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Classical	  &	  Quantum	  Computers 

input output 

Register Processor 

Classical	  Computer bits Classical	  gates 

Computer	  Type Register Processor 

Quantum	  Computer 
qubits Quantum	  gates:	  	  

•  Circuit-‐based	  
•  Measurement-‐

based con@nuous	  variables 



Why	  quantum	  computers? 

•  R.Feynman,	  1982:	  	  
	  	  	  	  simula@ng	  quantum	  physics	  
 

•  P.Shor,	  1994:	  	  
integer	  factoring:	  !( (Log  #)
↑3 ) 
  

•  Test	  whether	  the	  quantum	  
mechanical	  principles	  s@ll	  hold	  in	  
HUGE	  entangled	  systems 

 

•  L.Grover,1996:	  	  
unsorted	  database	  
searching:	  !( #↑1/2 ) 



Qubits:	  the	  quantum	  bits 

•  Qubits:	  any	  two-‐level	  systems:	  
{	  	  |0⟩  , |1⟩    }	  

•  Superposi@on:	  	  
'|0⟩+ (|1⟩	  
•  Entanglement:	  
1/√2  ( |00⟩↓12 + |11⟩↓12 )	  



Circuit-‐based	  computers 

Gate 

Gate 

Gate 

input output opera+on 

Any	  N-‐qubit	  gate	  can	  always	  be	  decomposed	  to	  
combina@ons	  of	  single-‐	  and	  two-‐qubit	  gates. 



Quantum	  gates 

; 

; 

; 



Quantum	  teleporta@on 

Alice Bob 

| ,⟩ 
| ,⟩ 

s .(/) 

Long	  distance 

Hey,	  
Bob!… 

.↑† (/)| ,⟩ 
 



Alice 

Bob 

Alice’s  result Bob’s  projected  state Bob’s  action 
| (↓00 ⟩↓12 =   | 00⟩↓12 + | 
11⟩↓12  

   '| 0⟩↓3 + (| 1⟩↓3  Do	  nothing 

| (↓10 ⟩↓12 = | 00⟩↓12 − | 
11⟩↓12  

   '| 0⟩↓3 − (| 1⟩↓3  0↓3  

| (↓01 ⟩↓12 = | 01⟩↓12 + | 
10⟩↓12  

'| 1⟩↓3 + (| 0⟩↓3  1↓3  

| (↓11 ⟩↓12 =   | 01⟩↓12 − | 
10⟩↓12  

− '| 1⟩↓3 + (| 0⟩↓3  1↓3 0↓3  

2 

3 

| (↓00 ⟩↓23 = |00⟩↓23 + |11⟩↓23 	  

| 4⟩↓1 = '| 0⟩↓1 + (| 1⟩↓1  

| 4′⟩↓123 = | 4⟩↓1 | (↓00 ⟩↓23  =∑2,3∈{0,1}↑▒| (↓23 ⟩↓12 0↓3 ↓↑2 1↓3 ↓↑3 | 4⟩↓3   



Measurement-‐based	  quantum	  
computers 

input Cluster	  state 

Link	  to 



Measurement-‐based	  quantum	  
computers 

output measurements 

Also	  known	  as:	  One-‐way	  quantum	  computer 



Cluster	  states 

|+⟩↓1   	  

|+⟩↓2  

|+⟩↓3 	  

|+⟩↓4    

| ,⟩=| +0++⟩−| −1−−⟩

1 2 3

4

•  Any	  gates	  can	  be	  applied	  by	  using	  a	  cluster	  state	  
and	  measurements! 



Rotation  Gate 



Apply	  two-‐qubit	  gates	  by	  cluster	  state 

| ,⟩ .| ,⟩ 

| ,⟩12 70| ,⟩12 

Universal! What	  kind	  of	  cluster	  state	  is	  sufficient? 



input Square	  grid	  Cluster	  state 

CZ 

Universal	  QC	  is	  achieved	  with	  a	  square	  grid	  cluster	  
state:	  
R.Raussendorf	  and	  H.J.Briegel,	  PRL	  (2001) 



output measurements 

Universal	  QC	  is	  achieved	  with	  a	  square	  grid	  cluster	  
state:	  
R.Raussendorf	  and	  H.J.Briegel,	  PRL	  (2001) 



