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Chapter 1

Introduction

1.1 History

In various scientific fields, it is often required to solve the following problem: find a point in
the intersection of closed subspaces (or sets) that minimizes the distance from a given point
of the whole space. Von Neumann, in 1933 [18], found an iterative approach to solve this
problem: he found that the projection onto the intersection of two subspaces can be found
alternating projections onto the single subspaces. Starting from this discovery, Halperin [14]
extended Von Neumann’s theorem for the case of N subspaces with non empty intersection.
Using this alternating projections approach, different algorithms where invented. Among
these, we recall Kaczmarz method in 1937 [16], in order to find the solution of a linear
system, MAMS in 1954 [1][17], useful to find a feasible solution for system inequalities, and
Dykstra’s alternating projections algorithm for general convex sets in 1986 [11] (etc...). This
algorithms are used in order to solve different problems like constrained least-squares matrix
minimization problems, matrix model updating problem in order to adapt a given model to
measured data , control design, etc...

In 1967 Bregman [5] extended the concept of distance defining what now are called
Bregman divergencies. With this extended concept, he defined the corresponding gener-
alized projections and he gave an iterative Bregman projection theorem. Similar results
were developed by Csiszar [8] in the field of information theory, using relative entropy as a
pseudo-distance.

In this work some classical results of alternating projections and Bregman’s theory will
be presented (Chapters 2 and 4). In Chapter 3 we will propose an application of Von
Neumann-Halperin’s theory quantum maps.

1.2 Mathematical background

In this section we present some definitions that will be essentials to this work. Details can
be found in specific algebra books.

Definition 1.1 A vector space V is a set of elements (vectors) with two operations: ad-
dition (+) and scalar multiplication. They satisfy the following properties:



s ut+v=v+u, vVuveV;

e ut+(v+w)=(u+v)+w, Vuv,weV;

e it exists a null vector e such thate+v=v,Vv eV

o \w) = (A\p)v, Vv eV and A\, p scalars;

e A+ pv= +puv,VoveV and \ u scalars;

e Nu+v)=X -+ M, ,VvueV and \ scalar;

e luv=e, VvevV;

e lu=v,VovelV.
Definition 1.2 A set C in a vector space is said to be convex if

lI-a)r+ayeC

forallz,yeC, and0 < a <1

Definition 1.3 A metric space X is a vector space where it is defined a distance function
d: X x X — R4 with the following properties for all x,y,z € X :

o d(z,y) =0 <= x=y;
o d(z,y) = d(y,z);
o d(z,z) <d(z,y) + d(y, z).
Definition 1.4 Let V be a vector space over F (R, C). The inner product is a map
(,): VXV = F
that satisfies:
1. (z,2) >0 (=0 < 2=0);
2. (z,y) = (y,2)";
3. {1z + any, z) = a1 {z, z) + az(y, z) where ag, a9 € F
Examples:
e In the Euclidean space R™ the inner product is given by:

(T,y) = T1y1 + o + Ty Yn;

e In C”, the inner product is given by:
n
(@,y) = >z
j=1

e In L?, set of square integrable functions, the inner product is given by:

9.5) = [ 9" @) f(e)da



e Inli?={{z;} €C st P |z;|? < oo}, the inner product is given by:
o0
(w,y) =D xy]
j=1

Definition 1.5 An inner product space is a linear space in which there is defined an
inner product between pairs of elements of the space.

Definition 1.6 A sequence of points {x;} in a metric space with metric d is called a
Cauchy sequence if ¥V ¢ > 0 there exists an integer N, such that d(z;,z;) < € when
i > N, and j > N..

Definition 1.7 A metric space is called complete in the norm induced by its inner product
if every Cauchy sequence of points in it converges to a point in the space.

Definition 1.8 An inner product space, which is also complete, is called Hilbert space.

Definition 1.9 A projection is a linear transformation P from a vector space to itself
such that P?> = P.

Let V' be an inner product space and consider a subspace W C V. FEvery vector v € V' can
be uniquely written as v = wy + wy, wy € W and wy € W+. The orthogonal projection
of v onto W is defined as Py (v) = w;.

It satisfies the following properties:
1. Tt is linear: Py (v) = Py
2. Tt is idempotent; P?2 = P;
3. Tt is self-adjoint: Yui,ve € V (P (v1),v2) = (v1, Pw(v2))

If wy,...,w, is an orthonormal basis of W, the orthonormal projection can be written as:

n

Py (v) = Z(v,wi>wi
i=1
Before presenting the algorithms that are built upon iterated methods, we recall an impor-
tant theorem for Hilbert spaces and projections. In the next sections H denotes a general
Hilbert space.

Theorem 1.1 (Kolmogorov’s criterion) Let x be a vector in H and C be a closed convex
subset of H. Then 3! ¢g € C such that |z — co|| < ||z —¢||, V c€C.
Moreover, cq is the unique minimizing vector if and only if (x — co,c —¢p) <0,V € C.

Note: Let X be a closed subset of H and let x be a generic point in H. We will denote with
Px(z) the orthogonal projection of x onto the subset X .



Chapter 2

Basic Theory

2.1 Iterated Projection Theorem

In this Section we are going to see the original theorems that brought to the development
of more advanced algorithms, which will be discussed in Section 2.3. These algorithms are
used to solve linear systems (Ax = b), linear feasibility problems (i.e. find z € R™ s.t.
Az < b), or, in general, convex feasibility problems (find x € (C; where C; is closed, convex
for 1 < i < m). In Section 2.4 we will show some application of these alternating projections
methods. As said in the history section, Von Neumann was interested to find the projection
of a given point in H onto the intersection of two closed subspaces. Before seeing his theorem
let us give the following definition:

Theorem 2.1 (Von Neumann’s alternating projections theorem ) Let N, M be
closed subspaces of H. Then for each x € H.:

lim (PyPm) "z = Pynne

n—oo

Proof. Let us consider the sequences Y1 and Xy of operators P, Py Pa, Pri Py P,
and Py, Py Pry, PaPagPlr,..., respectively. We have to show that both sequences have
same limit 7" and that it is T = Payan-

Let T, be the n-th operator of ¥;. It holds:

<me7 Tny> = <Tm+n_5$, y)a

where § = 1 if m and n have the same parity, it is 0 otherwise.
We need to show that if z € H, then lim,,_,., T, exists. It holds:

|Tnz — Thx||*> = (Tna — Thx, T — Tpx)

= (Thna,Thx) — (Tnr, Tha)y — (Thx, Tynx) + (Thx, Thx)

= (Tom_12,2) + Top_12,2) — 2{Tpin—sT, )
(Tom—12,2) + (Ton—12,x) — 2(Tak—12, ).

m+n —k is always odd, so the last term has been rewritten with k£ an integer number. Now

<T2i—11:7x> = <EI77—‘7I> = ||T‘7I||2a



we have that
| Ti12)” = (Thipaw, z).

T; 1z is either PyT;x or PyT;z. So, it holds that
| Tiprl|” < (| Tox ]|
So, for all 7, it holds:
(Tyi—1z,x) > (Toiq1, ),
therefore lim; o (T2;—12, x) exists and it implies

lim ||Tpx — Thx| = 0.
m,n—00

Let us denote by x* the limit for T,,x. If T is defined by the condition Tx = z*, then
dom(T) = H and T is singular valued, T is linear and by
lim (Tnx,Thy) = lim (Thin—sz,v),

m,n— oo m,n— o0

it follows:
(Tz, Ty) = (Tx,y).

So, T is a projection P;. Now, if x € M NN, then Pyyx = Pyax =2, Tpx = 2 and Tx = z.
So, x € L and, by that, M NN C L. Now, it holds that P;,/T = PyT =T, let y € H and
Ty =z € L. Then Pyyzx = PyTy =Ty =2 € M, and Pyx = PyTy =Ty =z € N,
which implies £ C M NN.

Now, making the same for Y it is clear that its limit 77 = Paynnr, so T = T" and the proof
is complete. O

The generalization to the intersection of multiple subspaces was given by Halperin:

Theorem 2.2 (Halperin) If M,...,M, are closed subspaces in H, then Vz € H
nILHgO(PMler)nx = Pﬂ::1 M; T

A proof for this theorem can be found in Halperin’s original work [14].

2.1.1 Rate of Convergence

These two theorems gave the basis to the development of different algorithms. For this
reason we are interested in the convergence of alternating projections. The rate is linked to
the angle between the subspaces. We recall their definitions and properties.

Define the function arccos : [~1,1] — [~F,F]. We will use only the elements in interval

[0,1]. Then the angle 6(M, N') between the closed subspaces M and N of H is the element
of [0, 5].

Definition 2.1 (Friedrichs) Define the cosine ¢(M,N) between the closed subspaces M
and N of H as:

c(M,N) =sup{|{z, )| ;2 e MA(MAN) |z <L,y e N (MO |lyl| < 1}
Then the angle is given by:
(M, N) = arccos(c(M, N)).



Definition 2.2 (Dixmier) Define the cosine co(M,N) as:
co(M,N) = sup{[(z,9)| : w € M, [|lz[| <1,y € N, [ly|| < 1}.
Then the minimal angle is given by:
0o (M, N') = arccos(co(M,N)).

