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Abstract

An ebit is a pair of quantum mechanically entangled qubits i.e. locally
un-factorizable state vectors of bipartite quantum states. The ebits consti-
tute building blocks of the theoretical analyses and the technological tasks
which are put forward in the area of quantum computation and informa-
tion. Functioning as computational and communicational resource ebits
are used in various quantum algorithms, most notably the state telepor-
tation and quantum gate teleportation algorithms. This work addresses
the problem of creating ebits at a distance by various low complexity
elementary teleportation algorithms. The construction of quantum cir-
cuits follows the LOCC-SE protocol, according to which the allowed state
transformations are restricted to local operations (LO), classical communi-
cation (CC) and shared quantum entanglement (SE). Explicitly the work
investigates two types of quantum resource teleportation: in the first type
single qubit state and gate teleportation is achieved, while in the second
one the achievement concerns the state and gate teleportation of ebits,
namely non-local quantum resources. The work investigates a unifying
formalism for the respective quantum algorithms and provides relevant
analytic proofs, quantum circuits and quantification of the classical and
quantum resources required for their implementation.



[egihndn

Tor everperheopévoc qubit (ebit) elvan Sebyn oufauypévay qubit, Snhadh tomud py zepayovtonomudvay Brwopdtoy
ndoteong dipepiy kfavivoy ovatnudrov. Ta ebit anotehoby oy atoryela g Dswpleg xon 1wy teyvoAoyHiY
gpoppoyay oty emotiun g Kavueng TThpoyoplag s Ynohoyapod, Asttovgyiviag wg vrohoyiotoeol xu
enmomoviaxol - mopol 1o ebit yonaonoodvin ae Bidgopoug uBaviols abyoplfwons wu eibotepn oe
abyopiipons thepetayopds davidy xetaotdoswy ua kfovay tukav, H napodoa epyaain avipetoniler 1o
npofhnpa Snoupylas eveyrahopévay qubit €€ anootioswg e yofion yeveupudvey urhopdtay thepstagopas
yepnhig unodoyatueng rohumoxottag. H setaoxeun 1oy murhopdtov: axohoulel to tputonoko LOCC-SE, wud
10 onolo ot emTpentol peTasYNpaTIopol WV HeTaoTaaey dwapdtwy Teploptlovie onig Asyopeves TOTIMEG
bpaceg (local operation), ty aviahlayh whaooung mhnpogoplag (classical communication), xat Ty yoRoN
Bapopaopsvoy evayrahapod (shared entanglement). Zuyraxpuwéva v epyaota Siepeuvi oo eldn akyopiBuay
Thepetagopds Topwy: 1o mpwto eldog emruyydve Ty THAspeTaYopd KatHaTdoELY Kal TuAGy &vo qubit, m To
Bebrepo emtuyydvel Y TAspeTagopd NataoTdazwy ot Tukiv o ebit Bnh. aneviomepdvay xBaviuey nopwy. H
gpyaolo enclepyaleton v evomomuévo oppokiopo o Toug aviiotoyous akyoplpoug Ko TapEYEl aysTNES
avarhutuedg amobetbeig, #Bavin xoxhbpote o TOCOTXOTOINGN TWY ATATODUEVEY HAXOTIHGY Kot KBavTIHGY TOQWY
1o v emtrevén Toug,
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1 Introduction

In this thesis, we try to take advantage of Entanglement of two quantum par-
ticles which is a weird phenomenon in quantum mechanics to teleport vari-
ous kinds of quantum resources depending on Quantum Teleportation protocol
which first introduced by Charles H. Bennett et. al in 1993(c.f [3]).Specifically
we investigate low-complexity algorithms and circuits: for teleporting one ar-
bitrary quantum state reformulating the one proposed by Bennett in a more
compact form. Also we explain how we can succeed remotely computation,
teleporting the action of One and Two Qubits gates using some pairs of pre-
pared and shared entangled particles. Furthermore, we describe how we can
remotely send one and two Qubits with purpose the receiver to reconstruct the
gates for his own reasons. Last but not least we develop a protocol with which
we can teleport one arbitrary pair of entangled qubits. All of the above proto-
cols are examined from the perspective of resources that required to achieved
and all of them belong to LOCC-SE protocols category which stands for Local
Operator Classical Communication and Shared-Entanglement (c.f. [4]).

1.1 Qubit

In classical information the basic unit to represent information is bit which is a
discrete value "0" or "1" € N which is commonly the level of voltage ("0"=0Volts
"1"=5Volts in TTL Logic). In quantum information things are a little different
the basic information is not bit anymore but qubit. Which takes values not
in the discrete N but in the continuous C? which in quantum mathematics is
called Hilbert space. The value of a qubit is not the level of voltage but is
represented by many physical ways, commonly Photons ("0"=Horizontal Polar-
ization "1"=Vertical Polarization), Electrons ("0"=Spin Up "1"=Spin Down).
The fact that qubit is not one discrete value but two complex numbers means
that it is not only in one state but simultaneously in both states. This is a
powerful advantage of quantum information which is based on the principles
of quantum mechanics called superposition. In order to represent qubit in a
mathematical form we will introduce the Dirac notation which is nothing more
than a compact way to represent C?[2].

In Dirac notation (named for English physicist Paul Dirac) the symbol |) is

called "ket" and it is a column vector () and the symbol (]| is called "bra"

B

and it is a row vector (a* ﬂ*) )

There is an equality between them (| = |)T we refer to it is at "Hilbert
Duality" where t: is the conjucate and transpose.

Using Dirac notation we can represent a qubit

[¥) = al0) + 5I1)

where |0) = (é) ,and |1) = (g) they are called computational basis states



and is one of the infinite basis that exist and we are going to use mainly. «, 8
are called probability amplitudes of the qubit. So the qubit can represented as

a column vector . .
a
w=a o)+ (1)=(5)

The quantity |a|? declares the possibility our qubit is in the computational
base |0) and the quantity |3|? declares the possibility our qubit is in the com-
putational base |1) respectively.

Because of the fact that they represent possibilities we know that

0<lal?|B]? > 1 and |a|* +|8)* = 1.
The Axiom 1 of quantum information claims: Every quantum state is de-
scribed by a normalized vector.

Which means that for every |[¢) represents a quantum state

) = v {llp) = 1.

Actually

Wl = (o 7) () =aa” + 65" =lal* + 6 =1

In general every quantum state |¢) is in the form:

) = Z cilui)
i=1

where ¢; are the probability amplitudes of the quantum state |u;). Y oo |¢;|* =1
and |u;) are the computational basis states.

Also a more Geometrical (spatial) representation of a qubit state is Bloch
Sphere named after the physicist Felix Bloch as shown below:

1.2 Single Qubit Gate

As in classical computation we use gates made of transistors to manipulate bits
S0 in quantum computation we use quantum gates to manipulate qubits. Unlike
many classical logic gates, quantum logic gates are reversible.

In quantum computations, gates are unitary matrices (ATA = AAT = I) so
that they respect the normality (¢||t)) = 1 of a quantum state (we know that
|A] = |det(A)| = 1 for Unitary matrices). If we want to perform a gate on a



Figure 1: Gemetrical representation of one qubit on a Bloch Sphere

quantum state we only have to multiply the state with the matrix representation
of our gate.

[¥) =Uly)

where [1’) is our new quantum state after the effect of the U gate on our
quantum state |1)).

Some common quantum gates are the Pauli matrices after the physicist Wolf-
gang Pauli.

0 1 0 — 1 0
O’1—X—<1 0),0’2—Y—<Z. O),O’g—Z—<O _1)

Interestingly properties of these gates is that they all have deto; = —1 so
|det(c;)| = 1, they are unitarity o;0] = I,Tro; = 0,02 = I their eigenvalues
are: +1 and their normalized eigenvectors are spanning the Hilbert space and
commonly used as computational basis for quantum states

Matrix | Eigenvectors

X=ai | 11=5%(1) 1)

Y=o | ID=2(;).10=2

o[- ()

For the needs of this thesis we will use only the {|0),|1)} basis (Eigenvectors
of o3) which is called canonical base.

X is the quantum analogue of classical "NOT" gate the action leads to
reverse of the quantum state.




lp>=a | 0>+ 1> ———[ X |——— [yp/>=a| 1>+p| 0>

Figure 2: Action of X (NOT) gate on an arbitrary qubit

Before Action:

) =alo)+ 810 = ()

W) = X|y) = (? é) (5) - <ﬂ>

As we can observe [¢)') = a|1) + 3|0) which is the reverse of the state before
the action of the gate.

After Action

One other very important one qubit gate is Hadamard named for the French
mathematician Jacques Hadamard:

_ o L 1
|l y>=10> —— |w>_ﬁ|0>+@|1>

Figure 3: Action of H (Hadamard) gate on an qubit initialized at [0>

=50 )

The special property of this gate is that it transforms an initial base state
to a maximaly superposition state (probability state [0) = |1) = 1)

Suppose that our qubit is in the base state

after the action of Hadamard gate our qubit is in the state:

=m0 =5 (1 ) (5) =5 (1) =750+ 5



This means that our qubit is in the state |0) with probability \%P = 1 and

in the state |1) with probability |%|2 = 1.

Similar if our qubit was in the base state |¢p) = |1) = < (1) > after the action

of Hadamard gate our qubit is in the state
1 /1 1 0 1 1 1 1

This means that our qubit is in the state |0) with probability \%F =1 and
in the state |1) with probability | — %F =1

Many quantum algorithms in our cases,will use the Hadamard transform as
an initial step.

1.2.1 DIY one qubit unitary gate

In this subsection we are going to see how we can construct our own one qubit

gate. The only thing we need to know is the outcome of the action on the

computational basis vectors |0), |1) we call them |ug) = U|0) and |u;) = U|1)
If we want to construct an one qubit Gate (Operator) U then the matrix

representation of our Gate is
( (Olluo) ~ (Offu1) )
(Huo)  (1fur)
Calculating these inner products we find the four elements (complex scalars)

which compose the matrix representation of our one-qubit gate

From the definition of |up) and |u;) one more abstract form of our matrix is
below:

(o[ u10) (o[ U1)
~—~— N~
(1ulo) U
~— ~—

Remember that our quantum Gate U must always be Unitary (UUT = I) to

respect the normality of the quantum state:

) = W 1Y) =\ lUTU)




It must be

Ut =1
So that
W) = V{¥llv) =1
Example:

Suppose that we want construct the quantum NOT gate matrix represtation.
We know that the action of Uyor on the computational basis vectors |0), |1) is
to reverse them.

Meaning |ug) = Unor|0) = |1), |u1) = Unor|l) = |0) so the matrix repre-
sentation
( (Ol|uo) (Ol |uz) >
(Uluo)  (1flur)

can be rewritten replacing |u;)
< (O[11) (0[]0 )
(1) (10)

Due to to orthonormality of the canonical base (i||j) = J;; the final matrix
representation of our gate is:

0 1

1 0

Known as quantum NOT gate.

1.3 Multiple Qubits

Like classical computation one system (PC) is not manipulating only one bit
because information that one bit can carry is not enough so in quantum com-
putation (Quantum computers) must handle more than one qubit. The mathe-
matical tool that we use to express multiple qubits state is called tensor product
and it is denoted ” ® 7.

If we have two qubits |[¢)) = «|0) + B|1), |¢) = ~|0) + §|1) which are the
"components" of a two qubit quantum state then the total state is

w) = [¥) ®|¢) = (a|0) + B|1)) ® (|0) 4 4[1))
av]0) ® [0) + a6]0) ® [1) + B(1) @ |0) + B5[1) ® [1)
a|00) + a6]01) + B[10) + B6]11)

For abbreviation we will denote |i) ® |j) = |ij)

10



In vector formalism

oy

i = ol =(5)e (3) =5
B8d

As we can observe a bipartite quantum state (2-qubits state) exists in the
C* set.

