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Boson-sampling is 
#P-hard

|S| =
✓
n+m� 1

m

◆

The signal is P =
��Perm(U)

��2
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Perm(A) =
X

�2Sn

nY

i=1

ai,�(i)

Det(A) =
X

�2Sn

sgn(�)
nY

i=1

ai,�(i)

Ryser’s Algorithm

O(2nn2)
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S O U R C E S :

E V O L U T I O N :

D E T E C T I O N :
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S P O N TA N E O U S  PA R A M E T R I C  D O W N  C O N V E R S I O N  ( S P D C )  
S O U R C E S  F O R  B O S O N - S A M P L I N G
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S P D C  S O U R C E :  
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P R L  113 ,  1 2 0 5 0 1  ( 2 0 1 4 )  

S PA C E  T I M E  



F U L L  F I B E R L O O P  
A R C H I T E C T U R E

10

. . .

P R L  113 ,  1 2 0 5 0 1  ( 2 0 1 4 )  
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H O W  D O E S  I T  W O R K ?
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S I N G L E  L O O P  

P R L  113 ,  1 2 0 5 0 1  ( 2 0 1 4 )  
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T R A N S F O R M AT I O N
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P R L  113 ,  1 2 0 5 0 1  ( 2 0 1 4 )  

Vi,j =

8
<

:

0 i > j + 1
u1,1(i) i = j + 1
u1,2(i)u2,1(j + 1)

Qj
k=i+1 u2,2(k) i < j + 1

ÛBS(t) =

✓
u1,1(t) u1,2(t)
u2,1(t) u2,2(t)

◆
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1st loop 2nd loop
(a)

(b)

(c)

(d)

(e)

E V O L U T I O N
P R L  113 ,  1 2 0 5 0 1  ( 2 0 1 4 )  
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F U L L  A R C H I T E C T U R E

P R L  113 ,  1 2 0 5 0 1  ( 2 0 1 4 )  
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Û =
LY

l=1

V̂ (l) Vi,j =

8
<

:

0 i > j + 1
u1,1(i) i = j + 1
u1,2(i)u2,1(j + 1)

Qj
k=i+1 u2,2(k) i < j + 1
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I N D U C T I V E  A R G U M E N T

P R L  113 ,  1 2 0 5 0 1  ( 2 0 1 4 )  
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S I M I L A R I T Y

P R L  113 ,  1 2 0 5 0 1  ( 2 0 1 4 )  
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V 0
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>>:

0 i > j + 1
u1,1(i) i = j + 1
⌘j�i+1u1,2(i)u2,1(j + 1)·Qj

k=i+1 u2,2(k) i < j + 1
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8
<

:

0 i > j + 1
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L O S S  I N  T H E  F U L L  
A R C H I T E C T U R E
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. . .

Û 0 = ⌘f
m(L�1)⌘s

2(L�1)
LY

l=1

V̂ 0(l)Û =
LY

l=1

V̂ (l)



M O D E  M I S M AT C H
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Â†(t,�) =

Z 1

�1
 (x� t��)â†(x)dx

| ini =
mO
i=1

1p
ki!

Â†(ti,�i)
ki |0ii

. . .

ÛBS(t)Â†(t,�)Û†
BS(t) ! u1,2(t)B̂†(t+ 1,�) + u1,1(t)Ĉ†(t,�)

ÛBS(t)B̂†(t,�)Û†
BS(t) ! u2,2(t)B̂†(t+ 1,�) + u2,1(t)Ĉ†(t,�)



M E T R I C :  F I D E L I T Y

F = |h i| ai|2

F =

�����
X

S0,S

X

T 0(S0),T (S)

�S0,T 0 · �S,T ·m! · exp
✓
�

m�

2
T (Si)

4c2

◆�����

2
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D E T E C T I O N
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B U C K E T  D E T E C T O R S  W I T H  P O S T- S E L E C T I O N  U P O N  
D E T E C T I N G  A L L  P H O T O N S  I S  S U F F I C I E N T

“Click” or 
“No Click”

W H Y ?  
#  O F  M O D E S  > >  #  O F  I N P U T  P H O T O N S   
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S A M P L I N G  O T H E R  
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S I N G L E  P H O T O N - A D D E D  
C O H E R E N T  S TA T E S :  
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P H O T O N - A D D E D  O R  S U B T R A C T E D  
S Q U E E Z E D  VA C U U M  S TA T E S :  

G E N E R A L I Z E D  
C A T  S TA T E S :

A R X I V: 1 4 0 6 . 7 8 2 1  ( 2 0 1 4 )  

A R X I V: 1 4 0 2 . 0 5 3 1  ( 2 0 1 4 )  

A R X I V: 1 3 1 0 . 0 2 9 7  ( 2 0 1 3 )  



D E F I N I T I O N :  
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G E N E R A T I O N :  

M O D E L :  

P H O T O N - A D D E D  O R  S U B T R A C T E D  
S Q U E E Z E D  VA C U U M  S TAT E S

|PASSV i = â†Ŝ(⇠)|0i = â†|⇠i
ˆS(⇠) = exp

✓
1

2

(⇠⇤â2 � ⇠â†2)

◆

A R X I V: 1 4 0 6 . 7 8 2 1 ( 2 0 1 4 )  



