
16

co
m

m
un

ic
at

io
n 

ta
sk

s



17

H
ow

 m
uc

h 
cl

as
si

ca
l i

nf
or

m
at

io
n 

in
 

H
ow

 m
uc

h 
cl

as
si

ca
l i

nf
or

m
at

io
n 

in
 nn

qu
bi

ts
qu

bi
ts

??
 

2n −
1

co
m

pl
ex

 n
um

be
rs

 a
re

 n
ee

de
d 

to
 d

es
cr

ib
e 

an
 

ar
bi

tra
ry

 n
-q

ub
it

pu
re

 q
ua

nt
um

 s
ta

te
:  

   
   

   
   

   
   

   
   

   
 

α 0
00

|0
00
〉

+ 
α 0

01
|0

01
〉

+ 
α 0

10
|0

10
〉

+ 
…

+ 
α 1

11
|1

11
〉

 
D

oe
s 

th
is

 m
ea

n 
th

at
 a

n 
ex

po
ne

nt
ia

l a
m

ou
nt

 o
f 

cl
as

si
ca

l i
nf

or
m

at
io

n 
is

 s
to

re
d 

in
 n

qu
bi

ts
?

 
N

o!
H

ol
ev

o�
s

Th
eo

re
m

 [1
97

3]
 im

pl
ie

s:
 c

an
no

t c
on

ve
y 

m
or

e 
th

an
 n

bi
ts

 o
f i

nf
or

m
at

io
n 

in
 n

qu
bi

ts

H
ow

 m
uc

h 
in

fo
rm

at
io

n 
do

es
 N

at
ur

e 
ha

ve
 to

 s
to

re
 

to
 m

ai
nt

ai
n 

an
 n

-q
ub

it
qu

an
tu

m
 s

ta
te

?



18

H
ol

ev
o�

s
H

ol
ev

o�
s

Th
eo

re
m

Th
eo

re
m

U
|ψ
〉

n
qu

bi
ts

b 1 b 2 b 3 b n

Ea
sy

 c
as

e:

b 1
b 2

  ..
. b

n
ca

nn
ot

 
co

nv
ey

 m
or

e 
th

an
 

n 
bi

ts
!

H
ar

d 
ca

se
 (t

he
 g

en
er

al
 c

as
e)

:

|ψ
〉

n
qu

bi
ts

b 1 b 2 b 3 b n
U

|0
〉

|0
〉

|0
〉

|0
〉

|0
〉

m
qu

bi
ts

b n
+1

b n
+2

b n
+3

b n
+4

b n
+m

(p
ro

of
 is

 o
m

itt
ed

 h
er

e)



19

Su
pe

rd
en

se
Su

pe
rd

en
se

co
di

ng
 (p

re
lu

de
)

co
di

ng
 (p

re
lu

de
)

By
 H

ol
ev

o�
s

Th
eo

re
m

, t
hi

s 
is

 im
po

ss
ib

le

Al
ic

e
Bo

b

ab

Su
pp

os
e 

th
at

 A
lic

e 
w

an
ts

 to
 c

on
ve

y 
tw

o 
cl

as
si

ca
l b

its
 to

 B
ob

 
se

nd
in

g 
ju

st
 o

ne
 q

ub
it

ab



20

Su
pe

rd
en

se
Su

pe
rd

en
se

co
di

ng
co

di
ng

H
ow

 c
an

 th
is

 h
el

p?

Al
ic

e
Bo

b

ab

In
 s

up
er

de
ns

e
co

di
ng

, B
ob

 c
an

 s
en

d 
a 

qu
bi

tt
o 

Al
ic

e 
fir

st ab



21

H
ow

 
H

ow
 s

up
er

de
ns

e
su

pe
rd

en
se

co
di

ng
 w

or
ks

co
di

ng
 w

or
ks

1.
Bo

b 
cr

ea
te

s 
th

e 
st

at
e 

|0
0〉

+
|1

1〉
an

d 
se

nd
s 

th
e 

fir
st

qu
bi

t
to

 A
lic

e

2.
Al

ic
e:

 
 