Properties:

1. if MNN = {0} then cog(M,N) = c¢(M,N);

2. Some consequences of definitions are:

i) 0 < c(M,N) <cog(M,N) <1

i) ¢(M,N) =c(N, M) and co(M,N) = co(N, M);
i) co(M,N) =co(MN(MNN)ENN(MAN)L);

) [z, )] < co(M,N)|lz|l[|yl] for all 2 € M, y € N.

iv
Lemma 2.1 The following relations hold:
1. c(M,N) =co(MNN(MON)L) =coMN(MNON)EN);
2. co(N, M) = [|[PrmPy|| = || PamPrPual|% ;
3. c(M,N) = [PmPxn — Prew || = [PrPr Povion) - -

Having the definition of the angle, we next state the theorem that gives the exact rate
in case of projection onto two subspaces.

Theorem 2.3
[(Pry Prty)™ = Prtyomts || = e(My, M)

(n=1,2,..).
In case of projecting onto more subspaces we cannot give an exact expression but we give
an upper bound:

Theorem 2.4 For each i = 1,2,...,r, let M; be a closed subspace of H. Then, for each
x € H, and for any integer n > 1 it holds:

B

(P, - Pr,)" e — Par_ szl < 2 llz — Par_

where
r—1
c=1-— HsinQHi,
i=1
and 0; is the angle between M; and (j_; 1 M;.

Remark: By Theorem 2.4 we can see that a condition to finite time convergence of
iterated projection is given by ¢ = 0 which is satisfied if ¢(M;, M;) =0 for all 1 <4,j <r,
in other words: [M; N (N, /\/lt)ﬂ L IM;n (N Mt)l'} for every 4,5 =i+ 1,...,7.

The proofs of theorems and of the lemma can be found in [12].



2.2 Extensions

2.2.1 Row-Action Methods

The followings are iterative methods developed to solve large and sparse systems, linear and
non-linear, equalities (i.e Az = b ) and inequalities (i.e. find € R™ s.t. Az <) in a finite
dimensional space as said in Section 2.1.

Typically, row action methods involve alternating projections in hyperplanes, linear varieties
or closed and convex sets and have these properties:

1. No changes or operations are made on the original matrix A;
2. They only use one row per iteration;
3. At every iteration, the computation of xyy; requires only the value of xy;

4. For finite dimensional problems, they only require vector arithmetic such as inner
products and vector sums.

Definition 2.3 A sequence of indices {ix} is called a control sequence of a row-action
method if at the k-th iteration the convex set C;, is used.

Here are some type of control:

e Cyclic Control: iy =k mod n 4 1, where m is the number of convex sets involved
in the problem:;

e Almost Cyclic Control: i, € M = {1,2,....m} ¥ k > 0 and IM integer s.t. Vk
M C {ikt1s s ipgnr }

¢ Remotest Set Control: i is chosen s.t. d(xy,C;,) = max;en d(zk, C;), x) is the
k-th iteration of the row-action method, d(x,C;) is the distance from xy to set C;;

e Random Set Control: iy is chosen from set {1,2, ..., m} randomly with a probability
function that guarantees that every set is chosen, with non zero probability, in every
sweep of projection.

The followings are some most used row-action methods.

The relaxation method of Agmon, Motzkin, and Schénberg (M AMS) The prob-
lem to solve is the following:

Ax <b
AER'"LX'I'L
r e R"
be R™

The problem can be generalized to any Hilbert space H to find = in the intersection of m
closed half spaces given by S; = {z € H : {(a;,z) < b;} Vi € M. This is called linear
feasibility problem.

Given an arbitrary zo € H, a typical step of this method can be described by:

Tht1 = Tk + Oy,



where:

bik_ < Qg , Tk

);

where 0 < € < wy, < 2—e€ < 2 for all k, a small given € and iy, is chosen by one of the control

6 = min(0, wy
(©, < iy, < ag, >

seen before.
This method does not guarantee the convergence to the nearest vector, in the feasible set,
to zg.

Hildreth’s Method Let us consider the following problem:

minimize ||z2||

s. t. {aj,x) < b; Vie M

Let S; indicate the subspace given by (a;,z) < b;. Starting from zo € S; Vi a typical step
is given by:

The1 = Tk + Okl
2Rt 2 — Ok€iy;

where:
k bik — <aikvmk>
iwwk%),
(@iys @iy )
and e;, have all component zeros except the ir-th component, which is one; any of the
controls described in the beginning can be imposed and it holds 0 < € < wp <2 —€ < 2 for

dr = min (z

all k& and a given small positive e. Again, ij follows one of the control introduced before.
This algorithm converges to minimal norm. Other examples can be found in [12].

Now we are going to show an important algorithm to find the closest vector into an in-
tersection of closed convex sets (convex feasibility problem).

2.2.2 Dykstra’s Algorithm

Let H be a Hilbert space. For a given non empty, closed, convex set C of H, and = € H, it
exists a unique x* that solves:

i — 2.2.1

mig [|zo — z]), (2.21)

which satisfies the Kolmogorov criterion:
¥ elC, (xg—axx—ax)<0, VreCl.

Let us consider the case C = ﬂ; Ci, where C; is a closed, convex set in H. Moreover, we will
assume that Yy € H, P¢(y) is not trivial, while P¢,(y) is easy to calculate.

In order to solve the problem (2.2.1), this algorithm generates two sequences: the iterates
{z?} and the increments {I'}, withn € Nandi=1,...,7.

xp = :cffl

n o __ n n—1
i = Pe(x, —I')

n n n n—1
I'o= xf = (o, - 1)



Where the initial values are 20 = zg, I? = 0.
Note:

e The increment I]"' associated with C; in the previous cycle is always subtracted
before projecting into C;;

o If C; is a subspace, then P, is linear and it is not required , in the n-th cycle, to
subtract the increment If‘*1 before projectiong onto C;. So, in this case, Dykstra’s
algorithm reduces to MAP procedure.

e The following relations hold:

n—1 n o __ n—1 n,
Ty —— Iy = Il _Ilv

n n _ n—1 n,
Ty -z = e

and
el =wo+ I+ I I

The next lemma proves the convergence of Dykstra’s algorithm.

Lemma 2.2 Let Cy,...,C, be closed, convex subsets of a H and C = ();_,C; # 0. The
sequence {xl'} generated by the algorithm 2.2.2 converges strongly to x* = Pe(xg), for every
T, € H.

More details on Dykstra’s and other alternating projections algorithms can be found in [12].

2.3 Typical applications

2.3.1 Solving Constrained L-S Matrix Problems

The task is to solve using Dykstra algorithm the following problem:

min || X — A|%
st. XT =X
L<X<U
)\min26>0
XeP

where | M||p = \/tr(M MT) is the Frobenius norm, A, L,U € R"*"; A < Bmeans A;; < B;;
with 1 <4, <n.

The constraints define sets whose intersection identifies a feasibility problem. Those sets
are:

B={XeR": L<X<U}
epa = {X € R XT =X, A\pin(X) > € > 0};

P={XeR"": X=%" oG, forsome o; € R, 1 <i<m};



with 1 < m < 2020,

Property: In the definition of P, G1,...,G,, are given n X n non-zero symmetric ma-
trices whose entries are either 0 or 1 and have the following property: for all st-entry 1 < s,
t <m, it exists one and only one k (1 <k <m) s.t. (Gi)st = 1.

Now the problem can be stated as:
min{[|X — A||% : X € BNea NP}

Let us see how the projections onto the singular sets can be found.
Theorem 2.5 If A € R™ ", then the unique solution to minxcg || X — A|F is given by
Py (A) defined as:

Aij ifLi; < Aij < Uy,

[Ps(A)]ij = S Us;  ifAy; > Uy,
Lij ifAij < Lij-

Theorem 2.6 If A € R™ ", then the unique solution to minxep || X — Al is given by
Pp(A) =" arGy, where
21 AulGrlyg
Zi,j:l[Gk]ij
for1 <k <m.

Theorem 2.7 Define B = A+2AT , then the unique solution to minxe,, || X — A||r is given
by P., ,(A) = Zdiag(d;) Z" where

L NB) i) =
e ifA<e

and Z is s.t. B=ZAZT is a spectral decomposition.

We can now apply Dykstra’s algorithm, which, in this particular case, becomes:

Set: Ag=A; I = I =0,

FOI' 7= 07 1, et Ai = PP(Al) — Iépd
It =P, (A) - A
Ay =P, (A;) — Iy
IG5 = Pp(A:) — A;
Ay = Pp(4A;)

Theorem 2.8 If the closed convex set BNepq NP is not empty, then for any A € R™*™ the
sequences { Pp(A;)}, {Pe,,(Ai)} and {Ps(A;)} generated by the previous algorithm converge
in the Frobenius norm to the unique solution of the problem of minimum.

The proofs of the previous theorems can be found in [12].

10



2.3.2 MMUP: Matrix Model Updating Problem

Consider the following finite element model of a vibrating structure:
Mi(t) + Di(t) + Kz(t) =0

M, D, K are n X n matrices that denote mass, damping and stiffness of the structure. M is
symmetric and positive definite; D, K are symmetric.

For several reasons (modeling errors, etc...) the finite elements data do not agree with
measured data and the required structure of the matrices is lost.

