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Abstract—In this paper, we propose and study a master-equation
based approach to drive a quantum network with n qubits to
a consensus (symmetric) state introduced by Mazzarella et al.
The state evolution of the quantum network is described by a
Lindblad master equation with the Lindblad terms generated
by continuous-time swapping operators, which also introduce an
underlying interaction graph. We establish a graphical method
that bridges the proposed quantum consensus scheme and clas-
sical consensus dynamics by studying an induced graph (with
227 podes) of the quantum interaction graph (with n qubits).
A fundamental connection is then shown that quantum consensus
over the quantum graph is equivalent to componentwise classical
consensus over the induced graph, which allows various existing
works on classical consensus to be applicable to the quantum
setting. Some basic scaling and structural properties of the quan-
tum induced graph are established via combinatorial analysis.
Necessary and sufficient conditions for exponential and asymp-
totic quantum consensus are obtained, respectively, for switching
quantum interaction graphs. As a quantum analogue of classical
synchronization of coupled oscillators, quantum synchronization
conditions are also presented, in which the reduced states of all
qubits tend to a common trajectory.

Index Terms—Consensus seeking, quantum networks, qubits
synchronization.

I. INTRODUCTION

N the past decades, distributed control and optimization

methods have witnessed a wide range of applications in
network systems such as multi-vehicle systems, wireless com-
munication networks, smart grids, and social networks [2]-[6].
A networked system consists of a number of interconnected
nodes, often denoted agents, each of which represents an
individual functioning unit ranging from a robot, a power
generator, to a member of a society. Recent development in
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quantum physics and quantum information science suggests
the possibility of modeling and analyzing quantum systems
as networks of quantum nodes [7]-[10]. In these networks,
each quantum node (agent) represents a photon, an electron,
an atom, or a finite dimensional quantum system. Nodes in
a quantum network are described by quantum mechanics and
the interactions between different agents involve non-classical
correlations. These unique quantum characteristics make the
development of distributed solutions in quantum networks more
difficult than classical network systems [7]. It is interesting to
understand how synchronization and consensus in quantum net-
works relate to traditional networks, and if the wealth of graph-
theoretic tools recently developed for traditional networks are
also applicable to quantum networks.

One of the primary objectives in distributed control and
coordination is to drive a network to a consensus, where all
agents hold the same state, by local interactions [11]-[13].
Several efforts have been made to investigate the consensus
problem in the quantum domain under discrete-time settings.
Sepulchre et al. [14] generalized consensus algorithms to non-
commutative spaces and presented convergence results for
quantum stochastic maps. They showed how the Birkhoff the-
orem can be used to analyze the asymptotic convergence of a
quantum system to a fully mixed state. Mazzarella et al. [15]
made a systematic study regarding consensus-seeking in quan-
tum networks, and pointed out that consensus in a quantum
network has close connection to distributed quantum compu-
tation, quantum communication and quantum random walk.
Four classes of consensus quantum states based on invariance
and symmetry properties were introduced, and a quantum gen-
eralization to the gossip iteration algorithm (e.g., [16]) was
proposed for reaching a symmetric state (consensus) over a
quantum network. Such a quantum gossip iteration algorithm
is realized through discrete-time quantum swapping operations
between two subsystems in a quantum network and can make
the quantum network converge to symmetric states while pre-
serving the expected values of permutation-invariant global
observables. The class of quantum gossip algorithms can be fur-
ther extended to so-called symmetrization problems in a group-
theoretic framework and be applied to consensus on probability
distributions and quantum dynamical decoupling [17].

Quantum systems with external inputs are modeled using
master equations that define continuous-time quantum state
evolution [18]-[20]. One of the simplest cases is when a
Markovian approximation can be applied under the assumption
of a short environmental correlation time permitting the neglect
of memory effects [23], where a so-called Lindblad equation
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can be employed to describe the quantum state evolution. In
this paper, we show that a Lindblad master equation [23], [24]
can be obtained with the Lindblad terms generated by swapping
operators among the qubits, for the dynamical evolution of the
quantum network. The swapping operations also introduce an
underlying interaction graph for the quantum network, which
indeed leads to a distributed structure for the master equation. In
this way, a continuous-time generalization of the work of [15],
[17] is introduced, under legitimate quantum state evolution.'

The contributions of the current paper are highlighted as
follows.

» A graphical approach is established bridging the proposed
quantum consensus scheme and classical consensus dy-
namics by introducing an induced graph (with 22" nodes)
of the quantum interaction graph (with n qubits). A funda-
mental connection is shown that quantum consensus evo-
lution over the n-qubit network is equivalent to a number
of independent classical consensus processes, running in
parallel over the connected components of the induced
graph. Several fundamental scaling and structural prop-
erties are obtained for the induced graph. The number of
components is characterized; tight bounds of component
sizes and node degrees are explicitly given; the induced
graph is shown to be regular and the diagonal induced
graph is proved to be almost strongly regular.

» The graphical approach provides a powerful tool in study-
ing quantum network dynamics via their classical counter-
parts. Making use of existing understandings of classical
consensus, we show how to carry out convergence speed
optimization via convex programming. We also estab-
lish two necessary and sufficient conditions for exponen-
tial and asymptotic quantum consensus, respectively, for
switching quantum interaction graphs.

» The possibility of quantum synchronization is also inves-
tigated, in the sense that the trajectory of each qubit (given
by the reduced state under partial trace with respect to
the space of other qubits) tends to the same trajectory. We
show that quantum synchronization can be achieved if the
network Hamiltonian admits an exact tensor product form
(or Kronecker sum form) of identical Hamiltonians for
each qubit. The trajectory synchronization of qubits serves
as the quantum analogue of classical synchronization
[36], [37].

The developments of the above quantum consensus results
are inspired and heavily rely on the concepts introduced in [15].
We study qubit networks for the ease of presentation. General-
ization to network of quantum nodes with identical but greater
than two dimensional Hilbert spaces is straightforward. We
remark that the proposed graphical approach applies directly
also to the discrete-time quantum consensus dynamics [15],
and thus the corresponding convergence rate characterization
and optimization can be obtained using the results in [16].

I'The continuous-time generalization of [15], [17] for quantum consensus
with fixed but general quantum permutation interactions, was also indepen-
dently presented in [21], where a necessary and sufficient condition was derived
for reaching quantum symmetric consensus from a group-theoretical point
of view.

375

We believe that our results add to the understanding of dis-
tributed control and state manipulation of quantum networks.
The graphical approach proposed in the paper can also be useful
for a larger class of quantum network control problems.

This rest of the paper is organized as follows. Section II
presents some preliminaries including relevant concepts in lin-
ear algebra, graph theory and quantum systems. The n-qubit
network model and its state evolution master equations are pre-
sented in Section III. Section IV is devoted to a systematic study
of the relation between a quantum interaction graph and its
induced graph. Section V establishes quantum synchronization
conditions making use of the graphical approach. Section VI
concludes this paper with a few remarks.

II. PRELIMINARIES

In this section, we introduce some concepts and theory from
linear algebra [25], graph theory [26], and quantum systems [7].