It is also valid that the tensor product is not commutative

1Y) ®@9) # 16) @ [¢)

Proof
wols = (5)e(3) =5

wel = (3)e(3)-|m

To represent this vector a quantum state it must respect the axiom 1 of
quantum mechanics and be normalized i.e

(w|lw) =1
Proof
oy
wh) = (ot o8 g0 55 )| 6
35
(wllw) = aya™y* + ada6* + ByBy" + 5657 6"
(wllw) = |ay]* +|ad]® + B + |B5]> =1

Which applies because we know that {|avy|?, |ad|?,|87|?, |36]?} are the prob-
abilities finding state |w) along the basis vectors {|00),|01),]10),|11)} respec-
tively.

Using this mathematical tool-tensor product we can composite N-Qubit

quantum states but for the needs of this thesis we will use only bipartite quan-
tum systems.

11



1.4 Two Qubit Gates

Similarly with classical computation we need gates to manipulate two qubits.
The different between them is that the quantum gates are reversible it means
that if we know the outputs of the gate we can find the input qubits applying
the inverse (U~! = U ) gate on the output qubits.

Also unlike with classical gates the number of inputs is equal to the number
of outputs something that does not apply in classical gates (for example AND
gate has two inputs and one output).

The gates act on bipartite C* quantum states must be represented as 4x4
unitary (to repsect the normality of the quantum state) matrices.

Some common two qubits quantum gates are:

Control Not (CNOT)
It is the most used quantum gate which checks if the first qubit is in state
|1) (control qubit) then it flips the second one (target qubit).

|y>=|1> lp™>=|1>

|z>=10> —— | X |— |z/>=|1>

Figure 4: Action of CNOT gate on two qubits initialized at |10>

Truth table:

Ucn|z) ® |y) = |z) @ |z @ y)(@ : Exclusiveorsymbol)

Input | Output
|00) |00)
[01) |01)
[10) |11)
[11) [10)

Matrix Representation of CNOT Operator:

Ucnor =

OO O
o o = O
— O O O
O = O O

Swap

12



It swaps the two qubits.

Truth table:
Uswap|®) @ |y) = |y) @ |z)
Input | Output
|00) |00)
|01) |10)
[10) |01)
[11) [11)
Matrix Representation of SWAP Operator:
1 0 00
0 010
Uswar = | g 1 0 o0
0 001

Control U (CU)

This is a general set of two qubits gates which checks if the first qubit is in
state |1) then it acts with the U gate on the second one. CNOT belongs in this
category for which U = X.

Truth table:
Input | Output
|00) |00)
|01) |01)

[10) |1) ® U|0)
1) [ [HeU[l)

Matrix Representation of CU Operator:

1 0 O 0
0 1 0 0
0 0 Unn Up

Ucy =

Example: Lets confirm the action of CNOT gate on the four possible inputs

1000 1 1
010 0 0 0

Uenorl00) = g g ¢ 1 o |~ | o [0
0010 0 0
1000 0 0
010 0 1 1

Uonor[0h) =1 o o ¢ 1 o |~ o |00
0010 0 0

13



1000 0 0
0100 0 0
Uenorll0) = o ¢ ¢ 1 O Rl O el
0010 0 1
1000 0 0
0100 0 0
0010 1 0

Something that confirms the truth table of the gate

1.4.1 DIY two qubit unitary gate

In this subsection we are going to see how we can construct our own two qubits
gate. The only thing we need to know is the outcome of the action on the
computational basis vectors |00}, |01). |10),|11). we call them |uge) = U|00) ,
|UO1> = U|01> ,‘U10> = U|10> ) |U11> = U‘ll)

If we want to construct a two qubit gate (Operator) U then the matrix
representation of our gate is

(00[|ugo)  (00[|ugr) (00[|u1o)  {00][u11)
(01[ugo)  (O1f|uo1) (O1f|u1o) (O1[|u11)
(10[[uoo)  (10[|uo1) (10[|u10) (10[|u11)
(11[uoo)  (11f|uor) (11fJu1o) (11[|u11)

Calculating these inner products we find the sixteen elements (complex
scalars) which compose the matrix representation of our two-qubit gate.

From the definition of |ugo),|uo1),|u10),|u11) one more abstract form of our
matrix is below

(00] U]00) (00 UJ01) (00| U}10) (00 U[11)
(01|U\0> <01|U|o> <01\U|1> (01|U\11>
(10|U\O) <10|U|o> <10\U|1> (10|U\11>
(11|U\00) <11|U|o1> (11\U|10> (11|U\11>

Remember that our quantum Gate U must always be Unitary (UUT = I) to
respect the normality of the quantum state

Example:

Suppose that we want construct the quantum CNOT gate matrix represta-
tion. We know that the action of Uoyor on the computational basis vectors

14



|00}, |01), |10}, |11) is to check if the first qubit is in state |1) then reverse the
second.

Meaning |ugo) = Ucnor|00) = [00), [uo1) = Ucnor|01) = [01),|u1g) =
Ucnor|10) = |11),|u11) = Uconor|11) = |10) so the matrix representation of
our two qubit gate is:

(00[|ugo)  (00[|uo1) (00[lu1o)  {00][u11)
(01f|ugo)  (O1f|uo1) (O1f|u1o) (O1[|u1r)
(10[Jugo)  (10[Juo1) (10[u10) (10[|u1r)
(11Jugo)  (11f|uor) (11[Ju1o) {(11[[u11)
can be rewritten replacing |u;)
(001]00)  (00[|01) (00||11) (0O0||10)
(01]|00) (01]j01) (O1||11) (01]|10)
(10]|00) (10][01) (10]|11) (10]|10)
(11]j00) (11]j01) (11]|11) (11]|10)

Due to to orthonormality of the canonical basis (zy||zw) = d42 yw {2, Y, 2, w €
[0,1]} the final matrix representation of our gate is:

S oo
oo~ O
_ oo O O
o= o o

Known as quantum CNOT gate.

1.5 "Double-Wedge" Notation

For the needs of this thesis we introduce a new notation called "double wedge"
[7] it is a way to represent bipartite quatum systems in a form of a 2x2 matrices.

Lets suppose we have a two qubit quantum state

a
|’(/)> = a00|00)+a01|01>—|—a10|10>+a11\11) = 0; so that \a00|2+|a01|2+|a10|2—|—|a11\2 =1

15



then the double-wedge "ket" notation of this genaral bipartite quantum state is

Ay =1 (o)

similar to vector representation the "bra" notation is

(Al = Q) = o o o)

*
Aoy 11

We know that if |A)) represents a quantum state it must be normalized which
means ((A[|A)) =1 or [||4))|] =1

It is valid that:
((A|B)) = Tr[AB]
Proof:

({(Al = ago(00[ + agy (01] + a7 (10] + a7 (11|

|B)) = [B0ol00) + B101) + B14[10) + B11[11)
Calculating the product

((A[IB)) = (ago(00] + ag; (01] + ajo(10[ + aj; (11]) (Boel00) + Bo1|01) + B10[10) + B11[11))

= ajoBoo{00[|00) + agoBy;(00]|01) + ageB10(00[|10) + ageB4(00][11)
+ag;800(01][00) + agyBo1(01]|01) + ag1819(01[[10) + ag; 811 (01][11)
+a70B00(10]/00) + ajoBo1 (10]|01) + ajoB1¢(10[[10) + ajyB11(10][11)
+a11B00(11]]00) + ajy Bo1 (11]|01) + a1 B10(11][10) + ajy 811 (11][11)

due orthonormality (zy||x’y’) = 044 4y leads to

((A[IB)) = agoBoo + ag1Bo1 + aioB10 + 11811

Next, we compute:
At — ( ago  @1o ) B = ( Boo  Bo >
app A Bro Pu
and

AR = ( apo  G1o ) ( Boo  Bm > _ < ag0Boo + aToP1o  aooPor + aToPn )

agy  ai; Bio B ap1Boo +ai1Bio  ap1Bor +aii1B1n

16



Taking the trace of this matrix:

TrlA'B] = ajBoo + aioBio + aiyBor + ai1 81

So
((Al|B)) = Tr[A"B]

The way of representing bipartite states via double-wedge notation is also
very handy when we want to perform gates on the quantum state either one-
qubit gates (X,Y,Z) or one two-qubit gate (SWAP,CNOT) due to the identity:

A® B|C)) = |ACBT))

Proof:
|C)) = Zcmm ® 15)
A= ZAkl|k><l|
B = Apn|m)(n|
A® B|C)) = (A®B)Zcij‘i>®|j>
A® B|C)) = ZcijAlz) ® Blj)
A®B|C)) = izjcij (%Akl|k>w> ® <; an|m>@’|j_)/>

due to orthonormality (z||y) = d,, We have that (l||7) = d;; and (n||j) = dn;

A®BIC)) = ¢ (ZAMk)) ® (ZB,,ij)
ij k m

A® B|C)) = Z ApicijBmjlk) @ |m)
ijkm

ASBICY) = S (AC)yBuglk) © m)
jkm

17



A®BIC) = Y (AC)k(Bjm) k) @ [m)
Jjkm

A®BIC)) = > (ACB")pm|k) ® |m)
km

A®B|C)) = |ACB"))

Examples:

Suppose that we have a bipartite system
|’g/1> = a00|00> + a01|01> + a10\10> + a11‘11>

In double wedge notation

Ay =1 (o o)y

aio aii

If we act with X gate on the first qubit and with Z gate on the second one the
unitary matrix U representation of this gate is

0 0 1 0
0 1 10 0 0 0 -1
U_X®Z_<1 0>®<0—1)_ 1 0 0 0
0 -1 0 0

The quantum state after the action of U using dirac notation

0 0 1 0 apo a10

_ 0 0 0 -1 ao1 . —ai11

U|¢> - 1 0 0 0 aio - ano
0 -1 0 0 al —aop1

= CL10|00> — a11|01> + a00|10> — a01‘11>

The quantum state after the action of U using double wedge notation and the
identity A ® B|C)) = |ACBT))

xoziay = xazy=1(1 o) (e ) (5 )

Xezl) = (@ Ty

apo —aoi
X®Z|A>> e a10|00> —a11|01>—|—a00|10> —CL01|11>.

We can easily observe that both ways lead to the same outcome and the second
one (double wedge) does it in a very compact way.

18



Similarly if we act with a two-qubit gate specifically with a CNOT gate,
whose unitary matrix Ucoyor representation is:

100

Ucnor =

o OO
OO =
—_ o O

The quantum state after the action of Usyor using dirac notation reads,

Uly)

Uly)

1 0 0 O apo aoo
01 0 O ao1 . aop1
0 0 0 1 alo n a1l
0 01 0 ail aio
a00|00> + a01|01> + a11|10> + a10|11>.

Trying to express CNOT as a tensor product of two independent one qubit

gates is impossible.

Definition: We say that CNOT is a non-local gate because it can’t be written
as a tensor product of two one-qubit gates (A ® B) but only as a sum of tensor
products because is not acting on each qubit independently but check the first
and then acts on the second.

So decomposing CNOT as a sum of two matrices we have:

0 0

1
0
Ucnor = 0
0

o O =
= o O

IREHECHEEHEE

The quantum state after the action of CNOT using double wedge notation
and the identity A ® B|C)) = |ACBT)) reads

Ucnorld)) = K
Ucnorld)) = [(
UcnorlA)) = | (
Ucnorld)) = | (
Ueworla) = |(

Qg

0
ao
a1

0)e(o 1)+ (0 1)V o)iCem o

0 ) (o )1 Cam (0 0 )e (9 6) (o o
o) Com o ) (o Y =r(0 1) (o oy (1 9 )
0 %1)»+|(;i ﬁo)»

0 ))) = ael00) + aon[01) + a1110) + anol11)

We can easily observe again that both ways lead to the same outcome.
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1.6 Entanglement

One weird phenomenon we observe in quantum world is entanglement. Sup-
pose that we have a bipartite system (two quantum particles(photons,electrons
etc)) we call them entangled if there is an "invisible" connection between them.
Changing the polarization of our own qubit (photon particle) performing one
qubit gate for example then the polarization of the remote particle will transofm
analogous. One of the first researchers which observed these phenomena was
Albert Einstein in 1935 who called it "spooky action at a distance". In quan-
tum computation and communication entanglement is a very important resource
(ebit) because it allows us to use it as quantum channel to transfer quantum
information and to make computations at distance.The main algorithms of this
thesis are using quantum entanglement to teleport a quantum state from one
location to other or to teleport the action of quantum gates on quantum states
at a distance.