It is required to update an analytic finite element model such that the updated model
reproduces the measured data while preserving the structure of the matrices. This problem
is called MMUP (Matrix Model Updating Problem).

By FEM modal analysis, the solutions are of the form z(t) = ve*, A\ and v solve the
quadratic eigenvalue problem (QEP):

(MM +AD + K)v =0

P()\) = \2M + AD + K is called quadratic pencil and the eigenvalues are given by the roots
of det(P(X)) = 0. Eigenvalues and eigenvectors describe the dynamic of the system linking
natural frequencies and mode shapes of the structure.

The solutions lead to the following inverse eigenvalue problem for P(\):
Given:

e real n x n matrices M,K,D (M = MT > 0, D = DT, K = KT) with A(P) =
{\1, ..., A2 } and eigenvectors {z1, ..., Tan };

e a set of p self-conjugate numbers {1, ..., up }, p vectors {y1, ..., yp}, with p < 2n.
Find: K,D € R"*" (both symmetric) s.t. A(P(A\) = N2MAADHK) = {11, s fps \ps 1, -, Azn +

and the eigenvectors are {y1, ..., Yp, Tp+1, .., Tan) }

The problem can be reformulated as follows:

find min||K — K||%2 + ||D — D||%

such that:
K = K7;
D= DT

M(A%)2Y; + D(AH)Y1 + KY; =0

where A} = diag(p1, ..., tbp), Y1 = [v1, ..., Yp| are the desired matrices.
In order to simplify the problem, let us define the following matrices:

A= M(A})*Yq; B = (A})Yq; C =Y,

[y o) w0 3]

The problem can be rewritten as:

11



min|| X — X||%
st. X =XT:
A4+ Xo9B+ X11C =0

Now, defining I = {I"X"} and W = {g} it holds:

nxm
A+ITXW =A+ KC+ DB = A+ X3B + X1,C

So the constraints become:

X = Xx7T (2.3.1)
A+TTXW = 0 (2.3.2)

We will project onto the subspace S of symmetric matrices, defined by constraint 2.3.1,
whose projection is given by

X+ XxT

==

and onto the linear variety V = {z € R?"*?" : A+ ZTXW = 0} whose projection is given
by the following result.

Ps(X)

Theorem 2.9 If X € R**2" js any given matriz, the the projection onto the linear variety
V is given by Py(X) = X + ZXWT | where 3 satisfies:

1
wrwsT = —§(AT +WTXxT7)
The solution can now be found using MAP on S and V.

2.3.3 Projection Methods on Quantum Information Science

A natural problem in quantum information science is to construct, if it exists, a quantum
operation sending a given set of quantum states {p1, .., px } to another set of quantum states
{p1,.--s Pr.}. Quantum states are mathematically represented as density matrices (positive
semi-definite, Hermitian matrices with unitary trace) while quantum operations are rep-
resented by trace preserving, completely positive maps (CPTP maps) T that maps n X n
density matrices to m x m density matrices, having the form:

T(X)=) FXF!
j=1

where it holds Z;Zl FrF; = I,. More details on quantum formalism will be given in
Chapter 3.

Given some density matrices Ay, ..., Ay and By, ..., By, our task is to find a CPTP map which
satisfies T(4;) = B;. If we denote with F11, E19, ..., B, standard orthonormal basis, T is a
CPTP map if and only if the Choi matrix C(T)

Py .. P T(Eyn)= .. T(BEy)
P .. Py, T(En) T(Enn)

12



is positive semi-definite and tr(P;;) = d;;.
Our problem is equivalent to the positive semi-definite feasibility problem for P = (P;;):

Zij(Al)ijPij =B, I=1,..k
tr(P;) = dij 1<i<j<n
PeH™

It is easy to see that the first condition is true: we can write 4; = Z” (A1) E; ;. Then, by
linearity of T, we have T(A4;) = B, that is equivalent to B; = T(4;) = T(Ei’j (A1)iiEij) =
>0 (A T(Ei ;) =32, j(A)i; Py Let us define:

La(P) = (32;;(A)i Pij)i;
P) = (tr(Pyj))i,;
(La(P),Lr(P));

We want to find a matrix P in the intersection of H"™ with the affine subspace A = {P :
£(P) = (B,A)}.

If P = Utdiag(\1, ..., \mn)U, then the projection onto HI™ is given by: PHim(P) =
Utdiag(AT, ..., A, )U, where 7+ = max{0, r}.

The projection onto A is given by Pa(P) = P+ LR where LT is the Moore-Penrose general
inverse while R = (B,A) — L(P) is the residual. Using MAP we can find the solution to
our problem. More details can be found in [7].

2.3.4 Fixed-Order Control Design for LMI Control problems using
MAP

Consider a linear, T1, continuous dynamic system with the follow state-space representation:

& = Az + Byw+ Bsu
z = Ciz+ Diyiw+ Disu
y = Cox+ Dayw

Where z(t) € R™ is the state, u(t) € R™ is the control. w(t) € R™ is an external input
(i.e. noise), z(t) € R"= is the regulated output and y(¢) € R™ is the measured output.
We seek a linear, T1, continuous time controller of order n. with state-space representation:

T, = Acxc + ch
u = Cux.+ D,y

We will consider w(t) = 0: noise free stabilization problem.

Theorem 2.10 The following statements are equivalent:

a) it exists a stabilizing dynamic output-feedback controller of order ne;

13



b) there exist matrices X >0,Y >0 s.t.

(Bo) [AX + XAT|(By)*T < o;
(C)TL[Y A+ ATY)(C)TET < 0,
[f ﬂ > 0,

rank [)I( }I/} < np+ne.

Theorem 2.11 The following statements are equivalent:
a) it exists an Hyo sub-optimal controller of order n.;

b) there exist matrices X >0,Y >0 s.t.

{Bgr_ {AX+XAT+Ble X01T+BlD1T1} {BQ]LT N
Dy, C1X + D11 BY Dy DY, -1 D1y ’
CT1 [YA+ ATY + CTC, YB, +CTDy] [CF] .
Dgl B?Y + DﬂC’l DEDH -1 D2Tl_ '
X T
>
[I Y| — 0;
rank [)I( ;; < ny+ne.

For n. = n, the relations of Theorems 2.10 and 2.11 are convex: it becomes a convex
feasibility problem.
Now we need to find a projection formulation for the problem.
Let S}, be the set of real, symmetric n x n matrices equipped with the Frobenius norm and
the inner product: (x,y) = tr(ay).
Consider the set £L = {X € S,, : EXF + FTXE" + Q < 0} where E,F,Q € S, are of
compatible dimensions. £ is a convex set of S,,. Every LMI constraint seen in the previous
two theorems can be written as in £(an example can be seen in [13]).
We will consider the closed e-approximation of £: L. = {X € S,,: EXF+FTXET+Q < €I}
with € > 0

Proposition 2.1 Let us define the following sets in Sa,:

Je={We€S, : :[E FT|W {bﬂ < -Qc}

Wl 1 W12

7-: {W c SQn W= |:W1,1; W22

]7 Wit =Wy =0, Wiz € S,}

where Q. = Q + €l. Then the following statements are equivalent:
a) X € Le;
b) X =Wis

where W € J.NT
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Proposition 2.2 Let W € S5,,. Consider the SVD:
[E FT|=U[s o]VT
and define

¥ 7 - Wll WlQ
W =vTwyv = { - }

WL Wiy
with Wll €s,.

Consider the eigenvalue-eigenvector decomposition:
Wi+ 2 'UTQuUx~! = LALT
The projection W* = Py (W) of W onto J is

ijl*l Vj/12:| VT

W*=V
[Wf; Was

where Wi = LA_LT — $71UTQ.UX~t, A_ is the diagonal matriz obtained by replacing
the positive eigenvalues of A by 0.

Proposition 2.3 Let W € So,,. The orthogonal projection W* = Pr(W) of W in T is

W*:[o X*}

X* 0
where X* = (Wi + W)
In addiction to the previous constraints, we need to derive the expression of the orthogonal

projection onto the positivity and rank constraints sets. In order to achieve that, we define
the following sets:

Definition 2.4 Let us define:

. X 0
D = {ZGSQn.Z—[O Y],X,YGSn}
P = {Z€Sy:Z2>-J}
R = {Ze€Sy, rank(Z+J)<k};n<k<2n
. 0 I,
J = l:]n O:|€S2n

We next provide the expression of the orthogonal projection onto the previous sets.

Z Z
Proposition 2.4 Let Z = {ZITI le] € San. The projection Z* = Pp(Z) of Z onto D is
12 22
Z11 0
7" =
{ 0 ZQQ:|

Proposition 2.5 Let Z € S, and Z + J = LALT. Z* = Pp(Z), the projection of Z onto
P, is given by
Z* =LA LT —J

where Ay is the diagonal matriz obtained by replacing the negative eigenvalues of A by zero.
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Proposition 2.6 Z € Sy, and Z + J = ULV, The projection Z* = Pr(Z) of Z onto R
s given by:
Zr=UxVvt —J

where X, is the diagonal matriz obtained by replacing the 2n — k smallest singular values of
Z + J by zero.

