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e Para un cuerpo negro (7)) la densidad espectral del campo de
radiacion:

w2 md A L

Ao = 2ggkT: 1o = s g =7 = U= Togsps

Ley de Stefan-Boltzmann (1884)
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Introduccion

Mecanica cuantica
Interpretacion de Copenhage

o Describe la evolucion temporal de particulas subatémica masivas

de naturaleza ondulatoria y no relativista (onda-particula).

ihM — _hi T2 [¢) + V|v), ecuacién de Schrodinger
ot 2m ’
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obtenible del sistema.

o Observables (x,mv,E, Sz, 1,...) ~ A:H—H~ H=H
H, dim(H)c = n).

e HoH* w {|x)} <+ Su={xeH (x|]x) =1} = { estados }
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Introduccion

Mecanica cuantica
Interpretacion de Copenhage

e DE ~ A=Y"lan, , conm,=xx" xcSy

e {x;},{ai},i=0,...,n—1~ eigenestados,, eigenvalores, ,
(xilx;) = 3y
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Introduccion

Mecanica cuantica

Interpretacion de Copenhage

DE ~ A=Y"Jan, , conm,=xx" xcSy

{xi},{ai}, i=0,...,n—1 ~ eigenestados 4, eigenvalores, ,
(xil%) = 0.
Una medicién u(A,x) deAenxe Sy, x=Y"4 ax,

Pr(u(A, x) = a;) = |aj|?.

En MQ, el acto de medicién altera en forma irreversible la
situacion del sistema que prevalecia antes de medirse (colapso
de la funcion de onda).

Ciudad Universitaria, México, 2017

D.C.-dalia@computacion.cs.cinvestav.mx - arXiv:1604.07498

32

6 /



Introduccion

Mecanica cuantica experimental
Dispositivo Stern-Gerlach

Ag ~ 1[7, 47¢ ~~ 46e— @, J46 =0~ J47 =0 XX S47vo =8

haz
dtomos Ag $

Horno colimador  iman pantalla
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Introduccion

Dispositivo Stern-Gerlach

espectro discreto

[ ]
0 0B,
F;=—=(pn-B)=
z 8Z(N ) bz oz
o SG detecta
» Si tuviera un comportamiento clasico ~~ continuo pz € [—|ul, |]-

. Sy =5 e |4), S;=-5e )
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Introduccion

Curiosidades de la naturaleza cuantica- perdida de
informacion

Una serie de dispositivos de Stern-Gerlach

Horno

sz+

H-F

(a)

Horno SGz SGx
H .
(b)
Horno 5Gz SGx SGz
Sz- . Sx'. Sz-
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Introduccion

Mecanica cuantica

Sistemas compuesto y enredamiento

e Sistemas compuestos o multipartitas ~ estructura interna ~~ 2 0
mas subsistemas H, =~ H®---® H.
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Introduccion

Mecanica cuantica

Sistemas compuesto y enredamiento

e Sistemas compuestos o multipartitas ~ estructura interna ~~ 2 0
mas subsistemas H, =~ H®---® H.

e (si,no0)-separable x =cy®---®cn, (noO,si)- enredamiento

e 1 criterios de separabilidad y medidas del enredamiento
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Introduccion

Cdomputo cuantico

¢ Qubits «~ combinaciones normalizadas de |+) y |—)
e Quregistros «~ elementos en H,

e compuertas cuanticas«~+ operadores H, — H,
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Introduccion

Preliminaries

o Let So = {x = (X0, x1) € Hy||Xo|? + |X4|> = 1} the unit sphere of
H,; = C2.
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Introduccion

Preliminaries

o Let So = {x = (X0, x1) € Hy||Xo|? + |X4|> = 1} the unit sphere of
H,; = C2.

o {Qubits} =S, for My

X Xo —X1
o 3 \U1:82—>SU(2),X:{X?]H\IM(X):[X? X;]
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Introduccion

Preliminaries

Let So = {x = (xo, X1) € Hy | |X0|? + |x1]2 = 1} the unit sphere of
H,; = C2.

{Qubits} = S, for Hiq

: _ | X _ | X% —x
= \U1.82—>SU(2),X—|:X1:|'—>\U1(X)—|:X1 Xo]

82 = SU(2)
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Introduccion

Preliminaries

Let So = {x = (xo, X1) € Hy | |X0|? + |x1]2 = 1} the unit sphere of
H,; = C2.