A. Matrix Vectorization and Gersgorin Theorem

Given a matrix M € C™*", the vectorization of M, denoted
by vec(M), is the mn x 1 column vector ([M]11,...,[M]mn1,

S [M)ins -y [M]mn)T. We have vec(ABC) = (CT ®
A)vec(B) for all matrices A, B, C with ABC well defined,
where ® stands for the Kronecker product. We always use Iy to
denote the ¢ x ¢ identity matrix, and 1, for the all one vector
in R,

The following is the GerSgorin disc Theorem which will be
used in the proof of main results.

Lemma 1 [25, pp. 344]: Let A = [aj;] € C**". Then all
eigenvalues of A are located in the union of n discs

n n
U 2€C:|z—ayl < Z ;]
i=1 =1,

B. Graph Theory Essentials

A simple undirected graph G = (V, E) consists of a finite set
V ={1,..., N} of nodes and an edge set E, where an element
e ={i,j} € E denotes an edge between two distinct nodes
1€V and j € V. Two nodes ¢, j € E are said to be adjacent
if {7, j} is an edge in E. The number of adjacent nodes of v is
called its degree, denoted deg(v). The nodes that are adjacent
with a node v as well as itself are called its neighbors. A graph
G is called to be regular if all the nodes have the same degree.
A path between two vertices v; and vy in G is a sequence of
distinct nodes v1vs ... vg such that forany m =1,... .k —1,
there is an edge between v,,, and v, +1. A pair of distinct nodes
i and j is called to be reachable from each other if there is a path
between them. A node is always assumed to be reachable from
itself. We call graph G connected if every pair of distinct nodes
in V are reachable from each other. A subgraph of G associated
with node set V* C V, denoted as G|y+, is the graph (V*, E*),
where {i,j} € E* if and only if {i,j} € E for i,5 € V*. A
connected component (or just component) of G is a connected
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subgraph induced by some V* C V, which is connected to no
additional nodes in V \ V*.
The (weighted) Laplacian of G, denoted L(G), is defined as

where A(G) is the N x N matrix given by [A(G)]x; =
[A(G)]jx = ag; for some ay; >0 if {k,j} €E and
[A(G)]x; =0 otherwise, and D(G) = diag(ds,...,dn)
with dj, = Z;V:Lj#k[A(G)]kj. It is well known that L(G) is
always positive semi-definite, and the following relation holds:

rank (L(G)) = N — C,(G) (1)

where C,(G) denotes the number of connected components
of G.

C. Quantum Systems

1) Quantum Systems and the Master Equation: The state
space associated with any isolated quantum system is a complex
vector space with inner product, i.e., a Hilbert space. The
system is completely described by its state vector, which is a
unit vector in the system’s state space. The state space of a
composite quantum system is the tensor product of the state
space of each component system. For an open quantum system,
its state can be described by a positive Hermitian density
operator (or density matrix) p satisfying tr(p) = 1. In many
situations, a master equation for the evolution of p(t) is a suit-
able way to describe the dynamics of an open quantum system.
One of the simplest cases is when a Markovian approximation
can be applied under the assumption of a short environmental
correlation time permitting the neglect of memory effects [23].
Markovian master equations have been widely used to model
quantum systems with external inputs in quantum control
[18]-[20], especially for Markovian quantum feedback [28].
Markovian master equations in the Lindblad form are described
as [24], [28]

2

p(t) = =5 [H, p(D)] + D _ wD(Lilp(t) @
k

where H is the effective Hamiltonian as a Hermitian operator
over the underlying Hilbert space, 22 = —1, h is the reduced
Planck constant, the non-negative coefficients 7y specify the
relevant relaxation rates, and

1
~pL} Ly.

1.
D[Lilp = LipL} — SLLLip — >

2

2) Swapping Operators: In quantum systems, the two-
dimensional Hilbert space forms the state-space of qubits (the
most basic quantum system). For any Hilbert space H.,, it is
convenient to use |-), known as the Dirac notion, to denote a
unit (column) vector in H.. [7]. Moreover, |{ )T, i.e., the complex
conjugate transpose of |€), is denoted as (.

Let H be a two-dimensional Hilbert space for qubits. The
standard computational basis of 7 is denoted by |0) and |1).
An n-qubits quantum network is the composite quantum system
of n qubits in the set V = {1,...,n}, whose state space is

the Hilbert space H*" = H ® - -- ® H, where ® denotes the
tensor product. The swapping operator between qubits 7 and j,
denoted as U, is defined by

Uij (lg1) @ @ gi) @ @ [g;) @+ @ |qn))
:|CI1>®"'®|Qj>®"'®|Qi>®"'®|Qn>

forall ¢; € {0,1}, 4 =1,...,n. In other words, the swapping
operator U;; switches the information held in qubits 7 and j
without changing the states of other qubits.

Additionally, for any |p), |¢) € H., we use the notation |p)(q|
to denote the operator over #, defined by

(Ip)(al) In) = (la), In))Ip), VIm) € H.

where (-, -) represents the inner product that the Hilbert space
‘H. is equipped with. In standard quantum mechanical notation,
the inner product (|p), |¢)) is denoted as (p|q).

3) Partial Trace: Let H 4 and Hp be the state spaces of
two quantum systems A and B, respectively. Their composite
system is described by a density operator p“Z. Let £4, £5,
and £4p be the spaces of (linear) operators over H 4, Hp,
and ‘H 4 ® Hp, respectively. Then the partial trace over system
B, denoted by Try,,, is an operator mapping £45 to £4
defined by

Try, (Ipa)(gal @ Ips){gsl) = [pa){qalTr (Ips){gs])

forall [pa), |ga) € Ha, |pB), lgB) € Hp.

The reduced density operator (state) for system A, when
the composite system is in the state pAZ, is defined as p? =
Try, (p*2). The physical interpretation of p# is that p* holds
the full information of system A in pA%. For a detailed intro-
duction, we refer to [7].

III. QUANTUM CONSENSUS AND SYNCHRONIZATION
MASTER EQUATIONS

A. Quantum Networks and Interaction Graphs

Consider a quantum network with n qubits. The qubits are
indexed in the set V = {1,...,n} and the state space of this
n-qubit quantum network is denoted as the Hilbert space
HE" =H ®---®H, where H denotes a two-dimensional
Hilbert space over C. The density operator of the n-qubit
network is denoted as p.

We define a quantum interaction graph over the n-qubit
network as an undirected graph G = (V,E), where each el-
ement in E, called a quantum edge, is an unordered pair of
two distinct qubits denoted as {i,j} € E with i, j € V. Let
denote the set of all quantum interaction graphs over node set
V={1,...,n}.Leto(-) : [0,00) — 2 be a piecewise constant
function. The obtained time-varying graph is then denoted as
Go(t) = (V,Eq(s)). We assume that there is a constant 7p >
0 as a lower bound between any two consecutive switching
instants of o (t).
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B. Dynamics

Let H be the (time-invariant) Hamiltonian of the n-qubit
quantum network. In this paper, we propose and investigate
the state evolution of the quantum network described by the
following master equation:

E%::—%Uipk+ > (Unell-p) @
{7,k}eBo(r)

where a5, > 0 is a constant marking the weight of edge {7, k},
and Ujy, is the swapping operator between j and k.