Mathematically, we say that two qubits are entangled if we can not express
their quantum state as a tensor product of two independent one qubit states
(un-factorized).

i.e |w) is an entangled bipartite system if there are not two qubits |z), |¢)
such that |w) = |z) ® |¢)

Suppose that we have the quantum state:

64) = )+

1 1
—|00) + —|11
75100 + 5 11)
we say that this bipartite system is entangled because does not exist two one
qubit states whose the composition will produce |¢, ).

Proof
We suppose that exists two one qubit states |z),|y) whose the composition

will produce |¢.,)
=5 )w=(5)

Taking the tensor product of them

ac
a c ad
we=(5)e(5)=| i
bd
It must be:
lz) @ ly) = lé5)
ac %
ad B 0
be o 0
1
bd 7
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which means

1
a = — (1)
ad = 0 (2)
be = 0 (3)
1
bd = — (4)

V2

from equation (1) o # 0 and ¢ # 0 which leads to d = 0 and b = 0. So that equations (2),(3) can be verified
respectively but if d = 0 and b = 0 then equation (4) is invalid.
So our system has no solution, which means that there are no |z),|y) such

that |z) ® |y) = [¢,) is valid.

In general, every bipartite system of the form «|00) + 8|11) is entangled.
We call the state vector:

L 100y + 11y

V2 V2

a maximaly entangled state because the probability of two states |00),|11) are
the same and equal to |%|2 = 1. If we know the state of one particle we can
guess the state of the other with confidence. In this specific bipartite quantum
state if we know that the first qubit is in state |0) then and the second qubit is in
state |0) similarly if the first qubit is in state |1) then and the second qubit is in

state |1) because the fact that all the possible states of our qubits are |00),|11).

One other maximally entagled bipartite quantum state is

1 1
[02) = —5101) + —=10)

V2 V2

Similarly with before if we know the state of the first qubit then we can quess
deterministic the state of the second one. If the first qubit is in state |0) then
the second is in state |1) similarly if the first is in state |1) then the second is
in state |0).

John Bell promoted a set of four bipartite quantum states which are maxi-
mally entangled[1]:

1 1
6 = 500+ =)
W) = —=[01) + —=[10)

V2 V2

1 1
lp_) = E|00> - $|11>
[v_) )

! 01 110
0 -
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These four states define a new basis, the so called Bell basis which (as it is
shown in Appendix A) is orthonormal.

1.6.1 Entanglement Circuit : Bell Operator

It’s time to present our first quantum circuit (combination of quantum gates)
which has as inputs two initialized qubits in a computational basis |00}, |01), |10}, [11)
(canonical-factorized) and produces at the output one of the four Bell States
(un-factorized).

The action of the circuit evolves from left to right as we can see in the
diagram.

10> H

|0> X

Figure 5: Action of Bell Circuit on two qubits initialized at [00>

1 1
}Vz‘|00>+42’|11>

In first step we apply a Hadamard gate on the first qubit and then a CNOT
gate on the two qubits.

Example

Suppose input is in the quantum state

100) =

OO O

after the action of Hadamard gate on the first qubit:

1 0 1 0
1 1 1 1 0 1 01 0 1
H®I_\@<1—1>®(0 1>_\/§ 10 -1 0
01 0 -1

the quantum state transforms to
1
1 0 1 0 1 V32
1 01 0 1 0 0
01 0 -1 0 0

Then the action of CNOT on both qubits transforms the quantum state to:
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1000\ [ %
01 00 0 0
|1/J2> - UCNOT|1/J1> = 1 =
0 0 0 1 0
V2 1

which is the final output for input |00).As we observe that it is equal to the first
of the Bell states |¢_).

Using the notation we can prove that the action of the circuit is exactly the
same.
Suppose the input is in the quantum state

1 0
A =1( g o )
which is equal to |00).

After the action of Hadamard gate on the first qubit:
1)) = H®I|Ao)) = H ® I|Aoo)) = [HAoo))

v = 15 (1 4 ) (s o

1
b)) = |<§ 8>>>
2

Then the action of CNOT on both qubits transforms the quantum state to

war=1(5 9o (3 )+ (3 1Yo (0 (o)
e =1( 5 8)(? 8)(3 L ?)(

which is the final output for double wedge input |Ago)). As we observe it is equal
to the first of Bell states [¢, ).

Similarly we can easily verify either by using Dirac notation or double wedge

notation that this circuit has outputs |+ ), [¢_),[|¢_) for [01),]10),]11) respec-
tively.
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Also in quantum world every circuit can be represented as a unitary matrix
multiplying the gates from right to left of the diagram. The circuit which defines
Upeln gate is:

1 0 1 0
01 0 1
Upen = Ucnor(H® 1) = Blo1 o
1 0 -1 0

which is unitary i.e (UBe”U]ge” = I4) a requirement in order to respect the

normality of quantum state,indeed

10 0 1 10 1 0 100
Bl Bl =5 1 0 0 -1 |2l 01 0 -1 00 1
01 -1 0 10 -1 0 000

We can easily confirm that Up.; acting on two qubits in the canonical basis
{]00), [01),]10), |11)} transforms it directly to a Bell state {|¢ ), v, ), [o_), [ _)}
respectively.

Example
10 1 0 1 e
1 o1 0 1 0 0
UsenlO) =510 1 0 -1 ||o ]|~ o [T
10 -1 0 0 %
10 1 0 0 0
101 0 1 I N
UBeulOl)—\/é 01 0 -1 o | = % = |v,) ete.
10 -1 0 0 0

A significant property is that we can transform from one Bell State to another
by applying one qubit gate only at the first particle which means that Bell states
are locally interconnected. This is very useful in practical implementations such
as supedense coding protocol which exceeds the range of interests of this thesis.

From\To ‘¢+> W+> l9_) [v_)
) I®I XeI Z®I Y QI
) Xl I®I Y RI | Z®1
lo_) Ze1I —Y QI | I®I —X®I
[_) —Y QI | Z®1 —X®I|I®l
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Example:

If we have a Bell state (From):

0
1
) = f
V2
0
Then we have to act as follows,

) = <—z‘Y®I>|¢>=[(? _01>®<(1) (1))] 0

V2
00 -1 0 NG 0
00 0 -1 0 75
lhy) = = 1
10 0 0 0 v
1
01 0 0 - 0

1.6.2 Un-Entaglement Circuit : Inverse of Bell Operator

As we said every quantum gate is reversible i.e if we know the outputs of the
gate we can find the inputs applying the UT gate at the output qubits. This can
be generalized for quantum circuits since every quantum circuit can be written
in a form of a unitary matrix who represents the whole circuit.

As we have shown the Matrix representation of Bell circuit is:

10 1 0

1 o1 0 1
UB@”*E 01 0 -1
10 -1 0

which takes an input from the canonical basis {|00),]01),|10),|11)} and trans-
forms it to a Bell state.
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Due to reversibility the reverse Bell gate reads
Uun—penn = Uk = (Uenor(H @ 1) = (H e DUl yor

Ucnvor and H are Hermitians (U(TJNOT = Ucnor and HT = H),which reads

1 0 0 1

1 0 1 1 0

Uun—Bell = (H ® I)UCNOT = \/§ 1 0 0 -1
01 -1 0

100>+ 11> l H — [0>

V2 Iy 10>

Action of un-Bell Circuit on two qubits initialized at |, >

Example:

If we "insert" to un-Bell circuit the Bell state

1
V2
0
|¢—> - 0
_ 1
V2
then the outcome is:
10 0 1 NG 0
1 01 1 0 0 0
|’¢)out> - U1L'n—Bell|¢—> - ﬁ 1 0 0 1 0 = 1 = ‘10>
01 -1 0 —-L 0

which is the input (on canonical basis) which produces the Bell state |¢_)
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1.7 Density Operator

A more complete way of describing quantum systems is the so called density
matrix/operator. This refers to the general case where we do not know the
exact state in which our system finds itself. E.g a system is 30% in the state
|0) and 70% is in state |+) it can be described by the following density operator
p = 0.3]0)(0| + 0.7]4)(+|. But this kind of systems are out of the needs of this
thesis. In our cases we know that the state is |¢)) with certainty so an alternative
way of saying that is by means of the density operator which is:

Py = 1) (¥

Suppose we have a general one qubit state:

) = alo) + 51 = ()

let’s compute the density operator of one qubit state using vector notation

@ v o al? ap*
pw:¢>(¢|=(ﬁ>(a B ):(ﬂcl* |B|2
Three conditions which a density operator satisfies are:
a) It is Hermitian:
pl=p

b) The sum of the diagonal elements is equal to 1:
lal* + 181> =1

because |a|?, |8|? are possibilities

c) o is a positive operator which means that (|p|t)) > 0 for an arbitrary
quantum state |¢)

Suppose we have one general two qubit-Bipartite state:

ay
[¢) = (al0) + B|1)) ® (v]0) + 6]1)) = gi

Bo

The general density operator of this arbitrary bipartite system is:

ary
Py = 1) (W] = gi (o a8 By 56 )

386
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PP Py yPaBt aypTe”
_ | lalPoy" laflo]? adBTy* |0aB”
Po= | hPBar Byate” (BRI |BPye”
Boary* |8 Bar |BPay |BI[6)
Also as we used tensor product to describe multiple qubits quantum states.

So we will use tensor product of density operators to describe the general density
operator of two or more qubits quantum states

Especially for a general bipartite system we may have that

Py = Py @ Py
Proof

2 *
0 = al0)+ 411 then p, = ool = ( 5. 2 )

y? o )
= 0) + 6/1) th . = = N
|Z‘> 710) | ) then Pz |x><x| ( 5y |5‘2

‘Which leads to:

a2 ag 2 8t
Py = Py ®p, = 0){(¢| © ) (x| = < |50[ |5ﬁ|2 >®< ?vl %\2 >
a7 Jay6" [yPaB” st
267" |af?[6]*  adB™y*  |0|*aB”

Po = VPBa Byaré™ |BPyP |B1P6”
Béary* |62 Bar  |BIP6y* |BI2|6)

which applies because it is equal to the direct computation of the density oper-
ator for a general bipartite systems.
1.7.1 Evolution of Density Operator

We know that the evolution of a quantum state |i) after the action of a gate U
is given by: [¢') = Ul¢).
Similarly the evolution of the p after the action of U gate p’ reads:

o =UpUT
Proof
‘We know that
po= W
where [¢) = UJ) and (9| = [¢/)1 = (Up) = (w|UT
Sop = Ul) (Ut =UpUT
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Example
We have a single qubit quantum state

w=(5)

which has as we have seen before Density Operator

_ MPaW)
p‘(ﬂm ik

After the action of Uyor = X gate the new quantum state is:

w=xw=(0 1) (5)=(2)

2 *
g == (D) sy = (W )
Using the equation we just proved
r_ _( 01 o> ap” 0 1Y\ _(I87 B
deo= (45 ) (e 1 ) (1 0)= (e (k)

As we can observe both ways to compute the density operator after the action
of a gate U are equivalent.

So

Respectivly we can generalize the evolution of density operator for bipartite
quantum systems or N-partite quantum systems.