Quantum	  error	  correc@on	  using	  
cluster	  states 

•  Measurements:	  
Cubic	  la3ce	  Cluster	  State	  	  
into	  
3-‐D	  Kitaev	  surface	  code	  
state	  
	  
•  Topological	  quantum	  
error	  correc@on:	  
R.Raussendorf	  et	  al,	  	  

	  	  	  	  Ann.	  Phys.(N.Y.)	  (2006) 



Progress	  of	  op@cal	  qubit	  cluster	  states 

•  Realiza@on	  of	  Shor’s	  algorithm(factorizing	  15):	  
	  C.Lu	  et	  al.,	  PRL	  (2007)	  

	  	  	  	   	  B.P.Lanyon	  et	  al.,	  PRL	  (2007)	  	  
•  Blind	  quantum	  compu@ng:	  	  
	  	  	  	   	  S.Barz	  et	  al.,	  Science	  (2012)	  

•  Topological	  quantum	  compu@ng:	  	  
	  	  	  	   	  Y.Han	  et	  al.,PRL	  (2007)	  
•  Topological	  error	  correc@on:	  	  
	  	  	  	   	  X.Yao	  et	  al.,	  Nature	  (2012) 



Hypercubic	  lajce	  cluster	  states 

Tesseract	  (4-‐D	  hypercube)	  
Figure	  from	  hlp://en.wikipedia.org/wiki/Tesseract 

•  We	  know	  how	  to	  make	  them	  in	  our	  lab!	  	  
•  But	  with	  con9nuous	  variables	  rather	  than	  qubits. 



Con@nuous	  variables 

•  Qubits:	  discrete	  variables	  
•  Con@nuous	  variables:	  con@nuous	  systems,	  
such	  as	  electromagne@c	  field	  quadratures	  
– Amplitude: 	  	   8 = 1/√2  (: + : ↑† )	  
– Phase: 	   	  	   < = 1/2  √2  (: − : ↑† )	  

	  	  	  	  Harmonic	  oscillator:	  	  {> , < }↔{8 , < }	  : 	  &	   : ↑† :	  field	  annihila@on	  &	  crea@on	  
operators 

[8 , < ]=2ℏ 



Discrete	  Variables(DV) Con+nuous	  Variables(CV) 

Basis {	  	  	  |/⟩  ,/∈{0,1}      } {	  	  |8⟩	  ,	  8∈ℝ	  } 

General	  states |4⟩= '|0⟩+ (|1⟩ |4⟩=∫−∞↑∞▒4(8) |8⟩C8  

Conjugate	  basis |±⟩=|0⟩± |1⟩ |<⟩=∫−∞↑∞▒D↑−2<8 |8⟩C8  

Single-‐qubit
(mode)	  gates 

Pauli	   0  WH	  	  	   0 (E)= D↑2E8   

Pauli	   1  WH	  	  	   1 (F)= D↑−2F<   
 

Two-‐qubit
(mode)	  gate 

7 ↓G = 0 ↓2 ↑/↓1        ,   /↓1 ∈
{0,1} 

7 ↓G = D↑2H8 ↓1 8 ↓2  = 0 ↓2 ( 8 
↓1 ) 

Bipar@te	  
maximally	  

Entangled	  states 

| (↓00 ⟩↓12 =   | 00⟩↓12 + | 
11⟩↓12  

|IJK⟩↓12 =∫−∞↑∞▒|88⟩↓12 
C8  



EPR	  state	  &	  two-‐mode	  squeezed	  state 

(8 ↓1 − 8 ↓2 )|IJK⟩↓12 =0|IJK⟩↓12 
(< ↓1 + < ↓2 )|IJK⟩↓12 =0|IJK⟩↓12 	  

Δ(8 ↓1 − 8 ↓2 )↑2 =	  Δ(< ↓1 + < ↓2 )↑2 =0	  

(8 ↓1 − 8 ↓2 )|Ψ(N)⟩↓12 = D↑−N |Ψ(N)⟩↓12   →    N→∞    ┴  0| IJK⟩↓12 
(< ↓1 + < ↓2 )|Ψ(N)⟩↓12 = D↑−N |Ψ(N)⟩↓12   →    N→∞    ┴  0| IJK⟩↓12 

