
measurement settings corresponding to these ob-
servers are written x, y and z, while the measure-
ment outcomes are written a, b and c¢. We write
the joint probability distribution P(abc|zyz) of ob-
serving outcomes (a,b,c) for the choice (x,y,z) of
measurement settings, where outcomes and settings
are taken from finite sets. Correlations are local if
they can be written:

P(abe|xyz) :/Ad)\p,\()\)PA(a|$)\)PB(b]y)\)Pc(c\z)\)
(1)

for suitable local response probabilities Pa, Pg, Pc
and a local hidden variable A taken from the set A
with distribution p). With a suitable enumeration
of coefficients, the distribution P(abc|ryz) can be
written as a vector P € R" where n is the product
of the number of outcomes and settings.

Let £ C R" the set of all P obeying (1). It is
known that L is convex; specifically, £ is a poly-
tope formed by the convex hull of a finite number
of vertices [1, 2[; alternatively, the polytope can be
converted to be represented as the intersection of
half-spaces, defining the Bell inequalities [3] reve-
lant to the scenario.

On the other hand, correlations are quantum if
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they can be written:

P(abc|ryz) = tr [(Mf‘x ® M;?y ® MC(|32> PABC] )
(2)
for suitable POVMs {3, |, {08 b, { M.} and

a density matrix papc. The quantum set is convex
as well and can be approximated by semidefinite
relaxations using the NPA hierarchy [4]; we write
Q C R™ the set of all P obeying (2).

Many algorithms exist to describe the boundary
of the local set, and, for visualization purposes, the
NPA hierarchy converges sufficiently well. How-
ever, when restricting the distribution of local hid-
den variables and states according to the topology
of a network, the problem is much harder.

li'——»c:OJ
B T B

v

v vy v
a=0,1 b=0, 1

Figure 1: Three observers sharing bipartite re-
sources «, 3, 7.

1 Sets of 3-local/3-quantum correlations

Let us now consider a network formed by three
sources and three observers, as in Figure 1. To sim-
plify the problem, we assume the observers always



perform the same measurement, whose outcomes are
binary a,b,c =0, 1.

When the sources are represented by local hidden
variables, the resulting set of correlations is given

by:
/ doa/Aﬁ dﬁ/ dypa(a)ps(B)py(7)
Pa(alB7) PB(bha)Pc(CIa/J’) (3)

This set, which we write L3, is known not to be
convex [5, 6], and the characterization of its bound-
ary is not known apart from some entropic in-
equalites [6, 7.

To help in characterizing the set of those corre-
lations, we will consider the subspace of symmetric
correlations S = {P|P(abc) = P(ach) = P(bca)} C
RS.

The subspace S can be represented in a three-
dimensional plot, as normalization shows that:

P(abc)

P(000) + 3P(001) + 3P(011) + P(111) = 1. (4)

The symmetric correlations Pingle, P=, Px are al-
ready studied [8]:

P(000) | P(001) [ P(011) [ P(111) | 3-local
Paingle | 0 1/3 |0 0 ?
P— |12 |0 0 1/2 | no
P, |0 1/6 1/6 |0 yes

(5)
Sampling the 3-local correlations. — We
plot some of the established inequalities in that sce-
nario [8, 9], along with point cloud samples taken
at random in § N L3 using the following method.
We draw the cardinality m of the sets A at random
between 2 and 15. We then take A, = Ag = A, =
{1,...,m}, and draw a random discrete distribution
P,(a). We also draw a random response function
Pa(a|py). We reuse the distribution P, for Pg, P,
as well, and the response function Py for Pg and
Pc. This guarantees that the resulting correlations
are symmetric:

m

Y Pa(@)Ps(B)Py(v)

a,B,y=1
-Pa(alB7) Pa(blye) Po(claf). (6)

P(abe)

We then repeat the process a sufficient number of
times to populate SN L3.
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Sampling the 3-quantum correlations.
We follow the same reasoning for 3-quantum cor-
relations, where no state is shared by the three ob-
servers, only bipartite states pa's, pp'c, pca. To
start with, we draw a random qubit state pa-g, along
with a random POVM element MOAA7 corresponding
to the outcome a = 0. The same state is reused for
pB'C, PoA, and the same POVM element for MPB,
M§©". The resulting correlations are written:

P(abe)

tr [(PA’B ® pr'Cc ® PciA)
(v o )]

where the tensor product ordering is specified by the
indices.

References

[1] I. Pitowsky. Quantum Probability — Quantum
Logic Springer, Berlin, 1989.

[2] N. Brunner, D. Cavalcanti, .
V. Scarani and S. Wehner. Bell nonlocal-
ity. Reviews of Modern Physics, 86(2):419-478,

2014.

Pironio,

K. Fukuda and A. Prodon. Double description
method revisited. In Combinatorics and Com-
puter Science, number 1120 in Lecture Notes
in Computer Science, pages 91-111. Springer
Berlin Heidelberg, 1996.

M. Navascués, S. Pironio and A. Acin. A con-
vergent hierarchy of semidefinite programs char-
acterizing the set of quantum correlations. New
Journal of Physics, 10(7):73013, 2008.

C. Branciard, D. Rosset, N. Gisin and S. Piro-
nio.
entanglement-swapping experiments.
Review A, 85(3):32119, 2012.

Bilocal versus nonbilocal correlations in
Physical

T. Fritz. Beyond Bell’s theorem: correlation sce-
narios. New Journal of Physics, 14(10):103001,
2012.

J. Henson, R. Lal and M. F. Pusey. Theory-
independent limits on correlations from general-
ized Bayesian networks. New Journal of Physics,
16(11):113043, 2014.