{Qubits} = S, for Hiq

3 WS - SuU2) XZ{XO]H%(X):[XO _)(1]

(] —
X1 X1 X0

° 82 = SU(2)

» S, inherits the algebraic structure of SU(2)
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Introduccion

Preliminaries

« QC ~ SU(2)
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Introduccion

Preliminaries

¢ QC~SU(2), QC - SU(2),

e VU UR): WyoU=UoW; « UecSu?),

where ¥y : S, — SU(2)
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Introduccion

Case of qubits

082X82l>82
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Introduccion

Case of qubits

* X X * XooXo1 — X10X
© S xS -HS, 00 | | Xof 1 00X01 — X10X11
X10 X11 X10X01 + Xo0X11
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2-quregisters

Contenido

Q 2-quregisters
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Embedding S,: into SL(22)

o Letco=[coo Cio]” € So, €1 =[co1 Ci1]” € Sy,
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Embedding S,: into SL(22)

o Letco=[coo Cio]” € So, €1 =[co1 Ci1]” € Sy,
Uy S, — SU(2),

CooCot  —CooC11  —C10Co1  Ci10Ci1
CooC11 CooCot  —C10C11 —CioCot
Ci0Co1 —C10C11  CooCot  —CooCi1
Ci0Ci1 C10C01  CooC11  CooCot

Vi(Co) @ Wi(cq) =
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Embedding S,: into SL(22)

o Letco=[coo Cio]” € So, €1 =[co1 Ci1]” € Sy,
Uy S, — SU(2),

CooCot  —CooC11 —CioCot  C1oCit

_ | CoC11 CooCo1t —C1oC11 —CioCof

Vi(Co) ® Wi(cq) = = =
C10C01  —C10C11 CooCot  —CpoCt1

C10C11 C10Co1 CooC11 Coo Co1

e (2-quregisters) C S, of Hp = Hy ® H;y
e 2-quregister x € S,z is separable if 3 ¢, ¢y € Sy such that

X =Co ® Cq
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2-quregisters

Case of 2-quregisters

o Proposition: A 2-quregister X = [xg x; X2 X3] € S,z is
separable <= xpX3 = X1 Xo.
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Case of 2-quregisters

o Proposition: A 2-quregister X = [xg x; X2 X3] € S,z is
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2-quregisters

Case of 2-quregisters

o Proposition: A 2-quregister X = [xg x; X2 X3] € S,z is
separable <= xpX3 = X1 Xo.

o Forje{0,1,2,3},let C; = {x € Sx| x; # 0}

e Each Cjis achartin S, (DM)
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2-quregisters

Case of 2-quregisters

o Proposition: If a 2-quregister X = [xo X1 X2 X3]" € S,z is
separable, then it can be tensor splitted as x = ¢y ® ¢4, where the
qubits ¢q, ¢4 are determined according to the following rules:

xeCy = ¢

xeC = Co

D.C.-dalia@computacion.cs.cinvestav.mx -

1| X
o2 | x,
1| X
s X3

arXiv:1604.07498

N €1 = Ip2

N €1 = N3
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2-quregisters

Case of 2-quregisters

°
1 _Xo_ _1—
xeC, = Ccp=— N €1 = Iy2 ,

o2 | x, %
- Z - o

1| X X

XeCs — ¢cog=— N C4 =3
3 X3 1

with o2 = /|X[? + X[ and iz = /[x1[? + |x3
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2-quregisters

Case of 2-quregisters

e Moreover, since X = ¢y ® €1, for any unit u € C,
x = (u""cp) @ (ucy) is another tensor split
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2-quregisters

Case of 2-quregisters

e Moreover, since X = ¢y ® €1, for any unit u € C,
x = (u""cp) @ (ucy) is another tensor split

o Fork € {0,1,2,3} and a unit u € C, let dy, : Cx — CZ*2° for

X € Ck
Xo —U2¢(X0)? Xy X, X3
Pl X1 U2xg —UPE(X0)%X3 —Xo
20u(X) = _ —2 _
Xo —U3¢ (%) X3 uPXy —Xq
X3 utxy  UPE(x0) X1 Xo
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2-quregisters

Case of 2-quregisters

[
Xo —UT2x; —UPE(x3) %X X3
X1 U2(xq)%X%o —UPX3 —Xp
ba1u(X) = | x —u2x3  UPE(x1) 20 —X7
20 (%) ? 2v.  wo
X3 U f(x1> Xo usxy  Xo
where ¢ : C — C,

Z itz 40

= 2 ’

2 £2) { 1 ifz=0.
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2-quregisters

Case of 2-quregisters
e For any separable 2-quregister x € Spo

Do (X) Dopy(X) = Tz

forany k € {0,1,2,3}
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2-quregisters