The system (3) will be referred to as the quantum synchro-
nization master equation. When we assume H = 0, the system
(3) is reduced to

Yoo o (Utl-0). @

{7,k}eEo (1)

We call the system (4) the quantum consensus master equation.
Remark 1: The Lindblad evolution (3) is a continuous-
time analogue of the quantum gossip algorithm proposed in
[15]. This continuous-time generalization to the discrete-time
dynamics [15], [17] has also been independently investigated in
[1], [21]. Compared to the results and analysis methodologies
in [15], [17], [21], in this work we provide a new approach
to investigate the connection between the proposed quantum
consensus scheme and classical consensus dynamics. As will
be shown in the following discussions, once this connection
has been made clear, various results for classical consensus can
then be adapted to establish convergence conditions under more
relaxed conditions imposed on quantum interaction graphs.
Remark 2: The system (3) is related to the proposed real-
ization of n-qubit quantum circuits by nearest-neighbor opera-
tions in [22], which showed that the ability to apply arbitrary
Lindblad operators implies encoding of quantum circuits with
polynomial overhead. In the system (3), the swapping operator
U;, represents external interactions between qubit j and qubit
k through their local environment (cf., [22, Figure 1]), and the
network Hamiltonian generates internal qubit interactions.

C. Objectives

A permutation of the set V = {1,...,n} is a bijective map
from V onto itself. We denote by 7 such a permutation.
Particularly, a permutation 7 is called a swapping between
j and k, denoted by 7, if 7(j) = k, (k) = j, and 7(s) = s,
s € V\ {J, k}. The set of all permutations of V forms a group,
called the n’th permutation group and denoted by P = {7}.
There are n! elements in P. Given 7 € P, we define a unitary
operator, U,, over H®™, by

Un(lq1) ® - ® |qn)) = |qﬂ(1)> Q- ’(Jﬂ'(n)>

where ¢; = 0 or 1 forall ¢ = 1,...,n. Define an operator over
the density operators of H®", Z,, by

1
Pu(p) = — > UrpU}. ©)

TeP
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Introduced in [15], Z2.(p) serves as the quantum average of the
n-qubit network at the state p.

Let the initial time be ¢y > 0 and let p(to) be the initial den-
sity operator of the quantum network. We make the following
definition.

Definition 1:

(i) The system (4) reaches an asymptotic (symmetric-state)
quantum consensus for initial time ¢, > 0 and initial state
p(to) if ims . p(t) = Pu(p(to)).

(i) The system (4) reaches global asymptotic (symmetric-

state) quantum consensus if quantum consensus is
achieved for all o > 0 and all initial density operators
p(to).
The system (4) reaches global exponential (symmetric-
state) quantum consensus, if there exist C(p(tg)) > 0
(which may depend on the initial state p(¢o)) and v > 0
(which does not depend on p(t)) such that

p(t) = 2. (p(to))|| < C (p(to)) e 7E0) ¢ > g

(iii)

for all initial times o > 0 and initial states p(tg).
Let

() = Tro, ., (p(1)

be the reduced state of qubit k at time ¢, k = 1, ..., n, defined
by the partial trace over the remaining n — 1 qubits’ space
@21 Hj. Here H; denotes the two-dimensional Hilbert space
corresponding to qubit j, j € V. Note that p*(¢) contains all
the information that qubit & holds in the composite state p(t).
Consistent with the classical definition of complex network
synchronization [36], [37], we also introduce the following
definition for quantum (reduced-state) synchronization.

Definition 2:

(i) The system (3) achieves global asymptotic quantum

(reduced-state) synchronization if

lim (P*(t) = p™(t)) =0, k,m eV (6)

for all initial times ¢o and initial values p(to).

(i) The system (3) achieves global exponential quantum
(reduced-state) synchronization if there are two constants
C(p(to)) > 0and v > 0 such that

[5(t) — p™ ()| < C (pto)) e >t (7)

for all k,m € V.

Note that along the Lindblad master equation (4), p(t) will be
preserved as positive, Hermitian, and with trace one, as long as
p(0) defines a proper density operator. While the convergence
conditions to be derived in the paper do not depend on these
properties held by the density operators. Therefore, throughout
the rest of the paper, we assume that p(t) lies in the general
space C2"*2",

IV. THE QUANTUM LAPLACIAN AND INDUCED GRAPH

In this section, we explore the connection between the
quantum consensus dynamics (4) and its classical analogue
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through an induced (classical) graph from a graphical point of
view. We introduce the quantum Laplacian matrix associated
with a quantum interaction graph and show that the conver-
gence to quantum consensus is fully governed by this quantum
Laplacian. This inspired us to introduce the induced graph
of the quantum interaction graph, and then equivalence is
proved between quantum consensus over the interaction graph
and classical consensus over the induced graph. We also es-
tablish some basic scaling and structural properties of the
induced graph.

A. The Quantum Laplacian

We introduce quantum Laplacian associated with the interac-
tion graph G as follows.

Definition 3: Let G = (V, E) be a quantum interaction graph.
The quantum (non-weighted) Laplacian of G is defined as
L¢ = Z{j,k}gE(b” ® Ion — Ujk ® Ujk)~

Some properties of the quantum Laplacian can be clearly
observed: L¢ is real and symmetric, Lglo2» = 0, and all the
off-diagonal entries of Lg are non-negative. Consequently,
invoking the Ger§gorin disc theorem (cf., Lemma 1) we know
that all nonzero eigenvalues of L are positive, and we denote
the smallest eigenvalue other than zero of Lg as A\a(Lg).

Consider the following quantum consensus master equation
defined over the quantum interaction graph G:

= > (Une®U} = p) - ®)
{j,k}€E
Then (8) can be exactly written as
d
—vec(p) = —Lgvec(p) )

dt

under the vectorization p(t).

There holds for the system (9) that vec(p(t)) converges to
a fixed point in the null space of Lg exponentially, with the
convergence speed given by As(Lg). Moreover, different from
classical definition of the Laplacian, the multiplicity of the zero
eigenvalue of L¢ is no longer one, even when the interaction
graph G is connected. The following lemma provides a charac-
terization of the null space of the quantum Laplacian.

Lemma 2: ker(Lg)={vec(z): Z.(z)=z}if Gis connected.

The proof of Lemma 2 can be found in Appendix A. In light
of Lemma 2, it can be easily deduced that the system (8) reaches
exponential quantum consensus as long as G is connected, with
convergence rate Ao(Lg). This is consistent with the results in
[15], [21].

B. The Induced Graph

For further investigations of the quantum Laplacian, we
introduce the following definition.

Definition 4: The induced graph of the quantum interac-
tion graph G, denoted by G = (V, ), is defined in that V =
{1,...,2?"}and {r,s} € &, r#s€Vifand only if L), , #0.

Making use of (1) and noticing that Lg is the classical
Laplacian of the induced graph G, the following lemma follows
from Lemma 2 as a preliminary property between a quantum
interaction graph and its induced graph.