Summarizing, we have decomposed the constraints onto simpler sets in order to reduce
our problem into a feasibility problem and we have found the explicit expressions of the
orthogonal projections onto each set. Now, applying alternating projection methods, we
can find the desired solution. The original article with additional details can be found in
[13].
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Chapter 3

Iterated Quantum Maps

3.1 Statistical Description of Finite-Dimensional Quan-
tum Systems

To every quantum physical system Q is associated a complex Hilbert space H whose di-
mension depends on the observable quantities we want to describe. If the system is finite-
dimensional, namely the quantities of interest admit a finite set of outcomes, the Hilbert
space is isomorphic to CV. H is associated to the inner product:

(w,y) =Y ajy; =2y
j

where the x; represent the components of = € cN.

Postulate 3.1 A physical quantity relative to the system of interest that can (in principle)
be measured is called observable.

In quantum mechanics any observable is associated to an Hermitian operator A € h(H)
(h(H) indicates the set of all hermitian operators in H). The operator A can be written,
by the spectral theorem, as A = . a;II; where a; are the eigenvalues of A and II; the
respective orthogonal projectors (IL;II; = d6;4I1;, Zj II; = I). The eigenvalues represent
the possible outcomes of A and the projectors the quantum events.

Postulate 3.2 A state of mazximal information for the system is associated to a state vector
[1), which is a norm-1 vector in H.

It is very difficult to know exactly the state of the system, more often there is some uncer-
tainty. Let us suppose that H is composed of states {|1;)} and let p; be the corresponding
probability of being in that state.

Definition 3.1 The density operator for the system is defined by
p="> D) (Wl
J

where p; > 0 and Zj p; = 1. They have, in quantum mechanics, the role of probability
densities. The density operator is often called density matriz or, simply, state.
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Hereafter we will consider only density operators that correspond to complex N x N matrices
such that

p=p  tr(p)=1;  tr(p?) <1

If p1 =1, p = |¢1) (¥1]. In this case p is called pure state and it has the same meaning of
the state vector |¢) provided before. In case of two or more p; > 0, p is called mized state
and it cannot be described by a single state vector.

In case we want to calculate the probability P, of observing the value a; as an outcome
of the observable A, we can calculate it as:

Paj = tr(ij)
while the conditional density operator after the measurement of a; is:

pace = Pl
Y te(IpILy)

If we want to compute the expectation of A assuming that the state is p:
E,(A) = tr(Ap) = (A, p)n.s.

where (-, )y 5. is an inner product for the space of operators in H, the called Hilbert-Schmidt
inner product.

Systems composed by different subsystems are described as tensor products of different
subsystems, i.e. H =Has ® Hp.
Tensor product is a way to assemble vector space.

Definition 3.2 Let V and W be Hilbert spaces of dimensions n and m respectively. Then
the tensor product V@ W is an Hilbert space of dimension nm which elements are linear
combination of |v) @ |w) where |v) € V and |w) € W.

A state p € Hy ® Hp that can be decomposed as p = pa ® pp where py € Hy and
pB € Hp is called uncorrelated.

A state p that can be decomposed as p =), Aephi @ p is called classically correlated.

A state that cannot be decomposed as before is called entangled.

Proposition 3.1 (Schmidt decomposition) For every ) € H =Ha @ Hp there exists
orthonormal bases {e; € Ha} and {f; € Hp} such that

) = Xja VA les) @ 1)
with Aj >0, 32,0 = [ [¥) I? and d = min{dim(H),dim(Hp)}. O

Proposition 3.2 Operator Schmidt decomposition For every operator p € H =Ha ®
Hp there exist orthonormal bases {A; € Ha} and {B; € Hp} such that

d
p= VA © B
j=1

with Aj >0, >, A = [ [¥) |2 and d = min{dim(H ), dim(Hp)}. O

18



If there are a composite system described by the density operator p € Ha ® Hp, the
reduced density operator for the subsystem A can be computed as:

pa = trp(p);
where trp is the partial trace over the system B.

Definition 3.3 Let pA? = p®o € H = Ha@Hp, then the partial trace over B is defined
as:

AB)

trp(p””) = trp(p ® o) = ptr(o);

By linearity, for general p = Zij ¢i;j X; ® Y; we define:
trp(p) = Zcijtr(Yj)Xi;
ij

More details about tensor product and partial trace can be found in Appendix A. More
details about statistical description in quantum systems can be found in [2],[19],[23].

3.2 Open System Dynamics

Quantum dynamics are typically studied in two different scenarios: Closed systems and
Open systems.

A system is called open if it has non trivial interaction with the environment to which it
belongs, while closed systems are isolated.

Postulate 3.3 The state vector 1) of a closed quantum system obeys to the Schridinger
equation:

Y

[%(0)) = [0)
where Hy is the Hamiltonian of the system which, like classical mechanic, depends by the
energy of the system, and h is the Planck constant (we will consider h=1).

{nm = —iHy [¢)

Quantum states belong to complex sphere SV~ which can be lifted to the Lie group

SUN)={U e CN*N . UlU =UUT =T , det(U) = 1}.
So the Schridinger equations for the unitary propagator can be obtained:

U = —iHyU
U)=1I

where U € SU(N). The solution for the state is given by:
[9(8)) = U(#)[¢o) ;

where
U(t) = e~ ot

Therefore for any pure state we obtain:

[5()) (w3 (1) = U () [v3(0)) (;(0)| U (2).
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This implies, by linearity, that for a general state p(t) we have, in terms of unitary propa-
gator:

p(t) = Ut)p(0)UT (t);

A real physical quantum system, in general, have interaction with the environment in which
it belongs. Le us consider a finite-dimensional quantum system S coupled to the environment
&, chosen so that S and &£ together can be considered isolated, and let Hs and Hg be the
system and environment Hilbert spaces, with dim(Hs) = N < co. The total Hamiltonian
for the composite system is given by:

Hiot = Hs ® Ie + Is ® He + Hse; (3.2.1)

where Hg,Hg,Hgsg are the system, environment and interaction Hamiltonian, respectively.
On the joint space Hs ® Hg the dynamics is unitary by Postulate 3.3, since S® & is isolated
by construction. Let us assume that the initial state is psgo = po ® pe. By previous
considerations we have:

pset = Uset(po ® pS)UgS,t;

where Usg 1 = e~ #Hewott Tn order to obtain the state of the system we need the partial trace
which gives:
pst = T(po) = tre(Use +(po ® Ps)Ugg,t) (3.2.2)

Definition 3.4 A map £(-) is a Completely Positive(CP) map if for every R being an
auziliary system of arbitrary, finite dimension, (Z ® E)(A) > 0 for every operator A >0 on
the combined system R ® H, where I denotes the identity map on h(R).

Clearly CP implies positivity when dim(R) = 0.

Definition 3.5 A map £(:) is said Trace Preserving(TP) if tr(E(A)) = tr(A).

The map (3.2.2) is a CPTP map [2],[19],[21].
Note. CPTP maps are also called quantum channels or Kraus maps.

Properties:

e CPTP map can be written as

E(p) =Y MypM]
k

where M;, is such that >, MkM,I =1
e Any CPTP map is non-expansive: let p and o be two states, then
1€(p) = E(0) < [lp— 0l
where ||A]| = tr(V AT A) is the trace norm;

e Since a CPTP maps the state of density operators in itself and is a contraction, by
(Brouwer’s) fixed point theorem it admits at least a fixed state py such that £(pg) = po.
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3.3 CPTP Projections

Let us consider a CPTP map & such that £2 = £, which we shall call a CPTP projection.
Then it maps any operator X onto the set of fixed points Fiz(£) = {X e H: £(X) = X}.
It has been proved [4] that the fixed points of a CPTP map form an algebra with respect
to a weighed product what has been called a distorted algebra [10]. More precisely, for any
CPTP map there exists a decomposition of the Hilbert space H such that:

H= (@ Hsi @ Hri) ® Hr;

By that it results that:
Fix(&) = (P B(Hsi) @ 7:) @ s

where () is the null operator on Hpg.
We will consider, for sake of simplicity, only maps that admit at least one full rank state,
so the decomposition is given by:

H=EPHsi @ Hpi; (3.3.1)

and

Fiz(€) = P B(Msi) @ 75 (3.3.2)

A CPTP projection is then a CPTP map £ that projects a state p into the set Fiz(£). We
next provide its structure with respect to Fiz(€ as in 3.3.2.
In general:

Proposition 3.3 If £2 = £ and there exists a full rank p such that £(p) = p, then

E(p) = @ trri(Mspipllsri) @ Ti (3.3.3)

?

where lgp; is the projection onto Hg; @ Hp; as in 3.5.1.

It easy to see that £(p) € Fiz(E).

Let us call A = @, A; = @, B(Hsi) ® 7;. The orthogonal projection of p € H onto A is
given, by definition (1.9):

pa = Z(UZ ® Tj, P)HSOL @ Tj;
l,j

where o; ® 7; is an orthonormal basis for A;. Decomposing p =), Ay ® Bj, we have:

pa = @Y ullor®m)(Ar® By)lor© 1)
k

il

B O tr(oAp)tr(r;Bi)or @ 1)
k

i 1

@ Z(tl"[(fl Z(Aktr(TjBk))]Ul & Tj))

il k
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Note: >, (Aptr(7;By)) = trri(p) <= 7; = I so, in general, E(p) of 3.3.3 is not an
orthogonal projection with respect to Hilbert Schmidt inner product.
In order to obtain an orthogonal projection we can define a new inner product.