1.7.2 Reduced Density Operator of Bipartite Systems

In this subsection we will describe how we can calculate a very important object

the reduced density operator (2x2) which describes one of two qubits given the

general density operator (4 x 4) of a bipartite system using the mathematical

tool known as "Partial Trace" over one or the other of the two quantum systems
Suppose that we have a bipartite density operator

pap =Y Pl (il @ k)]

ijkl

Poooo  Pooor  Poioo  Poiol
Pooto  Poorr  Porio  Poill
P1o00 Piroor  Piioo  Piio1
Pio10  Pio11  Priio P11

PaB =
Grouping the above 4 x 4 matrix in four 2 X 2 matrices we rewrite:
Pap = ( Poo  Po1 )
Pio P
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We can find that the reduced density operator p, describing the first quantum
system tracing out the second density operator pp

pap =Y il (il @ k)

ijkl

pa = Y Trlpiuli) (il ®[k){1)
ijkl

pa = Y pyuli)le Tr(k) 1)
ijkl

We know that
Tr([k) (1)) = b
So,
pa= Zpijkkﬁ)(ﬂ
ijk
leads to:

o4 = ( Poooo T Poo11  Poroo T Poi11 )
P1000 T P1o11 Pi1oo0 T P1111

Which is equal to

_( Tr(poy) Tr(po1)
Pa= < Tr(p(l)g) Tr(p(l)i) >

Similarly

pp = Y Tralpyuli)(il ®[k)(1)
ijkl
p = pPuwTr (9] ® k)

We know that
Tr(l3){d]) = 04

So,

PB = Zpukz\kﬂl\

ikl
pg = ( Poooo T L1100 Pooo1 T P1101 )
Pooto T P1101  Poo1r T P1111
Which is equal to
pB = (Poo + P11)

So using the above two relations we can calculate any of both reduced density
operators (p4, pg) given the general Density operator p of a bi-partite system.

Example:
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Suppose that we have one of the Bell quantum states

1
7
0
‘¢+> = 0
1
V2

then the density operator of this bipartite quantum state is

% Loo )
0 1 1\ 0O 0 0 O
1 1 g o 1
NG 2 2
Then
1 9 o 1L
2 2
L6 o) Lo oo (3 0\_1,
PaT (000 0 0 —\o 3 )7 2™
T 1 0 T?‘ O 1
2 2
and . . )
= = 0
_ 2 2 P
= (( 5 54 )=m

0 00
)+ (o 1))=(
In general any of Bell States (|¢,), [¢_),[¢,),[1_),) have py = pg = L15. (See

Apendix B)

1.8 Entropy as a measure of Entanglement

As we have already seen we say that two particles are entangled when we can
not write them as a form of two qubits using tensor product (|¢) ® |¢))) but how
we can measure the quantify of entanglement for a bipartite system?

One way to quantify the entanglement of one bipartite system is to find
the reduced density operator according to the previous section and then calcu-
late the Von Neumann Entropy introduced by John von Neumann, using the
definition

S(p) = =Tr(plogy p)

The outcome of this computation is a scalar which quantifies the entanglement.
It is very important to prove that the Bell States have the maximum quantity
of entanglement.
Suppose we have one of the Bell State e.g

‘¢+> =

So =gk
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according to the previous section the reduced density operator of this bipartite

system is
0
p= 1
2

Applying the definition of Von Neumann Entropy

s<p>=—Tr(<€1) S)logz( >)

The matrix is diagonal so we can take the logarithm of it’s elements

S(p)Z—Tr<( % ) (k’gozé logOQ% ))

Due to the identity

[esd NI

Owl=
= O

= O

log(g) =logx —logy
Y
Our equation takes the form:
1
5 0 logy 1 — log, 2 0 ))
S(p)=-Tr 2 2 2
Q ((0 é)( 0 log, 1 —log, 2
We know that
logy1 =0
So .
5 0 log, 2 0
— _ 2 2
o= ((5 1) ("% ne))
Log, 2 0
= — 2 2
S(p) Tr ( 0 % log, 2
Finally,

1 1
S(p) = 5loga 2 + 5 logy 2 = logy 2 = 1

Which is the maximum possible as we expected and it indicates that we have
maximum entanglement.

Exactly the same applies for the rest of Bell states since all of them have the
same reduced density operator(p = £). (According to Appendix B)

1.9 Quantum Measurement

As in the classical case where we have to measure the level of voltage using a
multimeter so in quantum computation we have to estimate the quantum state
of qubit (for example Spin-up or Spin-down state for the case of electron states)
using a mathematical tool called projection.Which is a set of matrices P, that
constructed with the help of a vector |w) on which we want to project our state.
Explicitly

Py = |w)(wl
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Assuming that |||w)||=1 we can easily verify that P, = P2
Proof

Py = |w) (w]w) (w]
~——

Do to the fact that |||w)||=1

1.9.1 Canonical Basis Measurement

One Qubit Measurement Suppose that we have a qubit in a general form
of superposition on the computational basis |0),|1)

¥) = al0) + B[1)
where
lal* + 161> =1
The two projection operators we can construct to observe if the qubit is in
state |0) or |1) at the moment of measurement are Py = [0)(0|, Py = |1)(1]
respectively.

Suppose that we want to act with the Py on the qubit.
") = Pol) = [0)(0[(|0) + B[1)) = a[0) (0[|0) +5]0) (0[|1)
~—— ~——

due to Orthonormality
(@[ly) = day
Our system takes the form:

¥} = al0)

As we can easily observe this is not representing a quantum state because it is
not normalized

(W'[[¢") = a*(0lal0) = aa™(0][0) = |af* # 1

this happens because projection operators are not unitary so they do not respect
the norm of the quantum state
So we have to normalize it dividing with

WIRW) = \Jwli) = /(@0 + 8 (1]) al0)
WAL = \Jora(0/0) +57(1/0)]
@B = Ik =lof

where (1| Py|¢)) = |a|? is the probability of finding our state [1) along |0)
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The state after Py measurement is:

__ Bl _ a0
[Yp,) = =
WIRly) e
which means that
Y p,) = 10)
or
Y p,) = —10)
which are equal "up to a global phase". Which means that
Y p,) = 0)
Similarly under the measurment acting with P; on the qubit the post-measurement
state is:
_ kAl Bl
‘¢P1> - - ﬁ
ipfy) 18l
which is equal to:
[Yp,) =11)

As we observe either of two cases the state after measurment collapses on |0)
or |1) depending on the projection operator that we will use. This means that
quantum measurement destroy our quantum state.

Two Qubits Measurement Suppose that we have a bipartite (two qubits)

quantum state in a general form on the computational base |0) ,|1)
|Y) = a|00) + 5|01) + ~|10) + §|11)

where
laf® + |8 + [7* + |6 =1

We have four possible states in which a qubit may be {|00), |01),]10),|11)} so
we construct the respective projection operators

)
)
)
Py = [11)(11]

Suppose that we want to act with the Py; on the bipartite quantum system
[¢') = Por|¢)) = [01)(01|(|00) + B]01) + ~[10) + §|11))

due to orthonormality
(z122[|y1Y2) = O01y1 2202
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Our system will be transformed:
[¥') = Bl01)

As we can easily observe this is not representing a quantum state because it is
not normalized

1) = (¥'llv') = 67(01]8]01) = BB (01]/01) = |B]* # 1
So we have to normalize it dividing with
VTTPTE) = \/Wle') = /(@ (00] + B (01] + v+ (10] + 6% (11])(8]01))

due to orthonormality

<.’L‘15l?2| |y1y2> = 6$1$27y1y2

(V[Poly) = 4/B7B(01]01)
Wlbly) = VIBI? = 18]

where (1| Po1|1) = |B]? is the probability of finding our state |¢) along |0)
The state after Py; measurement is:

Poily)  B|01)

V) = Py 16

Which is equal to
[V p,, ) = 101)

"up to a global phase"
Similarly we can calculate the post measurment states under the action of
P,,, P, on the bipartite quantum system which are |00),|10).|11) respec-

1077 11

P

007
tively

On bipartite quantum systems we have the ability to measure only one of
the two qubits (particles).

For example we can construct projection operators so that the first qubit be
in state |0) and leave alone the second one

Py =10)(0|®I
or the second qubit be in state |1) and leave alone the first one.
P[’l =I® ‘1><1|

etc.
Suppose that we have a general bipartite system

[) = a|00) + B|01) + ~|10) + §|11)
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and we want to calculate the post measurement state of Fy ; projection operator
(first qubit be in state |0))

') = Porly) =10)(0] ® I(«|00) + B|01) +~[10) + 11))
[¥") = al0)(0][0) @110 + 8]0} (0]|0) @I|1) + 4]0} (0]|1) ®I|0) + 4|0) (0]|1) @11)
—— —— —— ——

due to orthonormality
(@[ly) = Ouy
[¥) = al00) + 5]01)
which is not representing a quantum state

14 = @W'[[¢") = (a(00] + B(01) (|]00) + B]01)) = aa”+BB" = |a*+]B]* # 1

So we have to normalize it dividing with

J@IPoale) = i) = /(0 (00] + 87 (01] + 7+ (10] + 8% {11])(al00) + BJo1)
due to Orthonormality

<.’L‘1.CU2| |y1y2> = 5$1y1,w2y2

W@IPorl9) = /ara(00j00) + 57(01]01)
WPy = VIaE 18P

where (1| Py r|¢) = |a|? + |B]? is the probability of finding the first qubit of our
state |1} along |0)
The state after Py ; measurement is:

Poale) _ al00) +Blo1)
V@Po10) /ol ¥ [BF

|¢PM> =
1.9.2 Bell Basis Measurement

One other basis as we have already described is Bell basis with base vectors
{lo1),16_),1%,), )} which represent four maximally entagled states of two
qubits.

The general form of a bipartite quantum system using Dirac notation of Bell
States is

[¥) = aloy) + Blo-) +7ly) +dly_)

We can construct four Projection Operators to measure in which Bell state
is our system.

P¢+ = |¢+><¢+|
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Py =lo_)(o_|
Pw+ = |¢+><T/J+|
Py =1[¢_){o_]|

for respective Bell states. When we measure on this basis we call it Bell Mea-
surement which is usefull for this thesis.

Suppose that we want to measure our bipartite system under the P4, pro-
jection operator

lv") = Py ) = o Mo (g ) + Blo_) +v[vy) +dlv_))
(g llop) o) +B(oillo) o) +7 (o pllvy) o) + 0 (dyllv_) o)
~— ~— ~— —

due to Orthonormality of Bell Basis

[¥) = oloy)

So we have to normalize it dividing with

WPorle) = Wl = @ (o, 1+ B (6| + (| +3_al,))
<¢|P¢+W> = a*a<¢+\¢+>
(|Psrlv) = Vl]al* =|af

where (1| Pyy|t) = |a/? is the probability of finding our system [¢) along |¢. )
Bell state.
The final state after the measurement is
o VY| Pyt |9) |al

"up to a global phase"

[¥p,,) =l¢4)

In this case it is evident that we can not construct projection operators on one
of two qubits because our base is not factorized.
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2 Quantum Teleportation Algorithms

Quantum teleportation is a protocol introduced by six scientists (C.H. Bennett,
G. Brassard, C. Crepeau, R. Jozsa, A. Peres, and W. Wootters) in 1993 which
allows us to teleport quantum information (quantum states) from one space to
another taking advantage of quantum entanglement. In this thesis we are going
to reformulate the protocol in a more compact form and describe some other
cases for the teleportation of quantum resources further the one you teleport
a quantum state. Specifically, on the first section we will describe the tele-
portation of a quantum state of one qubit according to the paper of Bennett
something that requires 1shared pair of entangled qubits and two classical bits
of information. On the second section we will describe the 1Qubit Gate Tele-
portation which will have as a scope Bob to receive the outcome of the action
of one qubit gate on the arbitraty qubit that Alice had on her possession, as
we will see from resources perspective it also requires 1shared pair of entangled
qubits and two classical bits of information plus the action of a quantum gate
by Alice.One other protocol which uses this kind of teleportation is the 1-Qubit
Gate only Teleportation on which we will prove that Bob can reconstruct a gate
which Alice teleported just sending the action of this gate on the basis of |0}, |1)
from resources perspective it requires 2*(1shared pair of entangled qubits and
two classical bits of information)= 2 shared pair of entangled qubits and four
classical bits of information.Also, we will demonstrate a protocol with which Al-
ice can teleport an arbitrary (not necessarily maximally) entangled state of the
form a|00) + 3|11) using Ishared-pair of entangled qubits and 3 classical bits of
information. On the fifth section we are going to demonstrate how we can tele-
port the action of one two qubits gate (such as CNOT) on two arbitrary qubits,
from resources persepctive it requires 2 shared-pairs of entangled qubits plus 4
bits of classsical information. Similarly, we will prove that Bob can reconstruct
the two-qubit gate if he receive the action on the basis [|00), |01),]10), |11)] from
resources perspective it requires 4*(2shared-pairs of entangled qubits and four
classical bits of information)= 8 shared pairs of entangled qubits and sixteen
classical bits of information.
Summing up in a more visual form from resources perspective we have:

1-Qubit 2-Qubits
State lebit 2cbits | lebit 3cbits
Action | lebit 2cbits | 2ebits 4cbits
Gate 2ebits 4cbits | 8ebits 16c¢hits

ebits: shared pairs of entangled qubits
cbits: classical bits of information

It is notable that all of the above protocols belong to a specific category
of protocols called LOCC-SE (Local Operator Classical Communication Shared
Entanglement) which means that the sender and the receiver have prepare and
share a pair of entanglement and that the receiver performs some local opera-
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tions determined by the bits of the classical communication between the sender
and the receiver to retrieve the desirable quantum state.
One visual way to represent the steps of the protocols separated in modules

is given below:

B

Prepare & Share
Entanglement

Alice and Bob prepare entangled pairs using
"Entanglement Circuit" and they split and share
the two particles.