R. Chaves. Talk at the Quantum networks work-
shop, ICFO, 2016.

E. Wolfe, R.W. Spekkens and T.Fritz Talk at the
Quantum networks workshop, ICFO, 2016 and
work in preparation.



	0830 T+P
	0830 Tuesday
	0830 Tue day2
	Proceedings(0817 v1.3) 131
	Proceedings(0817 v1.3) 132
	Proceedings(0817 v1.3) 133
	Proceedings(0817 v1.3) 134
	Proceedings(0817 v1.3) 135
	Proceedings(0817 v1.3) 136
	Proceedings(0817 v1.3) 137
	Proceedings(0817 v1.3) 138
	Proceedings(0817 v1.3) 139
	Proceedings(0817 v1.3) 140
	Proceedings(0817 v1.3) 141
	Proceedings(0817 v1.3) 142
	Proceedings(0817 v1.3) 143
	Proceedings(0817 v1.3) 144
	Proceedings(0817 v1.3) 145
	Proceedings(0817 v1.3) 146
	Proceedings(0817 v1.3) 147
	Proceedings(0817 v1.3) 148
	Proceedings(0817 v1.3) 149
	Proceedings(0817 v1.3) 150
	Proceedings(0817 v1.3) 151
	Proceedings(0817 v1.3) 152
	Proceedings(0817 v1.3) 153
	Proceedings(0817 v1.3) 154
	Proceedings(0817 v1.3) 155
	Proceedings(0817 v1.3) 156
	Proceedings(0817 v1.3) 157
	Proceedings(0817 v1.3) 158
	Proceedings(0817 v1.3) 159
	Proceedings(0817 v1.3) 160
	Proceedings(0817 v1.3) 161
	Proceedings(0817 v1.3) 162
	Proceedings(0817 v1.3) 163
	Proceedings(0817 v1.3) 164

	0830 Tue Poster day2
	Proceedings(0817 v1.3) 165
	Proceedings(0817 v1.3) 166
	Proceedings(0817 v1.3) 167
	Proceedings(0817 v1.3) 168
	Proceedings(0817 v1.3) 169
	Proceedings(0817 v1.3) 170
	Proceedings(0817 v1.3) 171
	Proceedings(0817 v1.3) 172
	Proceedings(0817 v1.3) 173
	Proceedings(0817 v1.3) 174
	Proceedings(0817 v1.3) 175
	Proceedings(0817 v1.3) 176
	Proceedings(0817 v1.3) 177
	Proceedings(0817 v1.3) 178
	Proceedings(0817 v1.3) 179
	Proceedings(0817 v1.3) 180
	Proceedings(0817 v1.3) 181
	Proceedings(0817 v1.3) 182
	Proceedings(0817 v1.3) 183
	Proceedings(0817 v1.3) 184
	Proceedings(0817 v1.3) 185
	Proceedings(0817 v1.3) 186
	Proceedings(0817 v1.3) 187
	Proceedings(0817 v1.3) 188
	Proceedings(0817 v1.3) 189
	Proceedings(0817 v1.3) 190
	Proceedings(0817 v1.3) 191
	Proceedings(0817 v1.3) 192
	Proceedings(0817 v1.3) 193
	Proceedings(0817 v1.3) 194
	Proceedings(0817 v1.3) 195
	Proceedings(0817 v1.3) 196
	Proceedings(0817 v1.3) 197
	Proceedings(0817 v1.3) 198
	Proceedings(0817 v1.3) 199
	Proceedings(0817 v1.3) 200
	Proceedings(0817 v1.3) 201
	Proceedings(0817 v1.3) 202
	Proceedings(0817 v1.3) 203
	Proceedings(0817 v1.3) 204
	Proceedings(0817 v1.3) 205
	Proceedings(0817 v1.3) 206
	Proceedings(0817 v1.3) 207
	Proceedings(0817 v1.3) 208
	Proceedings(0817 v1.3) 209
	Proceedings(0817 v1.3) 210
	Proceedings(0817 v1.3) 211
	Proceedings(0817 v1.3) 212
	Proceedings(0817 v1.3) 213
	Proceedings(0817 v1.3) 214
	Proceedings(0817 v1.3) 215
	Proceedings(0817 v1.3) 216
	Proceedings(0817 v1.3) 217
	Proceedings(0817 v1.3) 218
	Proceedings(0817 v1.3) 219
	Proceedings(0817 v1.3) 220
	Proceedings(0817 v1.3) 221
	Proceedings(0817 v1.3) 222
	Proceedings(0817 v1.3) 223
	Proceedings(0817 v1.3) 224
	Proceedings(0817 v1.3) 225
	Proceedings(0817 v1.3) 226
	Proceedings(0817 v1.3) 227
	Proceedings(0817 v1.3) 228
	Proceedings(0817 v1.3) 229
	Proceedings(0817 v1.3) 230
	Proceedings(0817 v1.3) 231
	Proceedings(0817 v1.3) 232
	Proceedings(0817 v1.3) 233
	Proceedings(0817 v1.3) 234
	Proceedings(0817 v1.3) 235
	Proceedings(0817 v1.3) 236
	Proceedings(0817 v1.3) 237
	Proceedings(0817 v1.3) 238
	Proceedings(0817 v1.3) 239
	Proceedings(0817 v1.3) 240
	Proceedings(0817 v1.3) 241
	Proceedings(0817 v1.3) 242
	Proceedings(0817 v1.3) 243