Definition 3.6 Let £ be a positive definite operator. We define the modified £-inner
product as:
(X,Y)e = tr(XEY); (3.34)

We define the modified symmetric £-inner product as:

(X,Y)e, = tr(XETYER). (3.3.5)

Proposition 3.4 (3.53.4) is a valid inner product.
Proof. We have to show that (-, -)¢ satisfies the properties of definition (1.4):

L (X, X)e = tr(XEX) = tr(€X?) > 0 clearly =0 < X =0;
2. (X,Y)e = tr(XeY) = tr(YTe XY = tr(YEX)* = (Y, X)§;

3. (X + @Y, Z)e = tr((anX + @Y )EZ) = antr(XEZ) + antr(YEZ) = ai(X, Z)e +
as(Y, Z>§

Similarly for (3.3.5). O

Note. Changing the inner product for the Hilbert space ({-,) gs — (-, -)¢,s) is equivalent
to a change of measure in a classical probability space.
In fact it holds:

E,(X) = (p, X)nus
E5(X) = (p; X)e s

where p = ¢ ’%p§*% is the "new” unnormalized state.

In order to show that £ is an orthogonal projection with reference to (3.3.4), we will need
the following lemma. With W = @ W; we will denote an operator that acts as W; on H;
for a decomposition of H = @@, H,.

Lemma 3.1 Let W = @ W, and let Y be an operator. Then tr(WY) =" tr(W;Y;), where
Y; = ILYTI,
Proof. Let II; be the projector onto H;. Remembering that @, II, = [ and II,; = 112, it holds:

tr(X) = tr()_ILX)
= thr(HiX)
= i:tr(H?X)
= itr(HiXHi)
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Therefore we obtain:

tr(WY)

tr(@W;Y)

= tr((]ZHi)(@Wj)Y)
= Zt;(ni@jwjy)
S i)

3

= > r(WILYIL)
= Ztr(WiYi)
O

Proposition 3.5 Let £ = p~!, where p is a full-rank fived state in H = @, Hsi ® Hr;.
Then (3.3.3) is an orthogonal projection with the reference to the modified inner product
(8.3.4).

Proof. We already know that £ is linear and idempotent. In order to show that £ is an
orthogonal projection we need to show that it is self-adjoint (Definition 1.9).

Let us decompose X, Y and p as:

X =@, X
Y=Y
p=Bpremn
where
ILXT; = X; =3, Ak, @ B
ILYTL =Y, =3,Cri @ Dy

We can consider
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and by Lemma (3.1):

<E(X),Y >¢

By similar calculation:

<X, E(Y) >¢

(E(X)p 1Y)
tr(@ trpi(Xi) @ i(p; ' @7 1Y)

> tr(Agatr(Bri) @ mi(p; @ 7 Yh)
ik

> tr((Agitr(Brai)p; ' @ 1)Y;)

ik

Z tr([Ag,itr(Br,i)p; ' @ I[Cri @ Di))
ikl

> tr(Agitr(Bri)p; ' Cri @ Dii)
i,k,l

Ztr(B;m-)tr(Ak,iPZICl,i)tf(Dl,i)
i,k,l

tr(Xp 'E(Y))

tr(Xi(pi_1 ® Ti_l)trFi(Yi) ® Ti)

Z tr(Xipi_lcmtr(Dl,i) ®1)

il

> tr([Aki @ Beillp; " Cratr(Dii) ® 1)

ik,

>t (Br)tr(Arip;  Cri)tr(Dri)
i,k,l

So, < E(X),Y >e=< X,E(Y) >¢ wich proves self-adjointness.

O

The same properties still hold if we define the modified symmetric -inner product (3.3.5).

3.4 Iterated CPTP Map Theorem

Thanks to the previous results we can now apply alternating projections theorem to iterated

CPTP maps.

Theorem 3.1 Let H be an Hilbert space and gl,,..,ér maps that project onto sz(f:'l) CH,
i=1,...,7 and let Fix(E) = ;_, Fiz(&;) # 0. If there exists a full-rank state py € Fiz(E),

then Va € H:

lim (&....6)"x = Ex

n—oo

where € is the projection onto Fiz(£) = (i_, Fiz(&;)

Proof. Let us consider £ = pg ! then py € F iz(€) implies that the maps &; are all orthogonal
projection with respect to the modified inner product (Propositions 3.3, 3.5).

By Halperin classical theorem (Theorem 2.2) the limit of the cyclic orthogonal projections
onto subsets converges to the projection onto the intersection of the subsets; by that, because
&; is the orthogonal projection onto Fix(f:'i), the cyclic projections converge to the projection
of = onto the intersection of the subsets, that is sz(é' ), which proves the theorem.
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3.5 Quantum Application

In this Section we will focus on open quantum systems composed by a finite number n of
distinguishable systems, defined on

H=QMH.  dim(Ha)=ds,  dim(H)=D
a=1

We are interested in studying dynamics in the case of quasi-locality constraints which specify
a list of neighborhood: groups of subsystems on which operators can act simultaneously.
Our goal is to understand if a given full rank state p € D(H) can be prepared or, equally, it
exists a dynamic for which p is global asymptotically stable(GAS).

We will next indicate with A the list of subsystems’ indicies that compose th j—th
neighborhood. By definition, a neighborhood induce a bipartite structure of H:

H="Hy ® Hﬁj
By this structure we can define the reduced neighborhood state p;:
p; = trz, (p).

Definition 3.7 An operator M; is a neighborhood operator if its action is non trivial only
on Nj. It can be decomposed as:

where I is the identity operator for the complement of Nj.
Definition 3.8 A CPTP map £(-) is said Quasi local(QL) if it can be written as:

E(p) =Y MipM;
k

where My, is a neighborhood operator for the same Nj. These maps are called neighborhood
maps.
By this definition £(-) can be decomposed as:

E() = En () @ Tdg, ().
Now we can describe our dynamics of interest:

i) It must exist a sequence of p CPTP maps, p — oo, such that &, o ...E1(p) = pg where
pq 1s the state to be prepared and p is any state in H.

i) For every t = 1,...,p it must hold: &:(p4) = pa;
iii) For every t = 1,...,p it exists a neighborhood Nj(t) such that & (-) = Enr, 1) ® Idg )
A dynamics that satisfies conditions i), ii), iii) is a Quasi-local stabilizing dynamics.

Let us recall that given an X € B(Ha ® Hp), we can write its operator Schmidt de-
composition (Proposition 3.2) as:

X=> A;®B;
J

By this notion we state the following definition:
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Definition 3.9 Given an X € B(Ha ® Hp), we define the Schmidt span as:
Ya(X) = span({4;})

The Schmidt span is important because, if we want to leave an operator invariant with a
neighborhood map, it also imposes the invariance of its Schmidt span.

Lemma 3.2 Given a p € D(H =Hy, @ Hﬁ‘) and € = Ex; ® I, € B(H), it holds:
span(p) C Fiz(En, ® Iy,) = S, ® B(Hg,) € Fiz(En, © Iyy))
Given a p > 0 € Fiz(€) the following properties hold:
I. Fiz(€) is a -algebra w.r.t. the modified product A x,-1 B = Ap~'B;
II. Fiz(&) is invariant for the modular product A,(X) = prXp2.
In general Xy, C Fiz(En,); we need to enlarge Yy, in order to satisfy properties I.,I1.

Definition 3.10 Let p € D(H) and W € B(H). The minimal modular-invariant distorted
algebra generated by W is the smallest p-distorted algebra generated by W which is invariant
w.r.t Ay(+). In our case W = X, (p) and we will call F,, the minimal A, invariant,
distorted algebra w.r.t. ppr, modified product.

Note: F,,, can be constructed iteratively starting from FO = algpy, (Zn, (p)) with k-
th step given by:

FH = algpy, (B, (Bx ()
It runs until FAH = FF = F, . .

We next present a key result by Takesaki (in a finite-dimensional version given by Petz
[21]).
Theorem 3.2 Let A be a f-closed subalgebra of B(H), and p a full rank state. Then the
following are equivalent:
(i) There exists a unital CP map E' such that Fiz(ET) = A, ()2 = & and E(p) = p;
(it) A is invariant w.r.t. Ay(-).
The previous theorem allows to provide a characterization of distorted algebras that

contain a given full-rank fixed state and are fixed point of some CPTP map.

Theorem 3.3 Let p be a full-rank state. A distorted algebra A, admits a CPTP map £(-)
such that Fiz(€) = A, if and only if it is invariant for A,.