Derivation of the simplified teleportation equation

QM|

state.
Creation of classical bits of information

Alice performs Quantum Measurements on her
qubits so our whole system collapses to a specific

Quantum
Measurement
cc|
Classical

Communication

Alice transmits to Bob via a classical channel
(e.g phone line) the classical bits ebtained by the
measurements

Local
Operation

Bob receiving the classical bits by Alice
constructs the recovery operator which is
determined by them and acts on his local qubits
to retrieve the desirable state

The whole description of the protocols in a form of steps shows that
they belong to LOCC-SE protocol

2.1 1-Qubit State Teleportation

Alice wants to teleport an arbitrary unknown quantum state |¢) = «|0) + 5|1)
to Bob. To achieve this they have prepared and shared (taking one qubit each
one) using the Entanglement Circuit a maximally entangled bipartite state

¢1)

1
= —00
7

Ly 2

ﬁ|11> ==

)+ 7
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So the initial state of our system is:

[¥)

®l %
) ®|

Ly

Ly

V2

(@|0) + BI1)) @ (

V2

“ 1000) +

V2

2 Jo11) +

|00> + |11>)
V2
5 1100) + 2y

V2

V2

From which the first two qubits belongs to Alice and the third one to Bob.
So we can rewrite the equation separating their local qubits

100)

— ®al0 all 0 1
|>®|\f>> \f®|>+\/§®|>+\/§®ﬂ|>+ﬁ®ﬁ\>
We can easily prove that
00 _ 60 +lo)
NG 2
oY _ )+l
2 2
o R -lwo)
V2 2 ’
1 e —leo)
V2 2
Reformulating Alice’s qubits on Bell Basis:

I\ o) +loo) [Yy) +1¥-) lhy) —1v-)
el 7)) = = wal0) T ) + S i)+
Separating the Bell Basis factors:

1 1
|¢>®\ﬁ>> =5 [l¢4) ® (a[0) + BI1) + [¢_) ® (a[0) = BI1) + [¢) @

01)

|10)

[11)

Next we express the four Bell states belonging to Alice using "Double Wedge"
notation and the Pauli matrices 01,03 :

S0 On-=1

¢)

¢-)

%)

[¥-)

00) +[11) _

V2

[00) — [11) \11

[01) + |10) +|10

01) — [10)

|10

1

1

_E\

—_

2

et
(
(

olog,, _  (oho8)”
G ) = 7 ))
ook, (ehod)"
V2 V2
0_10.0 - (0.10.0)T
\1/§3>> = | 1\/3 )
0-30-% >> _ ‘ (U%O_%)T
V2

2

M

)

®pI1)

(1) +510)) +[y_) @

(1)

— 810))] -



The four possible cases Bob’s qubit that involve the unknown state |¢)) = a|0) +

B|1) are expressed as:
a0 o = (5)=(5 V) (5) =@
«

a0 s = (%) =(5 ) (5) -

ao = (5)=(7 ) (5)=Ctedm

ay-p = ()=(1 3)(5) = odm

Combining these expressions for Alice’s and Bob’s qubits the initial state can
be written as:

T 1 0 0\T 0 INT
ol = 50020 otelu) + 15 o stoliv)
1 _0\T 1 _I\T
%) @ olofiu) + 192 @ olaiu)
To simplify the notation let:
_ (of05)"
Vap =172

Our equation then gets the following equivalent forms

) @ %» = 2 (1Voo)) ® VAVEEIS) + Vo)) ® VEVEI) +[Vio)) ® VEVSI) + Vi) © VEV{LIw) )
) ® 1) = —(1Voo)) ® Viplu) + Vo)) ® Vi) + Vio)) ® Vi) + Van}) @ Vil )

VLG
And finally

VT
) ® ‘f \[ZIVW Vaplt)- (1)
We call this the simplified teleportation equation .
Next Alice performs a joint Bell measurement on her two qubits so the above
state which is described by a sum of quantum states collapses into one term.
To achieve this she acts with the projection operator on her two qubits.

PVG/B/ = |Va’ﬁ/>><<Va’B"

where o, b’ € {0, 1} can be considered as two classical bits which exported from
the Bell measurement and indicate uniquely with which of four Bell Projection
operator Alice acted on her qubits.
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So the teleportation equation after the measurement collapses into the state:

[¥) ) = (Pv,, ® D)) ))

1 I
®|ﬁ ®|%

Using the simplified teleportation equation
1 1
(Pv,y @ (1) @ [=2)) = (Vars ) (Vg | @ T) == Y [Vag)) @ Vol |o)
V2 V2~
Acting on the respectively qubits:
I 1
Py, , oI R|—=))) = —= Vg )W (Vi e[| V) @ VI
(P, 5 @ D)(|9) |ﬁ>>) \/iaz;;‘ BN (Varpr|[Vap)) @ Voslth)

SoatOppr

Due to orthonormality of the set of matricies Vg V o, 8 € {0, 1} which is proved
at Appendix A

lifa’ =aand g =p
<<Va’ﬁ'||Vaﬁ>> = {0 if o/ # a' or 6/ £ = 60«1’,55/

Only one term will "survive" after the action of projection operator this one
where o' =a and 8’ = f

1
|Sy5tempost—measurement> = = ‘Va’[j’» & V(;Z;ﬁ’ |7/}>
V2
1 ’ ’
|SyStempost—measurement> = §|Va’ﬁ/>> ® 0—(11 O—g |w>

Normalizing the final state after measurement we obtain:

|Sy5tempost7measurement> = |Va’ﬂ’>> & U?/Ug |Z/}>

We define: )
Weor gr = U‘f‘lag

Bob’s state vector after measurement is W, g[1)). To retrieve the initial state
|) he needs to undo the unitary operator W,  g. To this end he needs to
know exponents o and 3’ which are identified with two classical bits obtained
from Alice’s measurement, these two classical bits known to Alice and needs to
forward them to Bob by classical channel (e.g telephone line).

When Bob receives these two classical bits he acts with the appropriate
recovery operator to his qubit as shown in the table below:
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Cbit | Recovery Operator
’ / T
o/f | W 5 = (o‘f a'g)

00

=)
N——1

01

al,

1

0

1 0

0

0
o [

0 1

(5
Finally Bob acting with the suitable operator he will obtain:

Wpo) = Wi 5 Warprl) = I|9)) = ).

where 1) is the initial quantum state which Alice wishes to teleport to Bob.

From resources perspective we achieved this state teleportation by using one
pair of entangled qubits and classical communication of two bits.
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Alice Wb““““

D3
D3

IWs>=al0=+Bl1> -
( \ Pvap' |
1 > i Woply> , | W ly[ )

L)
2

The whole diagram of teleporting a quantum state. (Time evolves from left to right)

2.2 1-Qubit Gate Teleportation

Suppose that Alice wants to teleport the result of the action of one predefined
qubit gate Usz,o on her qubit (U])) to Bob. To achieve this she acts with UT
gate on her second qubit (the entangled one) [5] [6].
So the initial state of teleportation is reformulated as
I I
LeU'®1l ®|—=)) =) (U ®1,)|—=
(1 2)[9) |\/§>> ) @ ( 2) |ﬁ>>
—_———
due to identity:
(A® B)|C)) = |[ACBT))
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It’s a fact that:

T Ly _ Iy
So our initial equation reads:
(120U 2 L)) © | 2)) = (2@ L @ V) © | 2=))

Due to simplified teleportation equation introduced previously see equation (1)

1 1
(1, U @ 15)|Y) ® \ﬁ» =(1®12® U)E Z [Vag)) ® VaT,a )
B
U gate acts on the third qubit
1 1
(1,2U" @ 1,)[Y) ® 'ﬁ» =% > Vap)) @ UV gl)
a,B
Exploiting the fact that U is Unitary: UTU =T
I 1
(LeUTeL)¥) @) = —= |Vas) @UVI U Uly)
I 1 1
(10U @ 1)) ® 5 = 5 > Vap)) @ 75U oS UT Ulep)
o,
(120U @ 1)) © | <)) = 5 3 Vi) @ Uotof Ut U)
a,B
So by defining the unitary operator:
Wgﬁ = UU?J?UJr
It leads to:
I 1
(12®UT®12)W>®\$>> = 5Z\vaﬁ>>®W55U|w> ()
a,B

This will be called the simplified 1 qubit gate teleportation equation
Next Alice performs a joint Bell measurement on her two qubits. Acting
with the projection operator
P, = Vara (Ve
where o', b € {0,1} can be considered as two classical bits which exported from

measurement and indicate with which of four Projection Operator she acted
So the teleportation equation after measurement becomes
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1
5 2 Vas) @ WiRUI) —  (Py,,,, ®12)3

a,B a,B
1 1
(P, ©12)5 3 Vas) @ WEUI) = (Vg ) {(Varr| @12)5 3 Vagh) @
o, a,B
1 1
(Pvp ®12)5 > Vag) @WeGUR) = 5> Vs )){(Varp[|Vas)) @
a,B a,B

Soal®ppr

Due to orthonormality of the set of matrices V,gVe,8 €{0,1}

Z [Vas))

Normalizing our system after the measurement reads:

1
( \% B! ® 12 | @ ﬁ’>> ® Wo(z]’ﬁ'U|,¢J>

WasUlp) =

‘ SyStempostfmeasuremena =

Vargr)) @ Waig Ule)

The qubit of Bob after measurement is in the state

Y pop) = WS 5 UlY)

To retrieve Ult) he has to undo the action of the unitary operator Wg, g acting

with the unitary recovery operator W(L g on his qubit.
As a consequence:

W oW pa) = W5 Warg Ulp) = LUY) = Ul).

W, is unitary as a product of unitary matrices

/ T
O'g U T) that
Bob has to act on his qubit for some common gates U (X,Y, Z, H) for the

corresponding four possible results (o/, 8") — {00,01,10,11} obtained from the
Bell measurement.

Below is a table with the recovery operators Wot, 5 = (UU‘I’“I

L Vash) © WU )

WEsUw)

<
- <_011) <_8 11> <00_11> <1OO>
DRI RICI It
v ) Che) [0 ) 10 )
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From resources perspective we achieved this using one pair of entangled qubits

the action of a gate by Alice and classical communication of two bits.