Lemma 3: If the quantum interaction graph G is connected,
then its induced graph G has exactly

dim ({vec(z) : 2.(z) = z,z € C*"**"}) = dim (ker(Lg))

connected components.

We let X (t) = (21(t) ... 247 (t))T := vec(p(t)) so that the
system (9) defines classical consensus dynamics over the in-
duced graph G = (V, €) (cf., [5], [11]), where z;(t) € C stands
for the state of node 7 € V at time ¢. Let the initial time be
to = 0. We make the following definition.

Definition 5: Componentwise consensus over the graph G in
the classical sense is achieved for the system (9) if

ZjeRi z;(0)

lim ;(t) = =i

t—o00

for all 7 € V, where R; C V denotes the set of nodes of the
connected component in which node 7 lies.

It is well known that the system (9) reaching componentwise
consensus is equivalent to [2]

lim [1X ()], =0

where || X (t)|| . = X7 (t)LgX (t). On the other hand, we have
from Lemma 2 that

{vec(z): P.(z) = 2,2 € C**" } = ker(Lg).

As a result, the following conclusion holds providing a direct
relation between quantum consensus and its classical analogue.

Theorem 1: Quantum consensus over G along (8) is equiva-
lent to componentwise consensus in the classical sense over the
induced graph G along (9).

Remark 3: Theorem 1 describes a form of quantum paral-
lelism (cf., [7, Chapter 1.4.2]) in the sense that the original
quantum consensus dynamics over n qubits, leads to indepen-
dent consensus processes over disjoint subsets of nodes. As
shown in Figs. 1 and 2, if the quantum interaction graph is
well chosen, the state evolution can be of the same form for
these different subsets of nodes, but starting from (in general)
different initial values.

C. The Connected Components

We have seen from Theorem 1 that we can indeed investigate
the connected components of the quantum induced graph G to
obtain every detail of the quantum consensus master equation.
Now we establish some basic properties of the connected
components of the quantum induced graph.

1) The Reachable Nodes: We index the elements V =
{1,...,22"} under the standard computational basis of H*".
Recall that |0) and |1) form a basis of H. Let |¢1) ® -+ ®
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(000] (001| (010] (011| (100| (101] (110] (111]
o 0 0TTD D=0 O

VA

001)

|010)

[o11)

|100)

1

Fig. 1. The induced graph of the three-qubit quantum complete graph. There
are 64 nodes in the induced graph, and they can be indexed as the elements in
the basis B.

G o __To=0 x4
x4 x 12

Fig. 2. The connected components of the induced graph for the three-qubits
quantum complete graph. There are a total of 20 components, consisting of
4 components each with one node, 12 components each with three nodes,
and the remaining 4 components each with six nodes. Note that all of these
components are regular graphs in the sense that every node within the same
component has the same degree.

|101)
|110)

[111) o

|gn) € H®™ be denoted as |q; . ..q,) for simplicity, where ®
represents the tensor product. Then, the following 2™ elements:

|Q1Qn>qze{07l}7 i=1,....n
form a basis of H®™. We define
lq1 - qn)(p1 .- pn| : HE™ — HE™

as a linear operator over H®" such that

(Ig1---gn)p1-- P 1€) = (1. PalE)) |01 - - qn)

forall |€) € H®™. We now obtain a basis for all linear operators
over H*" (which is isomorphic to C2"*2")

B:= {|q1qn><p1pn|Ql7pz S {071}a 1217777/}

Furthermore, associated with any m € P with P being the
permutation group over V, we define an operator %, over
HOT w O™ by

T (g1 @)1 Pnl) = |ae1) - Crin)) Pr1) - - - Pr(n)

forall [q1...¢n){(p1...pn| € B. Particularly, when 7 € P de-
fines a swapping permutation 7, the corresponding .#, will
be denoted as .7, . Then the following lemma holds with its
proof given in Appendix B.

Lemma 4: For all p € C2"*2" and 7 € P, it holds that
UnpUL = F(p).

Each node in V corresponds to one entry in p € C2"
under vectorization. We identify the nodes in V' as the ele-
ments in B. For any |q1 ...¢,){p1...pn| € V, we denote by
MQ1--'Qn><P1...pn| the set of nodes in )V that are adjacent to

x2M
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|1 ... qn)(p1...pn| in the induced graph G. It is then clear
from Lemma 4 that

Naranyoromnl = Umjn) - Grjtn)) (Prj) -+ P

#lq1...qn)(P1-..Dn| - T €E}.

Noting that all the swapping permutations in

{mjn : {4, k} € E}

form a generating subset of P, the following lemma holds.
Lemma 5: Suppose G is connected. Then for any given node

|q1 --~Qn><p1 pn‘ eV

Rigr-an)prpnl =1 dr ) - - Gr(n) ) (Pr1) - - Py | TEP}

is the set of nodes in V that are reachable from |q; ...qy,)
(p1 . ..pn| in the graph G.

2) Several Counting Theorems: We now establish some
scaling properties of the components of the induced graph. First
of all the following theorem holds, with a detailed proof in
Appendix C.

Theorem 2: Suppose G is connected. Then

(i) There are dim({vec(z): Z.(z) = z,2z € C>"*2"})

connected components in G. Different choices of G give
the same node set partition of V along the connected
components of their induced graphs.

(ii) Let |-| stand for the cardinality of a finite set. The
degree of |g1...¢n){(p1...pn| €V is computed as
Mas...qn)pr---pnll-

There are exactly four smallest components of G, each of
which contains only one node. The number of nodes in
the largest components of G lies in the interval

2
max CF ( max CF
0<k<n 0<k<n

where CF is the combinatorial number of selecting k
different elements out of n different choices.

(iii)

Remark 4: Note that maxo<j<, CF is achieved at k =
[(n+1)/2|, where |b] denotes the greatest integer no larger
than b for a given b € R. Invoking the famous Stirling’s formula

it is known that
271
™m/2

x Ck

a.
0<k<n

Therefore, based on Theorem 2, we know that the size of
the largest component, asymptotically (as n tends to infinity)
lies in

[ 7 1
V&
Let K, denote the complete graph with n nodes. The follow-

ing theorem establishes some tight bounds of the node degree
for the induced graph, whose proof is in Appendix D.
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Theorem 3:

(i) If n mod 4 = 0, then deg(v) < 3n?/8 forall v € V;
(i) If n mod 4 =1, then deg(v) < (3n? —3)/8 for all

v eV

(iii) If n mod 4 =2, then deg(v) < (3n? —4)/8 for all
veV

(iv) If » mod 4 = 3, then deg(v) < (3n? — 3)/8 for all
ve V.

Moreover, there exist nodes with degrees at these upper
bounds when G = K.

Remark 5: Theorem 3 indicates that the maximum degree of
the induced graph asymptotically tends to 3n2 /8 as n tends to
infinity. While the maximum component is of the size at least
2™ /\/7n/2 from Remark 4. As a result, the largest components
of the induced graph tend to be rather sparse as n becomes
large.