C O M P U TA T I O N A L LY  H A R D  F O R  A L L  
S Q U E E Z I N G  PA R A M E T E R S  
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P H O T O N - A D D E D  O R  S U B T R A C T E D  
S Q U E E Z E D  VA C U U M  S TAT E S

| i
out

= Û | i
in

| iin = â†1 . . . â
†
n|⇠1, . . . , ⇠mi

= Û
⇣
â†1 . . . â

†
n

⌘
Û †Û |⇠1, . . . , ⇠mi

= Û
⇣
â†1 . . . â

†
n

⌘
Û †|⇠1, . . . , ⇠mi

= dAA|⇠1, . . . , ⇠mi
A R X I V: 1 4 0 6 . 7 8 2 1 ( 2 0 1 4 )  

Û is composed of real beam-
splitters and is orthogonal so 
that the squeezed and anti-
squeezed quadratures don’t 
mix.



S I N G L E  P H O T O N - A D D E D  
C O H E R E N T  S TAT E S

D E F I N I T I O N :  
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G E N E R A T I O N :  

M O D E L :  

|SPACSi = N â†|↵i

U
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.

A R X I V: 1 4 0 2 . 0 5 3 1  ( 2 0 1 4 )  

“0”
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W E  U S E  T H E  R E S U LT  F O R  
A P P R O X I M A T E  B O S O N - S A M P L I N G  
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nY
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0

B@Û â†i Û
†

| {z }
d
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1
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1
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poly(n)

A R X I V: 1 4 0 2 . 0 5 3 1  ( 2 0 1 4 )  
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C O H E R E N T  S TAT E S

T H R E E  C O M P U TA T I O N A L  L I M I T S  
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H A R D :  I N T E R M E D I A T E :  E A S Y:  

|↵|2  1

n

1

n
 |↵|2  n2 |↵|2 � n2

A R X I V: 1 4 0 2 . 0 5 3 1  ( 2 0 1 4 )  
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M O D E L :  

G E N E R A L I Z E D  C AT  S TAT E S

|cati =
tX

j=1

�j |↵ji

A R X I V: 1 3 1 0 . 0 2 9 7  ( 2 0 1 3 )  



32

G E N E R A L I Z E D  C AT  S TAT E S

�S =
tX

~t=1

mY

j=1

A(S)

j,~t

A(S)
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= �(j)

tj fSj

 
mX
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Uj,k↵
(k)
tj

!
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p
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C O M PA R I S O N  T O  P E R M A N E N T:  
C O M P U TA T I O N A L  

C O M P L E X I T Y  A R G U M E N T:  

PostBQP ✓ PostCAT

A R X I V: 1 3 1 0 . 0 2 9 7  ( 2 0 1 3 )  

Perm(A) =
X

�2Sn

nY

i=1

Ai,�(i)
PH

!
= �3P
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W H Y  B O S O N - S A M P L I N G ?
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Peter…we’ve been doing BS 
for two years now 

Yes, yes…it’s time to go for the BS 
holy grail…

Indubitably… onward to Louisiana 
State University..a BS application yes..for this we must visit the 

dark lord Sauron 



L O U I S I A N A  
S TAT E  

U N I V E R S I T Y
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T H E  L A B O R AT O R Y
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M E E T  S A U R O N
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There must be an 
application for boson-
sampling in quantum 

metrology

I’ve even written grants 
to the US government 

claiming so…

40

We’ve made it. Time to 
come up with an 

application for Boson-
sampling.

Okay time to go 
brainstorm…be right 

back



N O O N  S TAT E  M E T R O L O G Y
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|Ni|0i+ |0i|Nip
2

T H I S  I S  O P T I M A L  F O R  Q U A N T U M  M E T R O L O G Y  

|Ni|0i+ eiN'|0i|Nip
2

'NOON =
1

N
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B R A I N S T O R M I N G

Oi mate…I got itTo the laboratory!
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M E T R O L O G Y  W I T H  B O S O N - S A M P L I N G  
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M E T R O L O G Y  W I T H  B O S O N - S A M P L I N G  
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No, No…This is just a global phase and 
can be factored out.
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M E T R O L O G Y  W I T H  B O S O N - S A M P L I N G  
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Jon…there is still a global 
phase…Let’s try this
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M E T R O L O G Y  W I T H  B O S O N - S A M P L I N G  
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To analyse we need to choose a V. 
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M E T R O L O G Y  W I T H  B O S O N - S A M P L I N G  
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M E T R O L O G Y  W I T H  B O S O N - S A M P L I N G  
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Get to work ORC’s!
Jonny & I can be 

Uruk-hai
Peter you can be 

Sauramon
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�j,k = �j,k exp
h
i(j � 1)'

i

Û = V̂ · �̂ · V̂ †

V

(n)
j,k =

1p
n
exp


�2ijk⇡

n

�

U (n)
j,k =

1� ein'

n(e2i⇡(j�k)/n � ei')

P =
��Per(U)

��2
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P =

1

n2n�2

n�1Y

j=1

h
an(j)cos(n') + bn(j)

i

an(j) = 2j(n� j) bn(j) = n2 � 2jn+ 2j2

P =
��Per(U)

��2
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P =
x

x+ y

x = # of events that were all 1’s

y = # of events that were not all 1’s
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N ⌘ 1 +
n(n� 1)

2

O R D I N A L  R E S O U R C E  C O U N T I N G  
 ( O R C )
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