Alice \aboratory

B

f W==al0=+pI1>

_‘—\j—-—b UT

PVﬂ'B'

Wa, pUIy>

&

w

Ly,
2

Ulu»[ ]

The whole diagram of teleporting the action of one predetermined qubit gate on a quantum state.
(Time evolves from left to right)



2.3 1-Qubit Gate only Teleportation

The gate only teleportation is a corollary of the gate teleportation. The purpose
is to teleport a whole gate, not only it’s action. To this end we will take
advantage of the fact that the gate teleportation algorithm leaves unspecified
the state |¢)).Suppose that we want to teleport a 2x2 unitary gate to Bob. We
need a way to make possible to Bob to reconstruct the U gate local on his
laboratory. To this end Alice has to send the action of the U gate to Bob
on two predetermined basis vectors 1), [1;) using the protocol we introduced
above ("1-Qubit Gate Teleportation").

The initial qubits (basis vectors) that Alice has to send to Bob are e.g the
canonical basis vectors [¢,) = |0) and |1);) = |1).

We assume that Alice sends U|¢,) at the first one qubit gate teleportation
and Uly,) at the second one.

So the simplified teleportation equation in this case using the 1 qubit gate
teleportation equation (2) will take the form:

(Lo UT © L)) =) = 5 3 Vash) @ W) 3)

1
\/5 a,B
where i € {0,1} for the first and second case respectively

This will be called the simplified 1-qubit gate only teleportation equa-
tion.

Therefore after the completion of the first one Qubit Gate Teleportation
including recover operator by Bob.He will has in his possession the action of U
on |0)

|1/16> = Uly,) =U|0)

Similarly after the second One Qubit Gate Teleportation Bob will has in his
possession the action of U on |1)

[¥1) = Ulpy) =UI1)

Now he is ready to reconstruct the U operator locally using these two vectors
making some post processing calculations.

We have proved that the general Matrix representation of one qubit gate
knowing the action of the gate on basis (|1y) = U|0), |[¢]) = U|1)) is:

( (Olesg)  (OlwY) )
(Lwo) (L)

where [1y), [1]) are the received vectors
The post-processing which Bob has to do is to calculate the inner products
of the received vectors |¢(),[1]) with the basis vectors |0), |1)
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Explicitly:

apo
ap1
@10

a11

(
(
(
(

0l
0f4
1]
1)}

)
)
)
)

(
(
(
(

0|U0
0|U|1
1|U]0
1|U1

)
)
)
)

And construct the final matrix representation of the gate:

(

aoo
a10

ap1
aiy

)

In conclusion, from resources perspective to teleport the whole 1-qubit gate
you need to repeat 1-Qubit Gate teleportation twice which means: 2 % (lebit +

2cbit) = 2ebits + 4cbits.

Alice \

lwi==li=

Obora‘\'o‘“.’

©)

=

A

—

UT

Pvag

W gUJi=

Bob I‘Qbor-af.o"y

&

=

I

»

7

Wig g

The whole diagram of teleporting one predetermined qubit gate acting on a
predetermined quantum state. (Time evolves from left to right)
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Example:
0 1
10
gate so he can act with it on his laboratory. To achieve this they have to follow
the "1-Qubit Gate only Teleportation" algorithm.

According to the steps of protocol she initializes her qubit at state [¢,) = |0)
and acts on her second qubit with the U%OT.

So the simplified 1-Qubit Gate only teleportation equation takes the form:

Suppose that Alice wants to teleport to Bob the Uyor = X =

1 1
(12 @ Ugor ©12)[0) ® |E>> =3 Z Vag)) ® WgéVOTUNOT|0>
a,B

Suppose that Alice performs a joint Bell measurement acting with:

Py, = Vo)) ((Vorl

on her first two qubits. The outcome of this action is two classical bits specifi-
cally (0,1) and the state after measurement will be transformed to:

‘SyStempost—measurement> = |V01>> & VV(%NOT UNOT|0>

According to the table above with the recovery operators for the case that the
gate is X and the two classical bits are (0,1) Bob has to act with

-1 0
WJJ:(O 1)

|tho) = WJJWOJUNOTW) = Unorl0)
which is equal to (according to truth table of NOT):
[¥o) =11)

Similarly, they repeat this protocol with initialized state by Alice ;) = |1) and
the action of U% 7 on her second qubit.
So after the recover by Bob his qubit will be in state

[¥1) = Unor|l) = |0)

to retrieve:

Using these two vectors (|1g), [¢})) Bob has to do some post processing calcu-
lations to construct the matrix representation of the gate.

Specifically:
( (Olesg)  (OlY) )
(o) (Lley)

substituting |¢;) with the corresponding values:



due to orthonormality of the canonical basis vectors, the final matrix represen-

tation is:
0 1
1 0

Which is the matrix representation of Uyor gate tha Alice wanted to Teleport.

2.4 2-Qubit Entangled State Teleportation

In this subsection we will expand the "1-Qubit State Telportation" protocol
trying to make possible to Alice to teleport an arbitrary entangled state of two
qubits. A straightforward generalization of 1-Qubit state teleportation shows
that any bipartite system can be teleported using two maximally entangled pairs
and four bits of classical information, but our goal is to weaken the requirements
on the resources needed to achieve the purpose (e.g the number of the prepared
and shared entangled qubits).
Suppose that Alice wants to teleport the arbitrary entangled state [8]:

¥ sena) = al00) + B[11).

The whole quantum system consists of one shared Bell state between Alice &

Bob in our case
B |00) + |11)

|64) = 7

on the first and second Hillbert spaces.
An arbitrary entangled state that Alice wants to teleport

|wsend> = a‘|00> + B|1]‘>

located on the third and fourth qubit
Finally, an ancillary fifth qubit initialized at |0) belongs to Bob
Summing-up our systems consists of a five qubits space |); ®[),®|);®@|),®|)5

(where the subscript denotes the space that each qubit belongs) from which 1,3,4
belongs to Alice and 2,5 belongs to Bob.
Our system using Dirac notation can be written as:

(|00>12j§11>12) ® (a]00)34 + B]11)34) ® |05

|00000) ~ |00110)  «|11000)  B|11110)
V2 V2 V2 V2

Separating two qubits which belongs to Alice (1,3) we can rewrite our system

101) 15 110) 13 11)13
V2 V2 V2

W}sys>

‘wsys> =

~100)13
|wsys> - \/§

®a|000) 245+

®ﬁ|010>245+

®a|100) 245+

®B|110) 245

o1



Using the equations which connect the Bell states with the canonical basis we
can reformulate our state to:

¢ )13+ [P_)13 [V )13 + [ )13

[Vsys) = — 5 ® a|000)245 + 5 ® 3]010)245
L ehs ; [Y)s 0100} 245 + |9+ )13 ; ¢ )13 © B[110)215
Taking the Bell states as common factor:
[Vsys) = %(|¢+>13 ® (@|000)245 + B]110)245) + |¢_)13 @ (a]000)245 — £]110)245)

+1 )13 ® (a|100)245 + B]010)245) + [1_)13 ® (—a|100)245 + 3|010)245))

According to the protocol Alice performs a Hadamard gate on fourth qubit:

[Vgys) = (2@LOLRH® 12)%(|¢+>13 ® (a]000)245 + B[110)245) + |p_)13 @ (a|000)245 — B]110)245)
+[Y4 )13 @ (a|100)245 + B]010)245) + [¢_)13 @ (—al100)245 + ]010)245))

so our system transforms to

b, ® (al0)2( 2l o) 4 1), (1247 18e))0y;)

S

gy o 16D @ (@0a(BR) 0 — AL, 0)s)
T e @ (al1)o (RF)]0)5 + 8l0)2 (27l 0)5)

+H_)1s @ (—al L)L) j0); + 5]0) (12711) 0) )
Which is equal to:

5v3 104)13 © (a]000)245 + a]010)245 + B|100)245 — B]110)245)
+|é_)13 ® (a|000)245 + a]010)245 — £|100)245 + 3]110)245)
+|T/J+>13 ® (a\100>245 + a|110>245 + 5|000>245 — ﬂ|010>245)

+|’l/1,>13 ® (—a\100>245 — a|110>245 + B|000>245 — B|010>245)}

Bob as a receiver performs a CNOT gate on his two qubits the second and the
fifth of our system having as a control qubit the second one and as a target
qubit the fifth one. After the action our system takes the form:

ﬁ{|¢+>13 ® (@|000)245 + @|010)245 + 5]101)245 — B|111)245)
+|é_)13 ® (a]000)245 + a|010)245 — B]101) 245 + B]111)045)
+|7/1+>13 & (CL‘101>245 + a|111>245 + ﬂ|000>245 - ﬂ|010>245)

+|’¢,>13 ® (—a\101>245 — a|111>245 + 5|000>245 — 5|010>245)}

According to the protocol Alice is going to measure the fourth qubit, to make
it explicitly we factor out the fourth qubit:

5v3 110+)13(10)4(al00)25 + B[11)25) + [1)4 (al00)25 — B]11)25))
W, ) = +]¢_)13(/0)4(al00)25 — B|11)25) + [1)4 (a]00)25 + B]11)25))
e +[¥4)13(10)a(al11)25 + B8]00)25) + |1)4(al11)25 — 5]00)25))
+¥ )13 (10)a(—al11)25 + 5100)25) + [1)a(—al11)25 — 5]00)25))}

|wsys> =

|wsys> =
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Anticipating the quantum measurement we express the state in the first and
third qubit in the |V,g)) notation and the state at Bob’s side in terms of

|¢send> = a|00> + ﬁ‘11>:

27\1/§{|V00>>13 & (|0>4(Ug0-? ® Uggg)‘wsend»QS + |1>4(U§0_(1) ® Ug09)|wsend>>25
|,(/J > — +|Vbl>>13 ® (|0>4(O—§0(1J ® O—go—(l))|wsend>>25 + ‘1>4(Ug0(1J ® 03‘7(1))|¢55nd>>25
e +[Vio))1s ® [0)4(050] ® 0801) [V sena))2s + [1)a(0301 ® 0501)[¥sena))2s
+|Vv11>>13 & |0>4(U§U% ® Ugo%)‘¢send>>25 + |1>4(080% ® Jga%)‘wsend>>25}

Obviously now the state |ysenq)) is obstructed to reach Bob by the unitaries.
For simplicity we define W, g

aaﬁv’y Wa,B,'y
000 I1®I
001 o3 ® 1
010 o031
011 Il

100 01 ® 01
101 0301 X 01
110 0301®0'1
111 01 Q01

So, we can rewrite our whole system in a very compact form:

[sy0) = 2—;5 S5 [Vash) s © s @ Was o [$sena)) 25 (4)

a,B

where «, 8,7 € {0,1}

This will be called the simplified entangled state teleportation.