 
=

0
1

1
0

X
 

 
−

=
1

0
0

1
Z

if 
a

=
1

th
en

 a
pp

ly
 X

to
 q

ub
it

if 
b

=
1

th
en

 a
pp

ly
 Z

to
 q

ub
it

se
nd

 th
e 

qu
bi

tb
ac

k 
to

 B
ob

|0
1〉
−

|1
0〉

11
|0

1〉
+

|1
0〉

10
|0

0〉
−

|1
1〉

01
|0

0〉
+

|1
1〉

00
st

at
e

ab

3.
Bo

b 
m

ea
su

re
s 

th
e 

tw
o 

qu
bi

ts
in

 th
e 

B
el

l b
as

is

Be
ll 

ba
si

s



22

M
ea

su
re

m
en

t i
n 

th
e 

B
el

l b
as

is
M

ea
su

re
m

en
t i

n 
th

e 
B

el
l b

as
is

H

Sp
ec

ifi
ca

lly
, B

ob
 a

pp
lie

s

to
 h

is
 tw

o 
qu

bi
ts

...
|1

1〉
|0

1〉
−

|1
0〉

|1
0〉

|0
1〉

+
|1

0〉
|0

1〉
|0

0〉
−

|1
1〉

|0
0〉

|0
0〉

+
|1

1〉
ou

tp
ut

in
pu

t

an
d 

th
en

 m
ea

su
re

s 
th

em
, y

ie
ld

in
g 

ab

Th
is

 c
on

cl
ud

es
 s

up
er

de
ns

e
co

di
ng



23

R
ev

ie
w

 o
f p

ar
tia

l m
ea

su
re

m
en

ts
R

ev
ie

w
 o

f p
ar

tia
l m

ea
su

re
m

en
ts

Su
pp

os
e 

on
e 

m
ea

su
re

s 
ju

st
 th

e 
fir

st
qu

bi
to

f t
he

 s
ta

te
 

11
01

00
125

3
21

+
+

i

W
ha

t i
s 

th
e 

re
su

lt?

1
1

1
0

0
125

74
73

127
+  

 
+

=
i

1
0

74
73

i
+

1

0, 1,

w
ith

 p
ro

b.
 7

/1
2

w
ith

 p
ro

b.
 5

/1
2



24

Te
le

po
rt

at
io

n 
(p

re
lu

de
)

Te
le

po
rt

at
io

n 
(p

re
lu

de
)

Su
pp

os
e 

Al
ic

e 
w

is
he

s 
to

 c
on

ve
y 

a 
qu

bi
tt

o 
Bo

b 
by

 s
en

di
ng

 
ju

st
 c

la
ss

ic
al

 b
its

 

α|
0〉

+
β|

1〉

α|
0〉

+
β|

1〉

If 
Al

ic
e 

kn
ow

s 
α

an
d

β,
 s

he
 c

an
 s

en
d 

ap
pr

ox
im

at
io

ns
 o

f t
he

m
 

―
bu

t t
hi

s 
re

qu
ire

s 
in

fin
ite

ly
 m

an
y 

bi
ts

 fo
r p

er
fe

ct
 p

re
ci

si
on

M
or

eo
ve

r, 
if 

Al
ic

e 
do

es
 n

ot
kn

ow
 α

or
β,

 s
he

 c
an

 a
t b

es
t 

ac
qu

ire
 o

ne
 b

it
ab

ou
t t

he
m

 b
y 

a 
m

ea
su

re
m

en
t



25

Te
le

po
rt

at
io

n 
sc

en
ar

io
Te

le
po

rt
at

io
n 

sc
en

ar
io

α|
0〉

+
β|

1〉
(1

/√
2)

(|0
0〉

+
|1

1〉
)

In
 te

le
po

rta
tio

n,
 A

lic
e 

an
d 

Bo
b 

al
so

 s
ta

rt 
w

ith
 a

 B
el

l s
ta

te

an
d 

Al
ic

e 
ca

n 
se

nd
 tw

o 
cl

as
si

ca
l b

its
 to

 B
ob

N
ot

e 
th

at
 th

e 
in

iti
al

 s
ta

te
 o

f t
he

 th
re

e 
qu

bi
ts

ys
te

m
 is

:
(1

/√
2)

(α
|0
〉

+
β|

1〉
)(|

00
〉+

|1
1〉

)
= 

(1
/√

2)
(α

|0
00
〉+

 α
|0

11
〉+

 β
|1

00
〉+

 β
|1

11
〉)



!

!
"
#
$
%
&'
(&
)"
*"
%
'
+)
$
),
'
-
&.
#
"
-
$
+,
'

!
"
#
$
%
&'
(&
)"
*"
%
'
+)
$
),
'
-
&.
#
"
-
$
+,
'

!
|"
!
!
"
|#
!

$!
%#
"
&$
|"
"
!
!
|#
#
!&

/
'
$
*0
&'
(
)*
+
,-.
/
*0
(
*.
(
1
2
/
3
*4
/
)*
5
6
7
-0
0(
*8
(
7

!
"
.
'
1
+#
"
.
0
9
1
*/
1
09
1
:
,/
;
*<
09
0/
*9
1
;
*0
=
(
*7
-0
<
*.
(
>
>
6
1
-.
9
0-
(
1

?
(
0/
*0
4
9
0*
04
/
*-
1
-0
-9
,*
<
09
0/
*(
'*
04
/
*0
4
)/
/
*5
6
7
-0
<
3
<
0/
>
*-
<
@

$!
%#
"
&$
!
|"
!
!
"
|#
!&
$|"
"
!
!
|#
#
!&

"
#$
!
%#
"
&$
!
|"
"
"
!
!
#!
|"
#
#
!
!
#"
|#
"
"
!
!
#"
|#
#
#
!&



!

!
"
#
$%
&
'&
(
"
)%
*
%+
"
,
$#
"
)-
.

!
"
#
$%
&
'&
(
"
)%
*
%+
"
,
$#
"
)-
.