3) Component Structure: We now investigate the structure
of the components. We focus on the case when the quantum
interaction graph is the complete graph.

Recall that an undirected graph is regular if all nodes in
the graph have the same degree [26]. We further introduce the
following definition [27].

Definition 6: Let G be a simple, undirected regular graph
with N nodes and node degree k. We call G strongly regular if
there are two integers A and p such that

(1) Every two adjacent nodes have A neighbors in common;
(i) Every two non-adjacent nodes have p neighbors in
common.

We also introduce the quantum induced graph on the diago-
nal entries as a subgraph of G.
Definition 7: The quantum diagonal induced graph, de-

noted Gaiag = (Vdiag, £diag)» 18 the subgraph generated by the
node set Viiag := {|p1-.-Pn)(P1...pn| : p;i €{0,1}} in the
graph V.

With Lemma 5, there are no edges between Vgi,e and V\
Viiag in the graph G. The quantum diagonal induced graph
Gdiag therefore fully characterizes the dynamics of the diagonal
entries of the density operator. The physical interpretation of
the diagonal entries is that

[0)p1...0n)p1 -

represents the probability of finding the system at the state
|p1 ... Pn)(p1...pn| When performing measurement to the
quantum network under the standard basis [7].
The following theorem provides a structural characterization
of the induced graph. The proof can be found in Appendix E.
Theorem 4: Suppose G = K,,. Then

(i) Every connected component of the induced graph G is
regular;
(i) Every connected component of the diagonal induced
graph Gaiag is almost strongly regular in the sense that
a) every two adjacent nodes in Ggiag have n — 2 neigh-
bors in common;
b) every two non-adjacent nodes in Ggiag have either
zero or one neighbor in common.

Remark 6: The exponentially increasing dimension with
respect to the number of components is a fundamental obstacle
for understanding and analyzing large-scale quantum systems.
Theorems 1, 2, 3, and 4 illustrate the possibility of splitting
the dimensions into decoupled smaller pieces (e.g., Remark 4,
the dimension is reduced by a factor which is at least 2/7n)
by graphical analysis, and then combinatorial analysis would
be able to uncover deeper characterizations. The nature of
quantum systems engineered by sparse Lindblad operators, or
quantum systems with sparse Hamiltonians, suggests potential
applicability of the methodology to more studies of quantum
multi-body systems [31], [32].

D. Discussions

1) Why Swapping Operators?: We now provide a brief dis-
cussion to illustrate that the choice of swapping operators in the
quantum consensus dynamics (4), is very natural from classical
consensus dynamics [11]. A group-theoretic point of view for
their relationships is also provided in [15].

Consider a classical graph G=(V,E) with V = {1,... , N}.
Let z;(t) € R be the state of node 4 in V. Denote z(t) =
(r1(t) ... xn(t))T. Let every edge’s weight be one, and let
L be the Laplacian in the classical sense of the graph G. Then
a classical average consensus process is defined by [5], [11]

d

%x(t) = —Lgz(t). (10)

We introduce a classical swapping operator (matrix) along
the edge {i, j} € E, denoted by U;; € RV*¥ in the way that
)" an

Uij(Zl...Zi...Zj...ZN :(leszZN

for all (z1...zx)T € R™. Then physically ﬁu switches the
7’th and j’th entries with the rest unchanged, and is therefgre
a classical version of the quantum swapping U;;. In fact U
is a permutation matrix. It is interesting to note the following
equality:

Lo=— Y (Uj—1In). (12)

{i,j}€E

Plugging (12) into (10), we obtain the following equivalent
form of (10):
#(t))

It is now clear that the system (4) is a formal quantum
version of the system (13), noting that in the quantum case the
swapping operator U;; maps a density operator p to Us; pUgj.
This is to say, the connection between the quantum consensus
and its classical prototype, is inherent within their structures,
and the realization of quantum consensus seeking via swapping
operators is remarkably natural.

= >

{i,j}€E

(Tija(t) - (13)
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Remark 7: As a matter of fact, the quantum consensus state,
defined in (5) (originally introduced in [15]), is formally of the
same form as the classical average noticing

n

1 s 1 T _Dim1 %

(14)
forall z = (21 ---2n5)7 € CV, where ﬁﬁ denotes the classical
permutation. We have now seen that the classical average (14)
and the quantum average (5) are closely connected.

2) Convergence Speed Optimization: If each edge {i,j} €
E is associated with a weight o;;, we can correspondingly
define the weighted quantum Laplacian Le() := > y; jyee
g (Ton @ Ion — Ujp, @ Ujy) with o« = (v : {j,k} € E).

The speed of convergence to a quantum consensus for

> gk (UjkPU}k - P)

{j,k}€E

dp
7 (15)
is thus given by the smallest non-zero eigenvalue of Lg(«),
denoted Ao (Lg(«)).

As a continuous-time and quantum analogue of [3], we can
therefore optimally distribute a certain amount, say Wy > 0, of
edge weights onto the edges so that the fastest convergence rate
can be achieved

maximize Ag (Lg())
subject to Z ajr < Wy. (16)
{i,k}eE

Following similar argument as in [3], we know that A\o(Lg(v))
is a concave function of a. Therefore, the fastest convergence
can be obtained by solving (16) via standard convex program-
ming methods.

We conclude this section with a few remarks. In this sec-
tion we have provided a graphical approach for studying the
quantum consensus master equation. We introduce the quantum
Laplacian and the quantum induced graph, and show that
quantum consensus over the interaction graph is equivalent to
componentwise classical consensus over the induced graph,
with convergence rate given by the smallest eigenvalue of
the quantum Laplacian. We establish some basic properties of
the induced graph in terms its scaling and structure. Such a
fundamental connection makes the majority of graphical de-
velopments in classical network systems directly applicable to
quantum networks. The proposed graphical approach certainly
also applies to discrete-time quantum dynamics, e.g., [15].

V. QUANTUM SYNCHRONIZATION

In this section, we establish synchronization conditions for
the Lindblad equation (3). First of all, making use of the graph-
ical approach developed in the previous section, we establish
two necessary and sufficient quantum consensus conditions for
the system (4) in light of existing results on classical consensus.
Next, we show that for a class of network Hamiltonians, quan-
tum consensus of the system (4) implies synchronization of
the system (3). Finally, we discuss the connection between the

quantum synchronization results and their classical analogue
and present a numerical example.

A. Quantum Consensus Conditions

The following theorem establishes consensus conditions of
the system (4).
Theorem 5:

(i) The system (4) achieves global exponential quantum con-
sensus if and only if there exists a constant 7" > 0 such
that G([t,¢t +T)) := (V,U,et,117) Eo(r)) is connected
forallt > 0.

(ii) The system (4) achieves global asymptotic quantum con-
sensus if and only if G([t,00)) := (V,U,cpr, ) Eo(r)) is
connected for all £ > 0.