Alice performs two measurements on her three qubits one Bell measurement
on her first and third qubit acting with Py, ,, = [V p/))((Var p/| s0 she exports
two classical bits (o, 3") which identify uniquely the state of these two qubits
and one canonical measurement on her fourth qubit acting with P, = |y/){(v/|
from which she exports one classical bit (7/)

The state after the mesaurement will collapse in

|wsysifinal> = |Va’,[3’>>13 ® |’Y/>4 ® Wa’,ﬁ',’y'|¢send>>25

So the only action that Bob has to do after receiving the three classical bits
(o/,8',7") from Alice e.g via a telephone line is to retrieve the initial entangled
state |1 .,q)) undoing the action of W, g . To this end he acts with the
appropriate recovery operator W;i,’ By according to the table below on his two
qubits. Which leads his state in:

|1/}Bob>25 = Wl',,@’,y/Wa',B/,’Y’|d}send>>25 = I‘wsend>>25 = |¢send>>25

We note that W, g~ is unitary for any triplet (a,3,7) as a product of unitary

matrices (W ! Wa sy =1)

o’ ,B' Y

93



Recovery operators depending on (o, 3',7):

o By | W
000 I®I

001 o3® 1
010 o3 ® 1
011 I®l

100 0101
101 0'10'3®Ul
110 0103 X 01
111 g1 ®0’1

From resources point of view this algorithm achieved its goal i.e. to teleport
a single entangled pair by using as much resources as the original single state
teleportation (1 maximally entangled pair a Bell measurment and 2 cbits), plus
additional resources firstly at the sender’s side, consisting of a Hadamard trans-
formation, a single qubit measurement and the sending of a cbit, and secondly
at the receiver’s side, consisting of an additional qubit and a set of two-qubit
unitary trasnfomations.
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a

=
a

H > PVI

Pvag ‘ >
” Wa'p'y'(a|00>+p|115) Wiapy al00s+p 11>
al00>+p| 11> 0>—] x Y R ——

.
B R

The whole diagram of teleporting one arbitrary entangled state (Time evolves from left to right)

2.5 2-Qubit Gate Teleportation

Suppose this time that Alice wants to teleport to Bob the action of a two qubit
conditional (non-local) control-U gate Uy,4 on two arbitrary qubits

) = a|0) + B|1)
and
¢) =7[0) +6[1)

To achieve this we assume that Alice and Bob have prepared and shared two
pairs of entangled qubits, which leads to the fact that the initial state of our
system is:

jinitial) = 4) ® |f§>> ® |f§>> ® |6)
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so our whole system consists of six qubits|); ® [)y ® )3 @ |), @ [)5 ® |)¢, from

which {1,2,5,6} belongs to Alice and {3,4} belongs to Bob.
We know that the general form of a condition control-U gate (if the first
qubit-target is equal to |1) act with Us,o gate on the second one) is:

Ucv =Ph@I+P U

We define Ag = Py, A1 = P, and By = I,B; = U, so the general form of Ugy
can be rewritten in a compact form:

1
UCU=A0®B()+A1®B1:ZA¢®B@‘
=0

embedding of Ugy gate into six-fold tensor product of state space. In particular
we embed into 2nd and 5th space the controlled and target space respectively.
To achieve this we reformulate our gate to:

1
Uy =Y I0ARIRI®B eI
=0

In order to apply the operator identity successfully Alice performs the U gate
on her 2,5 qubits (on the particles of the shared entangled qubits) which are
located in the total space of six qubits reads:

Ups =Y (IoAf@IeleBl ol)

)

Acting on the initial state leads to the following equalities

I I
(;I®A?®I®I®B?®I)(\w> @l N el ) ele)
due to: L L .
AT ®I|ﬁ>> = I®A|ﬁ>>>> = \72>>
and

Ly Ly A
I®A |E>>_ A®Il\/§>>—\\/§>>

Our equation can be rewritten

(S 104721019 BT SN ()8l 20l )ele) = (L I81040BeIN )8l =)
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At this point we observed that we have accomplished to transfer the A’s and
B’s of the controlled gate U from Alice’s spaces {2,5} to Bob’s spaces {3,4}
respectively

using simplified teleportation equation (1) twice:

(ZI@I@A ® B ®I®I> \/»Zlva,@ YOV 5l ® \[ZVWTanﬁ ®|Vss))

We can further simplify the way we write the action of the gate knowing that

1
Ucu :ZAi®Bi

i=0
So,
1
(IelelUcwolol); > WVap)) @ ViLgl) @ > ViIsle) @ [Vas))
o, v,8
IeloloweloDsS |V, B>>®@|¢>®ZUYU§|¢>®W§>>
2 o, \/Q ~¥,0 \/5 ’
Hence:

1
I@IoUcy®I@D); Y |Vap)) ®05o5lY) @ 0108]0) © [Vis))
a,B,7,0

Exploiting the properties of tensor products on Bob’s side we reformulate:

(Ie®I®Ucy ®I®I)i Y Vag)) @ (0505 ® 0703) ([0) ® @) @ |Vys))
a,B,7,0

Gate acts on the respect qubits

13 Wash @ Uou (o508 © 07od) (0) @ 1)) © V35))
a,B,7,0

Taking advantage of the unitarity of gates (U(TJUUCU = 1)

1 (0%
1 D Vas)) ® Uou(ofol ® 010) ULy, Uou (1v) @ |6)) @ [Vys))
a,B,7,8

Define:

)
Wa Byy,d UCU(U?Ug ® 01Y03)U2‘U

Our system takes the form:

)@=

I
I®9AT@I®I®oBI oI —
(Q_IeAlelelaBl@)y)e| 7

NSIZNGl) = 1 30 Vas)@WESsUw () [6)eIVia)

a,B,7,0
(5)
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This will be called the simplified 2 qubit gate teleportation equation
In order our system to collapse in one specific term Alice Performs two Bell
measurements on her four qubits acting with

Pyag = [Varg ) ((Varg|
on the first and second qubit, and with:
Py = Vi) (Vo'

on the fifth and sixth qubit.

where o, 8',7/,8 € {0,1} can be considered as four classical bits which
exported from the two Bell measurements and indicate uniquely with which of
four Bell Projection operator Alice acted on her qubits in each case.

So our initial state transforms to

(|Vw'>><<Va/5'|®f®f®\Vw'>><<V~w5'|)i > WVaph@WE sUcu (1$) ® [9))®[Vys))
«a,B,7,0

due to orthonormality of Bell basis
<<Va/5/||Vaﬁ>> = 5aa’,ﬁﬁ' and <<VV’5'HV’>’5>> = 67,‘//’66/

Our system "collapses" to the below specific state:

1
7Vers)) @ W% s Ucu ([9) @ 16) © [Vysr))
Normalizing;:

‘SyStempost—measurement> = |Va’ﬁ’>> 2y Wg’%/ﬁlﬁé’UCU (|7/}> & |¢>) 0y |V'y/5'>>

After the measurement Bob’s qubits are in the state

cuU
|¢Bob> = Wa’,,@’77’,6’UCU (|¢> ® |¢>)
In order for Bob to retrieve the target state he has to act with the recovery
operator
T
5
Wj/ﬂf,y,a/ = (UCU(U?Ug ® UYUS)Ué’U)

Which is a unitary as a product of unitary operators

Wi s sWBan) = Wi o s)War g 406 Ucw (18) ® 16) = LiUcu (1) @ [8)) = Ucu |¢:6)

Which is the outcome of the action of the Ugy gate on the initial arbitrary two
qubits.

From resources perspective we achieved this using two pairs of entangled
qubits the action of a gate by Alice and classical communication of four bits.
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As a case we consider that we want to teleport the action of control-NOT
gate on two arbitrary qubits and we calculate the recovery operators for this
case.

We know that this gate can be written:

Ucnvor =FPo®1+ P @0y

Recovery Operators are given by:

Jexor = Uonor(ofos @ 010)Ulyor
Wigser = (R®l+Pi@o)(0fos ©olod) (Rl +Pi@oy)
Ugxer = (Rel+Piea)@idedd) (Rel +P d)

Projection & Pauli Operators are Hermitian

Jonor = (Ry@I+Pi®oy) (050l @0lol) (Po® I+ Pi®o)
wlsny = (Rotof @olod+ Piotof @ 010]0}) (R @ T+ P @ o)

Wg%’fyof = Pyolol Py0o]o3+Pyoioh Pioo] odo1+PioS ol Py@oo] o3+ Piofol PLoo o] oo
So taking the Hermitian of the matrix: WOJE By,
T — B _a T B _a 5y B o 5y B o 5
Wa g5 = Poo501 Po®@0301+Piog01 Py®o10301 +FPy0507 P1®030 {01+ Pio301 Pi®01050{01

Calculating the recovery operators for all the cases of four classical bits we have
these possible options:

afB\yo 00 01 10 11
00 1®1 o3 ® o3 1®01 | 03 R0
01 o3& 1 I®o3 0301 I ®ioy
10 01 Q01 109 ® 109 o1 ® 1 109 Q 03
11 i02®01 01®i0'2 iO'Q@I O'1®O'3
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/
-
Y . AN Bob Jqp,
Alice \aboratory P oratory
() (e
a'| |p'
- a BI
ly>=a|0> +p|1> Pvap
] Wapysculve | Whgys[ > CUlve
|p=y|O> +E|1>\
¥ 3
(o)
L,

2

The whole diagram of teleporting the action of one predetermined two qubit gate on two arbitrary
qubits. (Time evolves from left to right)

2.6 2-Qubit Gate only Teleportation

The 2-Qubit Gate only Teleportation is a corollary of 2-qubit gate teleportation.
The purpose is to teleport a whole gate, not only it.s action. On this end we
will take advantage of the fact that the gate teleportation algorithm leaves
unspecified the state |¢)¢). Suppose that we want to teleport a 4x4 unitary gate
to Bob. We need a way to make possible to Bob to reconstruct the Uy,4 gate
local on his laboratory. To this end Alice has to send the action of the Uy.4
gate to Bob on four predetermined basis vectors [¢gg), [¥01), [¥10): |%11) using
the protocol we introduced above ("2-Qubit Gate Teleportation") four times.

The initial qubits (basis vectors) that Alice has to send to Bob are e.g the
canonical basis vectors [t} = [00), [t5;) = [01), [th30) = [10), [1,) = [11)

We assume that Alice sends Uy,4|00), at the first 2-Qubit Gate Teleportation
Uyz4|01) on the second one Uyy4|10) on the third one and Uy,4|11) on the last
one.
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So the simplified teleportation equation in this case using the 2 qubit gate
teleportation equation (4) will take the form:

(Srealereraploniel el el = iﬁzg Vs OWEY, sUcu (1) @ 1))@ IVas)
(©

where 4,5 € {0,1}

This will be called the simplified 2-qubit gate only teleportation equa-
tion.

Therefore, after the completion of the first two qubit gate teleportation (i = 0
and 7 = 0) including recovery operation by Bob. He will has in his possession
the action of Ugy on |00)

[¥00) = Ucu|00)

Similarly, after the completion of the second two qubit gate teleportation
(=0 and j = 1). He will has in his possession

[v01) = Ucw|01)

Till the completion of the fourth two qubit gate teleportation(i =1 and j = 1).
Where he will has in his possession

[¥11) = Ucu|11)

Now he is ready to reconstruct the Ucy operator locally using these four vectors
making some post processing calculations.

We have proved that the general matrix representation of two qubit gate
knowing the action of the gate on basis (|{4o) = Ucr|00), [1by;) = Ucr|01), |1) =
Ucu|10), [¢11) = Ucu|11)) is:

(00][o) ~ {00[]hg1)  (00[[¢h39)  (00[[¢%y)
(OLl[oo)  (OL[[ebgr)  (OL[[¢hye)  (01[[¢)y)
(101[2o) ~ (101lbgy)  (10[[¢h39)  (10[[¢%y)
(1loo)  (11ll%o1)  (1Lf[eh1g)  (11[[¢1y)

Where [thqg), |%01), [¥10)s [1]1) are the received vectors.
The post processing which Bob have to do is to calculate the inner products

of the received vectors |1(,), [¥01), [¥]0), [¥1;) With the basis vectors [00),]01), |10), |11)
Explicitly:

aijin = (ij|[Yr) = (@5|Ucul¥)
Where i,j,k,1 € {0,1}
And construct the final matrix representation of the gate
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Qo000  Qpoo1 G010 Qo011
Qp100 Qo101 Qo110 Qo111
@1000 @1001 @1010 (1011
@1100 @1101  @1110 Q1111

In conclusion, from resources perspective to teleport a whole 2-qubit gate you
need to repeat four times the 2-qubit gate teleportation which means 4 x (2
ebit+4 cbit) = 8 ebits+16 cbits.