In our case, by the two previous theorems, it exists a CPTP map &y, such that
Fix(En,) = Fpp, and £, = En,. For & = En;, @ Idgp, it holds that:

Fix(E) = Fpp, @ B(Hzr, ) = Fi

By Takesaki’s theorem and its extension to CPTP maps (theorems 3.2,3.3), it is clear what
we have done: we need to find a QL stabilizing map; by Takesaki’s theorem we know it exists
always a CPTP map whose fixed point set is a modular invariant distorted algebra. Thanks
to this information, we constructed those algebras, for neighborhood maps, by finding the
minimal modular-invariant algebras. Thanks to these steps, we can state the main result of
the section:
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Proposition 3.6 Let pg be a full-rank state. There exists a Quasi-local stabilizing dynamics
satisfying 1), 1), 1) if and only if

span(pa) = () Fi
k

Proof. (=) By contradiction, let us suppose it exists ps € [, Fr such that ps # pg. It
clearly implies that p cannot be GAS because there exist an other state invariant for some
maps, which implies that not all the maps ”guide” to pg.

(<) By Theorems 3.2, 3.3 and what we have seen in Section 3.3, we can see that & is a
CPTP projection. By Theorem 3.1, we already know that for every p, (€;...£1)%(p) = Ny F
for k — oco. Now, by hypothesis, [, Fr = span(pq) and, being pq the only state in his span,
we can conclude that pg is GAS. O

3.5.1 Example

A Gibbs state is defined as:

e H H R+
Pﬂ—W7 —Z J peRT,

where each Hj is a neighborhood operator relative to Nj. p is called commuting Gibbs state
if it holds [H;, Hy] for all j, k.

Every 1D lattice can be associated to indexed subsystems (i.e. i = 1,2,3,...). On those
systems, we define the neighborhood structure nearest neighborhood (NN) as the one where
N; = {i,i+1}, and the next nearest neighbor (NNN) as the one given by N; = {i,i+1,i+2}.
We will solve our examples thanks the following proposition [15].

Proposition 3.7 Gibbs states of 1D NN commuting Hamiltonians can be prepared with
Quasi-local stabilizing dynamics acting on the NNN neighborhood structure (see Figure
3.5.1).

We will solve our example following the proof of the previous proposition, which can be
found in [15].

Let see our first example in the commuting case.
Let us consider the following Hamiltonian:

H=3 0l)@ol*,

K3

1
where o, is the Pauli matrix { 0 OJ . The Gibbs state is given by:

H
p=e"M =301,
7

. For sake of simplicity, we will consider only the case of 4
subsystems. We need to find the minimal modular-invariant algebras for the subsystems
{1,2,3} and {2,3,4}. First, we need to find ¥123(p) which is given by:

where 0; ;41 = ePrirrol@alth

Yi123(p) = 012023112 ® X3(034)];
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Figure 3.1: A visual example of a 1D lattice system with NN and NNN neighborhood
structure .

Now, by definition, it holds:

23(0'34) = span{tr4([Ig®B]034), VBGB(H;;)}
e? 0 0 0
o L o o|[B o0
= span{try( 0 eoﬂ 1 [02X2 QBX2] )}
L0 0 0 é€°
_Beﬁgz 02><2 :|
= Sspanytr
pan{tra( | Oox2  Be Fo= )}
. tI‘(Be’BUZ) O2x2
N bpan{ O2x2 tI‘(Be_ﬁGZ) }
= span{l,o0.}

By that, we obtain X123(p) = 012023[[12 ® span{l, o, }]. By symmetry, the same result can
be obtained for ¥a34(p) = oagoss[span{l, .} ® Is4]. Now, it is evident that X123 and Yagy
are invariant for the distorted and the modular product, so we can immediately write:

Fioz = 01202312 @ span{l,o.}] @ B(H4)
Faza o23034[span{l, 0.} ® I34] ® B(H1)
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We need to find Fiag N Fase. First of all, notice that o190 = 612 ® I34 (analogously for
034). Consider 7123 and To34 oOperators in JFja3, Fazq respectively. They can be expressed as
following:

Ti23 = 023 2612 ® D3; @ Wa,
i
T34 = 023 Z V; ® Cyj ® 634
J
To find the intersection we need to impose 7123 = 7234 and it is possible if and only if

Y i D3 @ Wy = 634
> Vi®Ca =612

SO, ﬁnally, we get that .F123 N F234 = 012023034 .

As second example, we are considering a non-commuting Gibbs state. In this case, the
Hamiltonian is given by:

H=0,Q0;0Is4+1R0,00, 01 +112Q0,; R0y

1

0 —1
In this case manual calculations are not easy, so we have used a mathematical software
(MATLAB) in order to find if the Gibbs state can be prepared with NNN operators. We
implemented the following algorithm:

where o, = {0 1} and o, = [ ] are Pauli matrices.

Algorithm 1 Pseudo-code for the non commuting case:

: ﬁnd 2123(p);

F123 < Yi23;

while rank(Fj23) is not stable do
find alg(X123) closing 3193 w.r.t. the distorted product;
find A(alg(X123)) closing alg(X123) w.r.t. modular product;
Fioz < Alalg(X123));

end while

Froz <= Fiaz @ B(Ha)

Repeat for neighborhood {2, 3,4};

Calculate a basis for F = Fia3 N Fa3a;

if rank([F p|)==1 then
p can be prepared;

: else

e e e
w2 o

p cannot be prepared;
: end if

—_
ot

Also in this case, thanks to the software, we found that the state can be prepared. The
code used can be found in Appendix
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Chapter 4

Bregman’s Theory

4.1 Bregman’s Divergences and their Properties

In this chapter it will be shown an extension of Halperin (Von Neumann) theorem using
Bregman divergences and projections.

Definition 4.1 Let A; € X a family of closed convex sets; R =)
conver set such that S N'R # ().

The function D(x,y) defined over S xS is a Bregman divergence if satisfies the following
conditions:

ieI.Ai;A(D and S C X a

I D(xz,y) >0 and D(z,y) =0 < z=y;
II. For everyy € S, i €I it exists x € A; NS such that:

D(z,y) = arg min D(z,y)
zeA;NS

x is called Bregman projection of y onto A; and it will be indicated by P;(y);

III. For every index i € I and y € S the function G(z) = D(z,y) — D(z, P;(y)) is convex
over A;NS;

IV. A derivative D} (x,y) of D(x,y) exists when x =y and D} (y,y) =0
(i.e. lim_sq M =0 forallz € X);

V. For every z € RNS and for every real number L, the set T ={x € S : D(z,z) < L}
1S compact;

VL If D(z",y") — 0, y" — y* € S and the set of elements of {x"} is compact, x™ — y*.

The following proposition gives a useful tool to verify if a function is a Bregman diver-
gence.

Proposition 4.1 If f(x) is a strictly convex and differentiable function, then

Dy(x,y) = f(z) = f(y) = (Vf(y),z —y) (4.1.1)
satisfies conditions I-1V.

Proof.
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I. It derives from the property of the convex functions:

f(@) > fy) + (Viy),z —y)

From which we obtain that Dy(z,y) > 0. And, for the strictly convexity, it is clear
that Dy(z,y) =0 <z =y.

IT. This condition is satisfied because arg min D(xz,y) = 0 exists, ergo arg min D(x,y)
€S ze A;NS

exists for every closed convex set A;.
ITI. It results

Glz) = —fy)+f(Bi() = (VW) )+ (VL) Pi(y) — (Vf(y) = VI (Bi(y), 2)

= cost. = (Vf(y) = V[(Fi(y)), 2)

which is convex.

IV. Di(y,y) =Vf(y) = Vfy) =0
O

Note. A ”Bregman Distance” as (4.1.1) does not guarantee conditions V,VI. More
assumptions are needed.
Here are two classical examples used by Bregman himself in his work.

Proposition 4.2 Let X be an Hilbert space, S = X and
D(z,y) =(z —y,x —y)

Then it is a Bregman Divergence.
Proof. Let us see that D(z,y) satisfies the condition in Definition 4.1.

I. It is obvious by Definition 1.4;
II. In this case Bregman Projection is the classical orthogonal projection, so it is satisfied;
III. It holds:
G(z) = D(zy) - D(zP(y))

= (z—y,2—y) — (2= F(y),2 - Liy))
= 2z Pi(y) —y) + (v, 9) — (Pi(v), Pi(y))

which is linear in z, so the condition is satisfied;
IV. D,(y,y) = lim;_yo YHEUYHEY) gy, o 4(z, 2) = 0;

V.T={yeS: (x—y,x —y) <L} is not generally compact but it is bounded. A weak
topology can be introduced in order to achieve compactness (i.e. R™, C™ have a strong
topology, so this property is often satisfied);

VI Let (2™ — y™, 2™ — y™) — 0, y"™ — y* and let {2"} be compact. Let 2™ — z*. Then
for every u € X
[, ™ — ™) < ufll|lz™ —y™*| — 0

That implies x* = y*.
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O

Proposition 4.3 Let f(z) =Y. | ;Inz; be the entropy function, where z; is a probability
measure.
Then

n
Dy(z,y) = sz In 2
i=1 Yi
is a Bregman divergence.
A proof can be found in [5].

4.2 Generalized Pythagorean Theorem

In this paragraph we will give a generalization of Pythagorean theorem for Bregman diver-
gence.

Figure 4.1: A visual representation of generalized Pythagorean theorem.