The proof of Theorem 5 is based on the connection between
quantum consensus and classical consensus from a graphical
point of view, and has been put in Appendix F. These results
are essentially consistent with the results for consensus seek-
ing over classical networks [4]-[13]. We remark that under
the conditions of Theorems 5, the convergence rates can be
explicitly computed making use of the analysis in [13], for both
cases. We also remark that for simplicity of presentation we
assume the edge weights o, to be a constant. Generalization
to the case where o is time-varying or even state-dependent
is straightforward using existing works in the literature on
classical consensus convergence, e.g., [13].

Remark 8: Theorem 5 provides a generalization to the result
in [21] for switching quantum interaction graphs. In fact, from
its proof it is clear that the convergence rate can be obtained
utilizing the results in [13] under the given conditions.

B. From Consensus to Synchronization

Let the initial time be ty = 0 and denote p, = Z,(p(0)).
Introduce
ﬁ(t) — eth/hp(t)eszt/h.

Suppose [H, U,] = 0 for all 7 € P. Then some simple calcula-
tions lead to the fact that the evolution of p(t) satisfies

3 an (UjkﬁUjk _ ﬁ) .

{j,k}€E

dp
i a7

Substituting the results in Theorem 5, we immediately obtain

lim [p(t) _ e—th/ﬁp*eth/ﬁ] —0

t—00

(18)

when the same connectivity conditions hold in Theorem 5 for
the switching quantum interaction graph.

Define p¥(t) := Tre_, 3, (e /" p.eft/") for all k € V.
The following lemma can be established from the definition of
the partial trace [7] (or, directly applying [15, Theorem 1]).

Lemma 6: Suppose [H,U;] =0 for all =& P. Then
pk(t) = pm(t) for all k,m € V and all t.

As a result, the following theorem holds.
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Theorem 6: Suppose [H,U,] = 0forallm € P.

(@) If G([t,00)) := (V,U,e[t,00) Eo(r)) is connected for all
t > 0, then the system (3) achieves global asymptotical
quantum (reduced-state) synchronization.

(ii) If there exists a constant 7" > 0 such that G([t,¢+
1)) == (V,Usept,t+7) Eo()) is connected for all ¢ > 0,
then the system (3) achieves global exponential quantum
(reduced-state) synchronization.

The following lemma, with its proof given in Appendix G,
presents two classes of Hamiltonians satisfying the condition
[H,U,] = 0 for all 7 € P. Denote the Kronecker sum H;" =
S I907Y @ Hy @ 199, where Hy is a Hermitian oper-
ator over H.

Lemma 7: Let Hy be a Hermitian operator over H. If either
H = H{"™ or H = H{" holds, then [H,U,] = 0 forall T € P.

Remark 9: If H = Hy", then there holds e*# t/h —
ezHgt/h R ® ezHot/h and eszt/h _ e*’LH()t/h R ®
e tHot/h, Consequently, it can be further deduced that

Pf(t) = Tr®#wj (eszt/ﬁp*eth/h>

— e (T (p)) € (19)

from the definition of the partial trace [7].

C. Discussions

It is worth noticing that the quantum synchronization results
established in Theorem 6, is exactly the quantum analogues of
the classical studies on the synchronization of coupled oscilla-
tors [36]—[38]. Fundamental results have been derived for the
classical notion of synchronization for the following dynamics
[36]-[38]:

N
Qii(t) = A.’El(t) + ZWij (.’)Sj(t) — l‘i(t)), i=1,...,N

j=1

d
dt
(20)

where z; € R™, A € R™*™, W;; > 0. Here x;(t) represents
the state of the 7’th oscillator, A is the inherent mode of the
dynamics of the oscillators, and an interaction graph is induced
by [I;;]. Note that it is critical that all of the oscillators share an
identical inherent dynamics for synchronization of the system
(20). Therefore, it becomes clear that the condition H = H§§"
plays the same role in imposing identical inherent dynamics for
the qubits. The system (3) becomes the quantum equivalence of
the system (20) when such a condition holds, and the behavior
of the system trajectories in the two systems are indeed consis-
tent [36]. On the other hand, for the case with H = Hgm, the
tensor product of Hamiltonians introduces internal interactions
among the qubits. Synchronization of the qubits’ reduced states
is still reached since these internal interactions cooperate with
the (external) swapping interactions in such a way that H is
invariant under permutations. It is however difficult to write
down the explicit trajectory of each qubit’s reduced state as
a function of Hj in this case, and the synchronization orbit
is certainly no longer the one determined by H| for the most
choices of H.

Fig. 3. Anillustration of the quantum synchronization: The orbits of the three
qubits asymptotically converge to the same trajectory for the proposed master
equation.

Remark 10: Note that when the nodes’ inherent self-
dynamics are not identical in the classical synchronization
dynamics (20), it is well-known in the literature that it will
be extremely difficult and often impossible to achieve synchro-
nization for the system (20) [38]. Now that it becomes clear
from above discussion that the condition that either H = H™"
or H = H{"™ in the quantum master equation plays the same
role in enforcing identical inherent self-dynamics, quantum
synchronization will in general be difficult to reach without
such conditions.

D. Numerical Example

In this subsection, we present a simple numerical example to
illustrate the above quantum synchronization result.

We consider three qubits indexed in V = {1,2,3}. Their
interaction graph is fixed as the complete graph, i.e., E =
{{1, 2}, {2, 3}, {1, 3}} Let avya = a3 = a3 = 1. The initial
network state is chosen to be

1 1 1 1
po=5[100)(100]+[100)(101[+ 3 [101)(101]+5[101)(100].

The network Hamiltonian is chosen tobe H = 0, ® 0, ® 0.,

where
(1 0
7= \0 -1

is one of the Pauli matrices.

We first plot the evolution of the reduced states of the three
qubits on one Bloch sphere. Clearly their orbits asymptotically
tend to the same trajectory determined by the Hamiltonian o,
(cf., Fig. 3).

Next, recall that the trace distance between two density
operator p;, pe over the same Hilbert space, denoted by
llpo1 — p2|l1y» is defined as

2n

1
o = pallae = 5Tey/ (o1 = p2)t (o1 — p)
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06

05

Trace distance

Time

Fig. 4. An illustration of the quantum synchronization: Exponential conver-
gence to the synchronization orbit. Note that two of the three qubits’ distance
functions exactly agree with each other so there are only two curves distinguish-
able in this plot.

We then plot the trace distances between the reduced states and
the synchronization orbit

Dy(t) = |[p*(t) = Tre

D=1

» (e—th/hp*eth/h)

Tr

for k=1, 2, 3, as a function of ¢, where p, = (1/3!)
Zﬂeps U, poUl is the quantum average with P3 denoting the
permutation group with order three. Clearly they all converge
to zero with an exponential rate (cf., Fig. 4).

VI. CONCLUSION

We have investigated consensus and synchronization prob-
lems for a quantum network with n qubits. The state evolution
of the quantum network equipped with continuous-time swap-
ping operators, is described by a Lindblad master equation.
These swapping operators also introduce an underlying interac-
tion graph. A graphical method bridging the proposed quantum
consensus scheme and classical consensus dynamics was pre-
sented, by studying an induced graph (with 22" nodes) of the
quantum interaction graph (with n qubits). We provided several
fundamental relations between a quantum graph and its induced
classical graph. Two necessary and sufficient conditions for
exponential and asymptotic quantum consensus were obtained,
respectively, for switching quantum interaction graphs. We also
presented quantum synchronization conditions, in the sense that
the reduced states of all qubits tend to a common trajectory. We
showed that this is exactly the quantum analogue of classical
synchronization of coupled oscillators.