"!
|#
!
!
"
|$
!%
"|#
#
!
!
|$
$
!%

"&
'
()
)(
*
+
,)
-
.
!
/#
"
#0
1
2
)&
3%

"
#!
|#
#
#
!
!
#!
|#
$
$
!
!
#"
|$
#
#
!
!
#"
|$
$
$
!

"
#$
"|#
#
!
!
#|$
$
!%
"!
|#
!
!
"
|$
!%

!
#$
"|#
#
!
!
|$
$
!%
"!
|$
!
!
"
|#
!%

!
$
"|#
$
!
!
#|$
#
!%
"!
|#
!
!
"
|$
!%

!
$
"|#
$
!
!
|$
#
!%
"!
|$
!
!
"
|#
!%

/,
+%
+*
'$
.
%*
%&
0$

1
)"
%"
2
"
'0
4
5(2
.
,'
.
1
6
7
3.
6
,-
.
3,
)8
&
,9
7
:
()
6
!"
#$
%
&
#'
&
((
#)
*
+
!+

1
*
;
,6
.
*
;
6
,)
-
.
,3
.
6
7
5)
,)
&
,<
&
:
,"
8
-
&
,)
-
.
*
,=
2
&
33
.
2
)6
>,
-
(6
,6
)1
).
%



!

!
"
#
$%
&
'(
)
*
%+
,
*
-
%-
.
*
)
(/
()
#
''
0

!
"
#
$%
&
'(
)
*
%+
,
*
-
%-
.
*
)
(/
()
#
''
0

"
#$%
&
'(
)
)
#$&
*

+,
'-
&
.'
+/
,
'0
1
2
$+
*
3'
4
$&
#5
$6
7
8

!

9
-
&
6
'"
#$%
&
'*
&
6
5
*
'-
&
.'
+/
,
'%
#(
*
*
$%
(
#'
2
$+
*
'+
,
':
,
2
3'
/
-
,
'+
-
&
6
'

(
5
;1
*
+*
'-
$*
'0
1
2
$+
+,
'2
&
''
!
|<
!
!
"
|=
!
/
-
(
+&
>
&
.'
%
(
*
&
',
%
%
1
.*

"
|<
<
!?
!
|<
!
!
"
|=
!@

!
#"
|<
=
!?
!
|=
!
!
"
|<
!@

!
A
|=
<
!?
!
|<
!
!
"
|=
!@

!
A
|=
=
!?
!
|=
!
!
"
|<
!@

?<
<
3'
!
|<
!
!
"
|=
!@
''
'/
$+
-
')
.,
2
B'
C

?<
=
3'
!
|=
!
!
"
|<
!@
''
'/
$+
-
')
.,
2
B'
C

?=
<
3'
!
|<
!
!
"
|=
!@
''
'/
$+
-
')
.,
2
B'
C

?=
=
3'
!
|=
!
!
"
|<
!@
''
'/
$+
-
')
.,
2
B'
C



!

!
"
#
$%
&'
(
)*
%
+,
-
.
+&
/
0"
1
-
(
*
0-

!
"
#
$%
&'
(
)*
%
+,
-
.
+&
/
0"
1
-
(
*
0-

! "#
$ %&

=
!

"

"
!

!
! "#

$ %&

!
=

"
!

!
"

"
"#
$#
!
%
&
'
$(
)
)
*"'
+
$!
,-
$.
/
0
",

"#
$$
!
%
&
'
$(
)
)
*"'
+
$"
,-
$.
/
0
",

1
-
0
$2
'
3
'
"4
'
+
$,
5
-
$3
*(
+
+
"3
(
*$
0
",
+
$$
6$
#
%#
2-
7
$8
*"3
'
6$
(
9
:
;$

<
<
6$
$$
$$
$$
$$
"
|<
'
"
#
|%
'

<
%
6$
$$
$$
!
="
|%
'
"
#
|<
'>
$!
"
|<
'
"
#
|%
'

%
<
6$
$$
$$
"
="
|<
'
!
#
|%
'>
!
"
|<
'
"
#
|%
'

%
%
6$
$"
!
="
|%
'
!
#
|<
'>
!
#"
|<
'
"
#
|%
'

?
"'
*:
"9
@
;

A
-
,'
$,
&
(
,$
1
-
0
$(
3
.
/
"2
'
+
$,
&
'
$3
-
22
'
3
,$
+
,(
,'
$"
9
$'
(
3
&
$3
(
+
'



!

!
"
#
#
$
%&
'(
)'
*+
,+
-
(
%*
$
*.
(
/

!
"
#
#
$
%&
'(
)'
*+
,+
-
(
%*
$
*.
(
/

!

"
#

!
|"
!
!
"
|#
!

|"
"
!
!
|#
#
!

!
|"
!
!
"
|#
!

$%

0
,.
1
+

2
(
3

!
"
4
4
+
5
*+
6
'+
7
+
%1
.5
+
8
$%
&
'$
(
')
(
%*
'$
+
%(
,
-
+
'$
+
.
'/
0
/
1&
2
32
'(
4'

$+
.
'$
.
1.
5
(
%$
/
$3
(
0
'5
%(
$(
6
(
1'
(
0
'&
(
,
%'
(
)
0