Lemma 4.1 Let z € A;,NS. Then for anyy € S
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1s valid.
Proof. By condition III, A € [0, 1]

DAz + (1 = APy, y) — DAz + (1 =N Pi(y), Pi(y)) < XD(z,y) — D(z, Pi(y))) +
+(1 =N D(F(y), v)

When A > 0:

D(\z+ (1= N)Pi(y),y) — D(P;(y),y)
D(z,y) — D(z, Pi(y)) — D(Pi(y),y) = ;) -
DAz + (1= NPi(y),y)

A

Now Az + (1 — M) Pi(y) € A; NS, the first term in the right side of the previous inequality
is non-negative (condition II) and the second term tend to 0 when A — 0 (condition IV).

From which
D(Z’y) - D(Zv Pz(y)) - D(Pz(y)’ y) > 0

O

In Figure 4.2 an intuitive vision of Lemma is given. It can be seen that Bregman Projec-
tions behave "like” classical projections giving a property similar to classical Pythagorean
Theorem, essential property in order to prove the convergence of the iterated method that
will be given in the next paragraph.

4.3 Iterated Convergence Results

Let us consider the following iterative process:
e choose 2° € S

e if 2 € S is known, select an index (in some way) i, (z") € I and find the point z"*!
wich is the Bregman projection of ™ onto A;  (zn)-

The series {#"} is called relaxation sequence.

Lemma 4.2 For any relaxation sequence it holds:
1. The set of elements {x"} is compact;
2. It exists lim,, o, D(z,2™), Vz € R;
3. D(z"*t 2™) — 0 when n — oo.
Proof. Let z € RNS. By Lemma 4.1
D(z" 2™) < D(z,2") — D(z,2")

Because D(z"*1, 2™) > 0, we have D(z,2") > D(z,2"1), so it exists the limit for D(z,z")
which, with Lemma 4.1, gives D(2"*!, 2™) — 0. That proves properties 2-3.
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Now the set of element of {z"} is contained in T = {z € S : D(z,7) < D(z,2°)}, compact
for condition V, so 1. is proven. O

Lemma 4.2 assures the convergence of the relaxation sequence and it gives the basis to
prove the main Bregman result.

Theorem 4.1 (Bregman’s iterative method) Let I = {1,2,...,m} and let the indices
be chosen in cyclic order. Then any limiting point x* of the relaxation sequence {z"} is a
common point of the sets A;.

Proof. Let 2* be the limiting point of {2} and 2™ — z*.

Let us separate from {2"*} a sequence fully contained in one A; (i.e. {z"} € A;) and
separate out from {z™*T~1} the sequences which are convergent (we assume {z"+T=1}
themselves convergent). We have:

™ =t =]
el

ne+m—1 *
T — T

{ameti=1 e A; = 2f € A,
From Lemma 4.2 (D(z™ 1 x") — 0) and condition VI = lim 2™ *! = lim 2™ = 2} = %
which implies z* € As. In the same way it holds z* € Ajs,...

.’E*GﬂAz

i€l

Concluding we have:

O

Theorem 4.2 If Yy € S it exists max;ey minge 4, D(z,y), let i,(x™) be the index which
realizes

max min D(z,z™);
i€l zeA;

Then any limiting point of the relaxation sequence is a common point of the sets A;.

In other words Bregman gives a sort of generalization of Von Neumann and Halperin’s
methods using Bregman projections to extend iterative methods.
Bregman divergences have been studied in various cases, for istance, one of the most im-
portant is the case of Bregman divergences generated by particular functions: Legendre
functions. Details can be found in [6].

4.4 Quantum Bregman’s Divergences

In this paragraph we will show how some quantum functions can be seen as Bregman
divergences.

Proposition 4.4 Let x and y be quantum states. The quadratic distance ||z — y||§ induced
by the modified &-inner product is a Bregman divergence.
Proof. Immediate from Proposition 4.4 O

34



In the next proposition we will show that the quantum relative entropy is a Bregman
divergence.

Proposition 4.5 Let x,y be strictly positive quantum states and let f(x) = tr(xzlogx).
Then

Dy(z,y) = tr(zlogz) — tr(zlogy) (4.4.1)

18 a Bregman distance which also satisfies conditions V-VI. In other words it is a Bregman
divergence.

Proof. First of all let us recall the following identity:
Dy(y) = J@) = 1(6) = (V) =) = F&) = () = T 47 [y + o — ) — [ (o)

Now f(z) = tr[zlog x] from which:

Dy(x,y) = trlzloga] — trlylogy] — lim ¢~ttr((y +t(z —y))log(y + t(z —y)) — ylogy]

lm ¢~ r[(y + t(z — ) log(y + t(z — y)) — ylogy] =

z—07+
Jim 7 trlylog(y + t(z — y)) — ylogy] + trl(z — y)logy] =
lim ¢~ 'trlylog(y + t(z — y)) —ylogy] =
xz—0t
lim ¢~ r[y(log(y) + tlog"y(z — y) + o(t?)) — ylogy] =
z—
trlz —y] =
0
Finally:
Dy(z,y) = trjxlog z] — trlylog y] — tr[x logy] + tr[ylogy] = tr[xlog z] — tr[x log y]
Conditions V-VI are clearly satisfied. O
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Appendix A

Tensor Product and Partial
Trace

As said in the relative chapter, tensor product is a way to assemble vector spaces in order to
obtain a larger vector space. Consider two Hilbert spaces H; and Hs of dimensions n and m
respectively, then H; ® Hs is an nm dimensional vector space. If we consider the elements
v € Hy and w € Ho, then the elements in H; ® Ho are of the kind v ® w, in addiction to
that if {¢} and {j} are orthonormal bases for 71 and Hs, then {i}®{;j} is a basis for H; ®@Ha.

By definition, tensor product satisfies the following properties:

e let ¢ be a scalar element, and v € Hy, w € Ha, then

tlv@w) =tv @ w =v ® tw;

e let v1,v9 € H1 and w € Hg, then

(v1 +v2) ®W =11 @ W+ V2 ® w;

e let v € Hi and wy,ws € Ho, then

V@ (w1 +wy) =v Q@ wy + v wa.

Now, let us suppose that A is a linear operator in H; and B is a linear operator acting on
Ho. We can produce an operator A ® B acting on Hi ® Ho and the following relation is
valid:

(A® B)(v® w) = Av ® Bw

In matrix representation, tensor product is known as the Kronecker product and the previous
relation derives from the distributive property of the multiplication.
Given two matrices A of dimensions m x n and B p x ¢, the Kronecker product is given by:

AHB AlnB
AeB=| : L
AmB ... ApnnB
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which is a mp ® ng matrix.

Now, consider a composite system Hap = Ha ® Hp. The partial trace over the subsys-
tem B is defined as:

trp(-) : Hap — Ha

Consider, for example, the statep = p, ® pp, we obtain trp(p) = patr(pp). The partial
trace can be thought as a way to obtain the information of a particular subsystem. For
example, let us consider a bipartite qubit system H 4 ® Hp; we have

a b ¢ d i |9 b e € d
f g h e f g h a+f c+h
PAB = = pA = =
I m n o I m n o l+q n+s
tr tr
q r s P q ros

while

_la+n b+o
PE= et f+s

For more information about partial trace and tensor products refer to specific texts.
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Appendix B

MATLAB Code

%%Thesis code for the thesis example.
%%Beware: not refined code!

close all;

clear all;

%def hamiltonian matrices
x=[0 1; 1 0]; Y%sigma_x
z=[1 0; 0 -1]; Ysigma_z
e=[10; 0 11; % id

%elementary matrices
%he_1=[1 0; 0 0];
%e_2=[0 1; 0 0];
he_3=[0 0; 1 0];
he_4=[0 0; 0 1];

%pauli matrices

e_1=[1 0; 0 11;

e_2=[0 1; 1 01;

e_3=[1 0; 0 -1];

e_4=[0 -1i; 1i 0];
%subsystem dimensions vector
dim=[2 2 2 2];

H=kron(kron(kron(x,x),e),e)+kron(kron(kron(e,z),z),e)+kron(kron(kron(e,e),x),x); %hamiltonian
rho=expm(-H) /trace(expm(-H)); %normalized state

rho_123=TrX(rho, [4], dim); Y%neighborhood{1,2,3} reduced state

rho_234=TrX(rho, [1], dim); Y%neighborhood{2,3,4} reduced state

%%Computing minimal modular invariant *algebra for 123
#Find Sigma_123, Sigma_123v is in vectorial form
Sigmal_123=TrX(kron(eye(8),e_1)*rho, [4], dim);
Sigma2_123=TrX(kron(eye(8),e_2)*rho, [4], dim);
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Sigma3_123=TrX (kron(eye(8),e_3)*rho, [4], dim);
Sigma4_123=TrX(kron(eye(8),e_4)*rho, [4], dim);
Sigmal_123v=reshape(Sigmal_123,[],1);
Sigma2_123v=reshape(Sigma2_123,[],1);
Sigma3_123v=reshape(Sigma3_123,[],1);
Sigmad4_123v=reshape(Sigma4_123,[],1);

Sigma_123v=[Sigmal_123v Sigma2_123v Sigma3_123v Sigma4_123v];
Sigma_123=[Sigmal_123 Sigma2_123 Sigma3_123 Sigmad_123];