The consensus and synchronization problems for the quan-
tum network considered in this paper can be taken as a special
class of stabilization problems in quantum control [30]-[35]
where the control actions are realized by swapping operators.
We believe the results presented in the current paper add
some novel understandings regarding the control and state
manipulation of quantum networks in a distributed manner.
The graphical approach proposed may serve as a systematic
and useful tool for analyzing distributed quantum dynamics.
In future, it is also worth investigating new algorithms for
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other consensus/synchronization states in quantum networks
and developing control methods for stabilizing the states of
quantum networks.

APPENDIX A
PROOF OF LEMMA 2

The following equalities hold:

ker(Lg) = | vec(z) : Z (Ujsz}k - z) =0

{j,k}cE
= {vec(z) : U-sz;k =z,{j.k} € E}

= {vec(z) : Up2Ul = z,m € P}

e

{vec(z) : Z.(z) = z}. (22)

Here a) is based on Lemma 5.2 in [29]; b) holds from the fact
that G is a connected graph so that the swapping permutations
along the edges among qubits consist of a generating set of
the group P (cf. [15, Proposition 8 and Lemma 1]). Regarding
equality ¢), on one hand it is straightforward to see that

{vec(z) : Up2Ul = 2,7 € P} C {vec(z): Z.(2) = z}.
On the other hand, if Z.(z) = z, then
Up2Ul = Up (2o(2)) Ul = P, (2) = 2
since 7P = P for any 7 € P. Thus we also have
{vec(z) : Z.(2) = 2z} C {vec(z) : Ur2Ul = z,m € P}.
This proves the desired lemma. |

APPENDIX B
PROOF OF LEMMA 4

Since the two operators
p = UxpU}
p— Fx(p)

are both linear, we just need to verify the equality for each
element in the basis B.
The following holds:

(Uslgr- - an)(p1 - - palUL) 16)
= <p1-~-pn|UJr\§>U7r|CI1~-~CIn>
= ((Pr) - Px))) |G (1) - - - Gr(m))
= (lgr() -+ G (m) (Pr(1) - - - Pr()|) 1€)

=Z (1. qn)(p1---pnl)|E) (23)

for any |€) € H®™. This proves the desired lemma. |
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APPENDIX C
PROOF OF THEOREM 2

(i) The number of connected components of G has been de-
rived in Lemma 3. The fact that the sizes of G’s connected
components do not depend on the form of G, as long as
G is connected, can be simply deduced from Lemma 5.

(i) The conclusion holds directly from the proof of Lemma 5.

(iii) First of all note that the following four nodes |0...0)
(0...0,10...00(L... 1 [1...1){0...0[, |1...1){L...1]
are always isolated in G since both |0...0) and |1...1)
are invariant under any permutation 7 € P. Furthermore,
it is easy to see that for a node

lg1. . qn)(P1.. .0l €V

to be isolated, it must be the case that both |¢; .. . ¢,) and
|p1...pn) are invariant under any permutation 7w € P.
This proves that the four isolated nodes presented above
are the only four isolated nodes in G.

Finally, we establish the upper and lower bounds to the
number of nodes in the largest component. The following claim
holds.

Claim: [{|qr1)- - Gr(n)), T€P}Y = C} withr=3"7"_, qs.

Forany |q1 ...¢,) and |py ...p,) With > ) g => p_1 Dk,
we can always find a permutation 7% € P such that |q; ... ¢,) =
[Pre(1) - - Prt(n))- Asaresult, {|qz(1) - . . Gr(n)), 7 EP} has C],
elements. This proves the claim.

From Lemma 5, as long as either |q1...¢,) # [qx(1) -
Ir(n)) OF [P1...Dn) # |Px(1) - - - Pr(n)) holds, m will generate
a reachable node for |g; ...¢,){p1 ... pn|- Then the upper and
lower bounds for the size of the largest component in G follows
immediately.

The proof is now complete. |

APPENDIX D
PROOF OF THEOREM 3

The argument is based on a combinatorics analysis on the
choice of nodes under the basis B. We present the detailed
proof for Cases (i) and (iii). The remaining two cases can be
proved via the same techniques, and whose details are therefore
omitted.

(1) Let n = 2m with some positive integer m > 1 and take
a node v € V. Without loss of generality, we assume v
takes the form

2x  2m—2x

where p; € {0,1} and 0 < x < m. It is clear that a
quantum link {j, k} € E (i.e., operator 7;;) generates a
neighbor of node v only for the following three cases:

a) j<xandk>x+1l,ork<yxyandj>x+1;

b) j < xand k < x with p; # pg;

c) j>x+1landk > x + 1 with p; # py.

(i)

®

\q) -
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Consequently, direct combinatorial calculations lead to

deg(v) <x* + (m — x)? + 2x(2m — 2x)
= =22 4+ 2my + m?
3m?

<

: 4)

Moreover, the upper bound 3m? /2 is reached when G =
K,,, mis even (i.e., n mod 4 = 0), and v is of the form
with x =m/2

O...Ol...1><O...01...10...01...1.
S~ e e e
2x  2m—2x X X m=x m=Xx

This proves (i).

Again let n = 2m with some positive integer m > 1. We
study the case when v takes the form

0...0 1...1 e
A )N ) > <p1 p2m|
2x+1 2m—2x—1

where p; € {0,1} and 2y + 1 < 2m. Via similar analy-
sis we have
deg(v) <x(x+1) + (m = x)(m —x = 1)
+@2x+1DH(2m—2x —1)
= -2’ +2m—1)x+m*+m—1
3m? —1
_— 2
< (25)

The upper bound (3m? — 1)/2 is reached when G = K,
m is odd (i.e., n mod 4 = 2), and v is of the form with

X =(m—1)/2

0...0 1...1 ><0...01...10...01...1 .
N—— =~ N P P S S
2x+1 2m—2x—1 X x+1 m—x m-—x—1
This proves (iii). |
APPENDIX E

PROOF OF THEOREM 4

Let[qr...qn)(p1--.poland gy ... q,) (P} - .. py,| be two
nodes in V belonging to a common component, where

i, Pis q;, ¢, take values from {0,1}. From Lemma 5, we
know that we can find a permutation 7w, € P such that

Q;J <p,1 .. p/n| = |qw*(1) .. ‘q'fr*(n)> <p7r*(1) .. 'pfr*(n)’ :
(26)

Now suppose 7, generates a link to node [g; ... ¢n)
(p1...pn| in the induced graph, i.e., |q1...qn){p1 ..
Pul # @r0(1) -+ - Gry(n)) Py (1) - - Py (m) |- We define
a swapping permutation 7% by