Case of 2-quregisters

e For any separable 2-quregister x € Spo
Dop(X) T Dopy(X) = T2

forany k € {0,1,2,3}

o Consequently for k € {0,1,2,3}, the map ®oy, : Cx — CZx2*
determines

Cx N Sp, — SU(2?)
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Canonical Basis

e Example
The i-th vector e; = [6,-,-]7 , in the canonical basis of Hy is a

separable 2-quregister:

e2l1 -‘rlo - el1 & eIO

Ciudad Universitaria, México, 2017 23
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Canonical Basis

e Example
The i-th vector e; = [6,-,-]7 , in the canonical basis of Hy is a

separable 2-quregister:
e2l1 -‘rlo — el1 ® eIO

We have e; € C; while e; £ C;, for j # i. Then for any unit u € C:

1 0 0 O
0O u2 00
¢20U(e0) = 0 2 0 y
0 1
0
1
0

Ciudad Universitaria, México, 2017
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2-quregisters

Canonical Basis

booy(€2) =

Po3y(€3) =

- OO0 O—=-0O0

All matrices above are unitary

D.C.-dalia@computacion.cs.cinvestav.mx -

o O o

:I
N

arXiv:1604.07498

|
<

o O o
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2-quregisters

Bell Basis

e Example
The i-th vector b; in the Bell basis of Hy is a maximally entangled

2-quregister:

1 )
boj i, = 7 (eo ®ej +(—1)%eq ®e1+i1) :

Each 2-quregister b; is in two charts Cy.

Ciudad Universitaria, México, 2017 25
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Bell Basis

e Example

The i-th vector b; in the Bell basis of Hy is a maximally entangled
2-quregister:

boj, i, = 7

Each 2-quregister b; is in two charts Cy.

(eo ®e; + (-1 Yoes @ e1+,-1) .

For any unit u € C:

1 0 0o 1
110 u? —?»0
bogu(bg) = Pogy(bg) = —
20U( 0) 23U( 0) \@ 0 —uy=2 w2 0
1 0 0 1
Ciudad Universitaria, México, 2017 25
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2-quregisters

ogu(by) = Pogy(by) = 7

Poqy(b2) = Pooy(b2) =

P21y(b3) = Paoy(bz) =

D.C.-dalia@computacion.cs.cinvestav.mx -

1

Sl

V2

arXiv:1604.07498

_u_
0
0

_u_
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2-quregisters

Bell Basis

e No above matrix is unitary,
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2-quregisters

Bell Basis

e No above matrix is unitary,

o ®oyy(bj) P24y (bj) = B has 2 and 0 as eigenvalues, each of
multiplicity 2
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2-quregisters

Bell Basis

e No above matrix is unitary,

o ®oyy(bj) P24y (bj) = B has 2 and 0 as eigenvalues, each of
multiplicity 2

« The spectral norm of Bis ||B|j2 = v2.
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2-quregisters

Measure of entanglement

e Proposition:
For any k € {0,1, 2,3}, any unitary complex number u € C and
any x € Cy:

X € 8Sp, = Gopy(X) € SU(2%) — 14(x) =0.
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e Proposition:
For any k € {0,1, 2,3}, any unitary complex number u € C and

any x € Cy:

X € 8Sp, = Gopy(X) € SU(2%) — 14(x) =0.

e The map v, can be considered a measure of entanglement,
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2-quregisters

Measure of entanglement

e Proposition:
For any k € {0,1, 2,3}, any unitary complex number u € C and
any x € Cy:

X € 8Sp, = Gopy(X) € SU(2%) — 14(x) =0.

e The map v, can be considered a measure of entanglement,

e Separability: If x € S, is separable, then v, (x) = 0.

o Normality: In the maximally entangled vectors, vy attains its

maxima. Indeed, the measure \/5271 vk has 2 = log, 22 as maximal

value.
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2-quregisters

Measure of entanglement

e And
e Continuity: vk is continuous with respect to the topology of S,.

e Boundedness under local operations: Any X € S, and any unitary
operator U : Hy — Hy, v, (UX) < vk (X).
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2-quregisters

von Neumann entropy-v

{vi, H}

0.0 PRI RS SR E TS T S I
0.0 0.2 0.4 0.6 0.8 1.0

Graphs of H and 1. The maxima are H(3) = 1 and (3) = v2 — 1.
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2-quregisters

Conclusions

e However, the proposed operators satisfy the desired embedding
when they are restricted to the separable n-quregisters. These
operators give rise to entanglement measures which are
compatible with conventional entanglement measures, as von
Neumann entropy.
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2-quregisters

Conclusions

e However, the proposed operators satisfy the desired embedding
when they are restricted to the separable n-quregisters. These
operators give rise to entanglement measures which are
compatible with conventional entanglement measures, as von
Neumann entropy.

e The procedures used in this work are rather standard and most
probably can be generalised to the quregisters of any length. We
look towards to formally prove this sketch of research.
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Thank you!

Thank You!
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