%iteration in order to find F_123
oldrank=0;
oldrank2=1;
while oldrank2>oldrank
%algebra cycle
while rank(Sigma_123v)>oldrank
oldrank=rank(Sigma_123v) ;
for i=1:8:length(Sigma_123)
for j=1:8:length(Sigma_123)
p_j=Sigma_123(:,i:i+7)*pinv(rho_123)*Sigma_123(:,j:j+7);
if rank([Sigma_123v reshape(p_j, []1,1)])>rank(Sigma_123v)
Sigma_123v=[Sigma_123v reshape(p_j,[]1,1)];
Sigma_123=[Sigma_123 p_jl;
end
end
end
end
fmodular invariancy cycle
while rank(Sigma_123v)>oldrank?2
oldrank2=rank(Sigma_123v);
for i=1:8:1length(Sigma_123)
p_j=(rho_123)"(1/2)*Sigma_123(:,i:i+7)*pinv(rho_123)"2;
if rank([Sigma_123v reshape(p_j,[],1)])>rank(Sigma_123v)
Sigma_123v=[Sigma_123v reshape(p_j,[1,1)];
Sigma_123=[Sigma_123 p_jl;
end

end

end
end
%#Extending with B(H4)
F1_123=kron(Sigma_123,e_1);
F2_123=kron(Sigma_123,e_2);
F3_123=kron(Sigma_123,e_3);
F4_123=kron(Sigma_123,e_4);
F_123=[F1_123 F2_123 F3_123 F4_123];
F_123v=[reshape(F1_123,256,[]) reshape(F2_123,256,[]) reshape(F3_123,256,[]) reshape(F4_123,256, []
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%%Same thing for Subsystem 234
Sigmal_234=TrX(kron(e_1,eye(8))*rho, [1], dim);
Sigma2_234=TrX(kron(e_2,eye(8))*rho, [1], dim);
Sigma3_234=TrX(kron(e_3,eye(8))*rho, [1], dim);
Sigma4d_234=TrX(kron(e_4,eye(8))*rho, [1], dim);
Sigmal_234v=reshape(Sigmal_234,[],1);
Sigma2_234v=reshape(Sigma2_234,[],1);
Sigma3_234v=reshape (Sigma3_234,[],1);
Sigma4_234v=reshape(Sigma4_234,[],1);
Sigma_234v=[Sigmal_234v Sigma2_234v Sigma3_234v Sigmad_234v];
Sigma_234=[Sigmal_234 Sigma2_234 Sigma3_234 Sigmad_234];
oldrank_0=0;
oldrank_2=1;
while oldrank_2>oldrank_O
while rank(Sigma_234v)>oldrank_0
oldrank_O=rank(Sigma_234v) ;
for i=1:8:length(Sigma_234)
for j=1:8:length(Sigma_234)
p_j=Sigma_234(:,i:i+7)*pinv(rho_234)*Sigma_234(:,j:j+7);;
if rank([Sigma_234v reshape(p_j, []1,1)])>rank(Sigma_234v)
Sigma_234v=[Sigma_234v reshape(p_j,[]1,1)];
Sigma_234=[Sigma_234 p_jl;
end
end
end
end
while rank(Sigma_234v)>oldrank_2
oldrank_2=rank(Sigma_234v);
for i=1:8:length(Sigma_234)
p-j=(rho_234)"(1/2)*Sigma_234(:,i:i+7)*pinv(rho_234)"2;
if rank([Sigma_234v reshape(p_j,[],1)])>rank(Sigma_234v)
Sigma_234v=[Sigma_234v reshape(p_j,[]1,1)];
Sigma_234=[Sigma_234 p_jl;
end

end

end
end
F1_234=kron(e_1, Sigma_234);
F2_234=kron(e_2, Sigma_234);
F3_234=kron(e_3, Sigma_234);
F4_234=kron(e_4, Sigma_234);
F_234=[F1_234 F2_234 F3_234 F4_234];
F_234v=[reshape(F1_234,256,[]) reshape(F2_234,256,[]) reshape(F3_234,256,[]) reshape(F4_234,256, []

%hfinding intersection
%ints(): function of the Geometry Approach Toolbox
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rank([ints(F_123v, F_234v) reshape(rho,[],1)])

%checking if spans are the same
rank([I reshape(rho,[]1,1)])

41



Bibliography

1]

[10]

[11]

[12]

Shmuel Agmon. The relaxation method for linear inequalities. Canadian Journal of
Mathematics, 6(3):382-392, 1954.

Claudio Altafini and Francesco Ticozzi. Modeling and control of quantum systems: an
introduction. Automatic Control, IEEE Transactions on, 57(8):1898-1917, 2012.

Heinz H Bauschke and Adrian S Lewis. Dykstras algorithm with bregman projections:
A convergence proof. Optimization, 48(4):409-427, 2000.

Robin Blume-Kohout, Hui Khoon Ng, David Poulin, and Lorenza Viola. Information-
preserving structures: A general framework for quantum zero-error information. Phys-
ical Review A, 82(6):062306, 2010.

Lev M Bregman. The relaxation method of finding the common point of convex sets and
its application to the solution of problems in convex programming. USSR computational
mathematics and mathematical physics, 7(3):200-217, 1967.

Yair Censor and Arnold Lent. An iterative row-action method for interval convex
programming. Journal of Optimization theory and Applications, 34(3):321-353, 1981.

Yuen-Lam Cheung, Dmitriy Drusvyatskiy, Chi-Kwong Li, Diane Pelejo, and Henry
Wolkowicz. Projection methods in quantum information science. arXiv preprint
arXiv:1407.6604, 2014.

Imre Csiszar. I-divergence geometry of probability distributions and minimization prob-
lems. The Annals of Probability, pages 146-158, 1975.

Domenico d’Alessandro. Introduction to quantum control and dynamics. CRC press,
2007.

Kenneth R. Davidson. C*-algebras by example, volume 6. American Mathematical
Soc., 1996.

Richard L Dykstra. An algorithm for restricted least squares regression. Journal of the
American Statistical Association, 78(384):837-842, 1983.

René Escalante and Marcos Raydan. Alternating projection methods, volume 8. STAM,
2011.

Karolas M Grigoriadis and Robert E Skelton. Fixed-order control design for lmi con-
trol problems using alternating projection methods. In Decision and Control, 1994.,
Proceedings of the 38rd IEEE Conference on, volume 3, pages 2003—2008. IEEE, 1994.

42



[14]

[15]

Israel Halperin. The product of projection operators. Acta Sci. Math.(Szeged), 23:96—
99, 1962.

Peter D Johnson, Francesco Ticozzi, and Lorenza Viola. General fixed points of quasi-
local frustration-free quantum semigroups: from invariance to stabilization. arXiv
preprint arXiw:1506.07756, 2015.

Stefan Kaczmarz. Angendherte auflésung von systemen linearer gleichungen. Bulletin
International de I’Academie Polonaise des Sciences et des Lettres, 35:355-357, 1937.

TS Motzkin and IJ Schoenberg. The relaxation method for linear inequalities. Canadian
Journal of Mathematics, 6(3):393-404, 1954.

J von Neumann. Functional operators, volume 2. Princeton Univ. Press Princeton, N.
J, 1950.

Michael A Nielsen and Isaac L Chuang. Quantum computation and quantum informa-
tion. Cambridge university press, 2010.

Denes Petz. Bregman divergence as relative operator entropy. Acta Mathematica Hun-
garica, 116(1-2):127-131, 2007.

Dénes Petz. Quantum information theory and quantum statistics. Springer Science &

Business Media, 2007.

Francesco Ticozzi. Symmetrizing quantum dynamics beyond gossip-type algorithms.
arXw preprint arXiw:1509.01621, 2015.

Michael M Wolf. Quantum channels & operations: Guided tour. Lecture notes available
at hitp://www-mb5. ma. tum. de/foswiki/pub M, 5, 2012.

43



Ringraziamenti

Desidero ringraziare immensamente il mio relatore, il professor Francesco Ticozzi per la
pazienza, il tempo e la passione che mi ha dedicato per seguirmi in questo lavoro.

Voglio fortemente ringraziare la mia famiglia, sempre disponibile a tollerare i miei scleri
universitari.

Ringrazio i miei amici, anch’essi sopravvissuti: Gabriele, compagno d’avventura in questi
lunghi anni, Fabio ed Alessandro, sfaccendati sempre troppo indaffarati e tutti gli altri che
sono in grado di sopportarmi (Damiano, Giulia, Lucrezia, ”Quei del 907, etc...).

Grazie, grazie di cuore.

44



	Introduction
	History
	Mathematical background

	Basic Theory
	Iterated Projection Theorem
	Rate of Convergence

	Extensions
	Row-Action Methods
	Dykstra's Algorithm

	Typical applications
	Solving Constrained L-S Matrix Problems
	MMUP: Matrix Model Updating Problem 
	Projection Methods on Quantum Information Science 
	Fixed-Order Control Design for LMI Control problems using MAP


	Iterated Quantum Maps
	Statistical Description of Finite-Dimensional Quantum Systems
	Open System Dynamics
	CPTP Projections
	Iterated CPTP Map Theorem
	Quantum Application
	Example


	Bregman's Theory
	Bregman's Divergences and their Properties
	Generalized Pythagorean Theorem
	Iterated Convergence Results
	Quantum Bregman's Divergences

	 Tensor Product and Partial Trace
	MATLAB Code