’/Th = Tr., () (k)
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In other words, 7 flips the state of qubits 7,(j) and
(k). This gives us

a1 qn) (P - -

= }Qﬂ'*(l) s Qﬂ'*(n)> <p7'r*(1) . ~p7'r*(n)|

7é |Q7r”7r*(1) s qﬂ'”ﬂ'*(’n)> <p7ru7r*(1) <P, (n)|
(I;n(l) ce Q;u(n)> <pl7ru(1) . ~P;Tn(n) . (27)

Consequently, 72, as an edge in G since G = K,,, also
generates a link to node |¢j...q,){(p}...p}| in the
induced graph. Noting that the positions of |q1 ... ¢n)
(p1--.pnland|q) ... ¢,) (P} ... pl,| are symmetric in the
above argument, we have constructed a bijection between
the adjacent nodes of |q1 ...¢n)(p1...pn| and those of
|q} - q,) Py -..pl|. This proves the desired conclusion.
(i) From the proof of Theorem 2 we know that

) (P2 ={Ip’1 D) (Pl ZPFZM}.
k=1 k=1
(28)

Fortwonodes v=|p; ...p,){p1...ps| and v’ =|p} ... p),)
(P ...p),| in the same component of the diagonal in-
duced graph, we introduce

H(v,v") =Y ok — Pl -
k=1

Proof of Condition a): let v = |p; ... pp)(P1 ... pn| and
o' =ph ... 0, )Py ... pl,| be two adjacent nodes in the
diagonal induced graph. As a result, we have H (v, v') =2
and Y ), Pl = >, pk = L for some integer L < n.
The following claim holds.
Claim: There are n — 2 common neighbors for v and v'.
Since H(v,v’) = 2, without loss of generality, we write
v=|01p3...pn){01ps...p,| and v'=[10ps...p,)(01ps. ..pyl.
If ps = 0, then it is straightforward to see that

|001py ... pp)(001pys . .. pyl

is a common neighbor of v and ¢'. Similarly if ps =1, a
common neighbor of v and v’ is given as

[110py ... pn){001py . .. ppl.

Continuing the argument to py, . .., p, we can find n — 2 com-
mon neighbors for v and v'. Apart from these n — 2 common
neighbors, either v or v" however has only two more neighbors
as themselves. This proves the claim.

Proof of Condition b): letv = |py ... pp)(p1...pn| and v’ =
[Py ... )P} ... pl,| be two non-adjacent nodes in the same
component. This means that H (v, v") > 2. From (28) we know
that H (v, v") must be an even number. Thus, H (v,v’) > 4. On
the other hand, let v* := |p}...p%)(p’ ... p"| be a common
neighbor of v and v'. Then H(v,v") =2 and H(v',v") = 2,
which yields H(v,v’) < 4. Consequently, we can easily con-
clude that v and ¢’ have exactly one common neighbor if
H (v,v") =4, and they have no common neighbor if H (v, v") > 4.

The proof is now complete. |

APPENDIX F
PROOF OF THEOREM 5

The proof is based on the graphical approach developed in
Section IV. Under vectorization, the system (4) is equivalent to
the following vector form:

%vec (p(t)) = =L (o(t)) vec (p(t)) (29)

where by definition

Le(t):= >

{3:k}€Eq (1)

aj(Izn @ Ign — Ujp @ Ujg).

We denote the induced graph of the quantum interaction
graph G,y = (V, Eo1)), as Gy = (V, E4(1))- The following
lemmas hold.

Lemma 8: Let T > 0 be a constant. Then G([t,t + T')) has
mf = dim({vec(z) : Z,(z) = z}) connected components if
G([t,t 4+ T)) is connected.

Proof: Noticing the fact that G([t,t + T')) is the induced
graph of G([t,t+T)) following Definition 4, the desired
lemma holds directly from Lemma 3. |

Lemma 9: Suppose G(]0, 00)) is connected. Then the system
(29) defines m? classical consensus processes over m? disjoint
subsets of nodes in V.

Proof: We will show it using Lemma 8. If G([0, c0)) is
connected, then G ([0, 00)) has m? connected components. This
means that for any two nodes belonging to different connected
components of G([0, c0)), there is never an edge between them
for the system (29). This implies the desired conclusion. |

We now denote the m! disjoint subsets of nodes in V, each
defining the node set of one component of G([0,0c0)) when
G([0,00)) is connected, as Vi, ..., V,,:. Correspondingly, we
denote by

20 = (Vorbow) 0= 1o

the subgraph that is associated with ), in the graph G, ;). We
give another technical lemma.
Lemma 10: Suppose G([0, c0)) is connected. Then

(i) The system (4) reaches global (exponential, or asymp-
totic) quantum consensus if and only if the system (29)
reaches classical global (exponential or asymptotic) con-
sensus over all node subsets V,, 0 =1, ..., m".

(ii)) Let T'>0 be a constant. Then G°([t,t+T)) :=
Vos Usept,rmy €5ry) is connected for all o = 1,....,m
if and only if G([¢t, ¢+ T')) is connected.

Proof:

(i) First of all we fix the initial time as to = 0 and the initial
value for p(0), and show the equivalence between quan-
tum consensus and classical consensus. The fact that clas-
sical consensus is reached for the system (29) means that

Zjevo Ly (0)

i€V, 0=1,...,m°
Vol ’

lim Z; (t) =

t—o0
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where again we use the notation X (t) = (z1(t)...
x4 ()T := vec(p(t)), since each L(o(t)) is always
symmetric. This in turn implies that

Him [ X ()]l =0

for an arbitrary connected G. Thus, quantum consensus
is equivalent to classical consensus for this fixed initial
condition.

Next, it is clear that p(0) taking value from all le-
gitimate density operators makes X,(0) = (z(0) : k €
V,)T possibly take value from a unit ball in RVel. This
implies that global quantum consensus for the system (4)
is equivalent to global consensus for the system (29).

Finally, the convergence rate equivalence (exponen-
tial, or asymptotic), is obvious since m? defines a finite
number.

(i) Noticing the definition of connected component and
Lemma 8, the desired conclusion follows immediately. W

It is straightforward to see that G([0, c0)) must be connected
so that quantum consensus convergence becomes possible for
the n-qubit network. Based on Theorem 4.1 in [13], global
exponential consensus is achieved for the component V, if
and only if there exists 7" > 0 such that G°([t,t+T)) is
connected for all . Theorem 5.2 in [13] showed that global
asymptotic consensus is achieved for the component V), if and
only if G°([t,00)) is connected for all ¢. As a result, utilizing
Lemma 10 on the equivalence between quantum consensus
and classical consensus, Theorem 5 immediately holds. This
concludes the proof. |

APPENDIX G
PROOF OF LEMMA 7

We only prove the lemma for case (i) and the other case
follows from a similar argument. Take m € P. The following
holds:

[Ho ®--® HO]UTI' (|LI1 e Qn>)
= |Hogx(1)) @+ ® [Hor(n))
=Ux (|Hog1) ® -+ @ [Hoqn))

=Ur[Hy® - ® Ho](|q1-..qn)) (30)
for all |g1 . .. ¢,) € H®™. This immediately implies [H, U] =0
and the desired conclusion thus holds. |
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