ﬁ|~
(=)
o
—
o
o
o
=3
]
o
3

Alice \aboratory

lyo=lis

, CUlip

cuT War p g5 CULiJ>

Pwys

lop=1j>

=l

The whole diagram of teleporting one predetermined two qubits gate acting on a
predetermined quantum state. (Time evolves from left to right)
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Example:
Suppose that Alice wants teleport to Bob the Upge; gate so he can create
maximally entangled qubits on his laboratory. To achieve this they have to
follow the "2Qubit Gate only Teleportation" protocol.
According to the steps of protocol, at first she initializes her qubits at state
[¥00) = |00) and acts with UZ,;, on the other two qubits (the entangled ones).
So the 2-qubit gate only teleportation equation (6), takes the form:
1 1 1
—=N8l—7=))®[0) = 7 Vap))@W.2E, sUgen (10) ® 10))@|Vys))
V22 4 a)/; s

After the two Bell measurements Alice exports four classical bits (a’, 8',7’,d")
and our system collapses to the below state:

|Sy8tempost—measurement> = |Vo¢’5’>> WBel’ ~,8" UBell|00> & |V'y’5’>>
Where

O 10Al®IeIoB! @1)|0)2)

W]?Eli 5= UBeu(U(ng ® a}’ag)U;e”
So Bob’s state is:
lypob) = WEL 1.5Upe1100)
By

Knowing the four classical bits (a’,3’,v',§") and looking at the table below he
acts with Wa B to recover

Woo) = Wi g sWEL 5 Upen|00)
|¢60> = IUpeu |00>
[v6o) = Ueul00) = [¢,)

Similarly they repeat the process three more times (on initialized vectors |01), |10}, |11})
and he retrieves

|01) Upen|01) = |¢)
[Vio) = Upeul10) =|¢_)
W) = Upeulll) = |p_)

The matrix representation in this case is

(00[|¢)  {00[|yr)  (00|¢_)  (00[|%_)
(01]|¢)  (OLf]y1)  (O1ll¢_)  (01]|y_)
(10[||¢)  (10[[eo1)  (10]l¢_)  (10]|¢_)
Wlles)  (Atlpy)  (Atlo_)  (11||lp-)

Calculating these inner products the final matrix which Bob will have in his
possession is

1 1

s 0 5 0

0 1 0 1
V2 V2

0 1 0 _ 1
V2 V2

1 0 _ 1 0

V2 V2

[}
w



which is the matrix representation of the Bell Operator.

Let’s calculate the Recovery operators for this case (Bell Operator):

We know that the Bell Operator circuit in Dirac notation is described by
this equation

UBeul Ucnor(H® 1)
Ut = (Po®I+P®o)(H®I)
Upet = PBH®I+ PH®O

Hence, Recovery Operators W, 5,5 are:

UBell (0‘?0? ® Jrlyo—g)Ugell

(PBH®I+ P H®o0y) (0805 ®0703) (PbH® 1+ PLH ® 0y)'

Waﬁmé
Wagns =

Projection & Pauli & Hadamard operators are Hermitian

Weapms = (PoH @I+ PH ®01) (0¥0s @ 0]03) (HPy @ I + HP, ® o)

Exploiting tensor’s identities

Wagrye = (POHUL{U’? ®olos+ PHoSoh © Ulaiyag) (HPy®@ I+ HP, @ 01)
(POHU‘fagHPO ®olod + POHU‘fongl ® o]od0,

—I—PlHof‘agHPo ® alaiyog + PlHa‘ngHPl ® 010¥Ug01)

Wapsns =

Taking the Hermitian to find the final recovery operator W;[ 8.6
Wl,ﬁ,v,é = (POHU[;U?HPO ®0%0] + PLHoh 08 HPy ® 010507
+POHU§U?HP1 ® UgaYol + PlHaga(f‘HPl ® olagaiyal)

Calculating the recovery operators for all the cases of four classical bits we have
these possible options:

af\vd 00 01 10 11
00 1®1 03 03 1®o0, 03 ® 109
01 01 Q01 iO’Q@iO’Q O'1®I iO’Q@Ug
10 o3 ® 1 I®o3 03 Q01 I ®ios
11 (—’iag) X o1 o1 X (—iO’g) (—iJQ) ®I o1 ® (—03)
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3 Conclusions

Summing up in this thesis we investigated six algorithms for teleportation of
quantum resources trying to keep a common representation on all of them mak-
ing it more familiar to our readers. Central to this construction is the derivation
for each case of the equation that we have called simplified teleportation equa-
tion. They summmarized below

1-Qubit State Teleportation
) 8150 = L 305 Vas)) © V),
1-Qubit Gate Teleportation
(10U @ 12)[Y) ®[75)) = 3 Lo Vas)) @ WEsUW)
1-Qubit Gate only Teleportation
(12U @ L)) ®75)) = 5 2asVas) ® WEUL)
2-Qubit Entangled State Teleportation
|¢sys> = ﬁ Zaﬁ Z'y |Va,,8>>13 ® ‘7>4 Y Wa,,@,’y
2-Qubit Gate Teleportation
C I8 AT 810108 e DV ©]%) 815 89)
=1 >0 py.6Vap)) ® ng,%(SUCU (1Y) ® [Vas))
2-Qubit Gate only Teleportation
CileATeIeleBl @) @) ls) @)
- izogﬁfy,ts |Va5>> ® Wac:é],'y,dUCU (|7’j>) @ ‘V’Y5>>

wsend>>25

As we can easily check one equation is extension of the other with some
modifications. Moreover all of them have a common way of representation.
Also it is notable to observe that the information and the gates that we want to
teleport transferred from spaces that belongs to Alice at the beginning to these
one that belong to Bob at the end.

After the measurements on the simplified teleportation equations we are
exporting some amount of classical information (cbits). A summarization of
the resources (quatum-classical information) needed for each protocol in a table
form exists below:

1-Qubit 2-Qubits
State lebit 2cbits | lebit 3cbits
Action | lebit 2cbits | 2ebits 4cbits
Gate 2ebits 4cbits | 8ebits 16c¢hits

The prospects of this work are multiple and some of them are summarized
below as follows:

e It would be feasible to extend these quantum algorithms to cases that our
quantum systems are not represented by qubits but from larger dimensional
state vectors such as qutrits,qudits and so on.
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e Furthermore it would be interested to extend these algorithms to the cases
of three partite state teleportation such as GHZ states and/or teleportation of
3-qubits gates such as Toffoli and Fredkin gates.

e It would be a step towards a more realistic treatment to relax the ideal
mathematical assumptions that we have introduced and proceed to analyse the
behaviour of our algorithms under the existence of noise and also try to quantify
the performance of them.

e Last but not least, it would be desirable to modify the algorithms in
order to accommodate teleportation of other quantum objects such as quantum
channels.
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4 Appendices

4.1 Appendix A:Orthonormal basis

In this appendix we are going to prove that canonical basis and Bell Basis are
Orthonormal.

The basis vectors for canonical base which are a spanning set for the vector
space C? is the set:

This set of vectors is orthogonal if and only if: (0[|1) =0

Actually:
(ol = ( 1 0)(?)=0

which means that vectors |0),|1) are orthogonal

This set of vectors is normal if and only if (0/|0) =1 and (1]|1) =1

Actually:
(0]j0) = ( 1 0>($)=1

a1y =( o 1)<(1’>—1

Summing up |0), |1) constitute an orthonormal set which means:

and

(illg) = di;

Also the tensor products of these vectors constitute a spanning set for the
vector space C* the set is:

(1)

o
N—
Il

o o= O oo O
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0=

)o(:
we(4)e(?)

This set of vectors is orthogonal if and only if:
Actually:

(0ojlo1y=(1 0 0 0)

©Oojl1oy=(1 0 0 0)

©o[jl1ty=(1 0 0 0)

(01]]10y=(0 1 0 0)

etc. for the other cases

— o o o o= O O

(ij||kl) =0fori#korj#1

0
1
0 =0
0
0
0
1 =0
0
0
0
0 =0
1
0
0
1 =0
0

which means that vectors |00),]01),|10),|11) are orthogonal

This set of vectors is normal if and only if

(00[|00) = 1, (01][01) = 1, (10[|10) = 1, (11][11) = 1

Actually:

(00[[00y=(1 0 0 0)

o1y =(0 1 0 0)
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(10[10)=(0 0 1 0)

(1J11y=(0 0 0 1)

o o o o= o o

which means that vectors |00),|01), |10),/11) are normal

Summing up |00), |01), |10), |11) constitute an orthonormal set which means:
(i7||kl) = bik..j1

With a similar way we are going to prove that the Bell state vectors consti-
tute a spanning set for the vector space C* the set:

|¢+> =

o O&‘»—' &‘Ho o&‘h‘

N

|¢+> =

ook
N——

ek

Y_) =

Orhogonality if an only if (¢, ||, ) = 0 and (¢, |[¢_) =0 and (P [[xp_) =0
are all the possible

Actually:

7
0
0

[v]

o) =(g 00 %)

1
1
V2
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which means that vectors |¢,),[¢_), |¥,),[1)—) are orthogonal

This set of vectors is normal if and only if

(@illos) =1,(o-lI6-) = 1, (¢illy) = L (¢_[l¥-) =1

Actually:

1
2
1 1 0
<¢+‘¢+>:(ﬁ 0 0 ﬁ) 0 =1
1
V2
1
Vo)
1 1 0
<¢7|¢L>:(ﬁ00_ﬁ> 0 | =1
1
2
0
1
Wi )=(0 5 &5 0)|¥|=1
w=(0 & % 0|2
0
0
1
Wi )=(0 5 & 0)|¥?|=1
w=(0 & % 0|2
0

which means that vectors |¢,),|¢_),[1),),]¢)_) are normal.
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Summing up |¢,), |¢_), |1 ),[¥—) constitute an orthonormal set.

Finally, we will prove also that |V, g)) where o, 8 € {0,1} are orthonormal
which means that ((|V, 5||Va,8)) = d4ar,ppr something that is very useful in
this thesis especially when Alice performs Bell Measurements

This set is orthogonal if and only if: ((V,s||Vas)) =0 for a # o/ or B # '
At section 1.5 "Double-Wedge" Notation we have prove the identity

((Al|B)) = Tr[ATB]
which is called trace inner product.

This set of matricies is orthogonal if and only if: (V,/ 4||Va, 5) = 0 for o # o/

or B #
Actually:

etc. for the other cases
which means that matrices |Voo)), |Vo1)),|Vi0)), |Vi1)) are orthogonal
This set of matricies is normal if and only if

((Vool|Voo)) = 1, ({(Vor[[Vor)) = 1, {(Viol[V10)) = 1, ((Va1][V11)) = 1

Actually:
lvool =73 (5 1) (o 9 )]
<<V01||V01>>—Tr[;<(1) é)((j éﬂ—l
(Vaol[Vio)) = T E ( 0 ) ( ol )} ,
walvy =7 [ (9 5 ) (4 0 )] -



which means that matricies |Vyo)), |Vo1)), |Vio)), [Vi1)) are normal.
Summing up |[Voo)),|Vo1)), [V10)), [V11)) constitute an orthonormal set.
which means:

<<Vaﬁ ||Va’ﬁ'>> = 50404’,-ﬂﬁ/

4.2 Appendix B:Reduced Density Operator of Bell states

As we have proved at the section "1.7.2 Reduced Density Operator of Bipartite
Systems".
Knowing the matrix representation of a bipartite quantum system

Poooo  Pooor  Poioo  Poiol
Pooto  Pooir  Poiio  Poill
P1o00 P1oo1  Prioo  Pii01
P1o10  Pio1r Piiio P11l

PAB =

Grouping the above 4x4 matrix in four 2x2matrices with obvious identification:

Pap = ( Poo  Po1 )
P10 P11

The Reduced Density operators of this bipartitte system are given by

_( Tr(poo) Tr(por)
”A‘(Tr@fﬁ) Tr(pfn)

and

P = (Poo + P11)
In this appendix we will prove that each of the Bell states has

_, o2
PA—IOB—2
Explicitly:
For |¢, ):
% b0
0 1 1 0 00 O
pAB:|¢+><¢+|: 0 (ﬁ 00 ﬁ): 0 0 0 0
1 1 900 1
V2 2 2
1 9 o 1L
2 2
. {6 o) Tlo o _(;o)_l
A — - 1 Y
Tr (1) 0 Tr 0 (1) 0 2 2
7 0 0 3
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and

=N

For |¢_):

and

N

For |4, ):

—
o O OO

O —HINHIND
O —HINHIND

o O OO

S O o O

O Hla—HINO
SN—"—

~ ~

&~ &~
NN
O HlNHINOD

o O OO
S—"—"

~ &
S
N~
I
<
QU

and

Lalla\ fan)

O~

For |¢_):

|
O =l _ s}

and

=N

[eslR ] a]
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