Δ(8 ↓1 − 8 ↓2 )↑2 =	  Δ(< ↓1 + < ↓2 )↑2 = D↑−2N   →    N→∞    ┴  0

Nullifiers:	   

| IJK⟩↓12 =∫−∞↑+∞▒|8⟩↓1 |8⟩↓2 C8 =∫−∞↑+∞▒|<⟩↓1 |−<⟩↓2 C< 
=∑Q=0↑∞▒|Q⟩↓1 |Q⟩↓2   •  	   

| Ψ(N)⟩↓12 = 1/cosh↑2  N  ∑Q=0↑∞▒tanh↑Q  N |Q⟩↓1 |Q⟩↓2    →    N→∞    ┴  | IJK⟩↓12  

•  	   
Approximate	  nullifiers:	   



CV	  Cluster	  states 

|<=0⟩↓1   	  

|<=0⟩↓2    

|<=0⟩↓3   	  

|<=0⟩↓4    
Nullifiers	  for	  cluster	  states:	  	  

< ↓2 −∑3∈ℵ(2)↑▒8 ↓3    ,    2∈[1,#] 

1 2 3

4

{< ↓1 − 8 ↓2 ,     < ↓2 − 8 ↓1 − 8 ↓3 − 8 ↓4 ,     < ↓3 − 8 ↓2 ,     < ↓4 − 8 ↓2 } 



Progress	  of	  op@cal	  CV	  cluster	  states 

•  CV	  Teleporta@on:	  	  
	  	  	  	   	  A.Furusawa	  et	  al.,	  Science	  (1998)	  
•  CV	  error	  threshold	  for	  quantum	  error	  correc@on:	  	  
	  	  	  	   	  N.C.Menicucci,	  arXiv:	  1310.7596	  	  

•  Detec@ng	  topological	  entropy:	  	  
	  	  	  	   	  T.F.Demarie	  et	  al.,	  arXiv:	  1305.0409	  
•  Scalable	  CV	  cluster	  states:	  
	  	  	  	   	  See	  next	  slide	  
 



Scalable	  CV	  cluster	  states 

×15 

M.Pysher,	  Y.Miwa,	  R.Shahrokhshahi,	  
R.Bloomer,	  O.Pfister,	  PRL	  2011 

N.C.Menicucci,	  S.T.Flammia,	  O.Pfister.	  PRL	  2008 

•  N.C.Menicucci,	  PRL	  2010	  
•  M.Chen,	  N.C.Menicucci,	  O.Pfister,	  	  
	  	  	  	  	  	  arXiv:1311.2957,	  2013	  
•  S.Yokoyama	  et	  al.,	  Nat.	  Photonics	  2013	  

P.Wang,	  M.Chen,	  N.C.Menicucci,and	  O.Pfister,	  
arXiv:1309.4105,	  2013 



Op@cal	  cavity 

Transmilance 

1 

0 
T  (frequency) 

ΔT 

mirror mirror 
Broad	  band 



Op@cal	  parametric	  oscillator(OPO) 
Nonlinear	  
Crystal	  

Energy  conservation:
T↓1 + T↓2 = T↓< 	  

Pump	  
(single	  frequency)	  

Tp 
T1 

T2 

Tp 
T1 

T2 
T↓< /2 

T 

TMSS(or	  approx.	  EPR	  pairs) 



PZ PY
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PZ PY

54321-1-2-3-4-5-6 0n:

 -3        2        -1       0        
1    

Z
Y

Z+Y

Z-Y

“Dual-‐rail	  quantum	  wire	  cluster	  state” 



Mul@ple	  copies 

. . . . . .

PZ PYPZ PY



Mul@ple	  copies 

•  Three	  independent	  dual-‐rail	  quantum	  
wires!	  

•  The	  number	  of	  quantum	  wires	  is	  
propor+onal	  to	  the	  pump	  spacing 

. . . . . .

PZ PY



State	  verifica@on 
Local Oscillator(LO) (

Quantum 
signal :

Spectral	  
analyzer 

50:50 BS

Variance	  of	  quadrature	  combina@ons 

Verify	  nullifiers 

Balanced	  
homodyne	  
detec@on 

:(↑∗ + :↑† (={█■|(|(:+ :↑† )=√2 |(|8     ,     f↓( =02|(|(:− :↑† )=√2 |(|<     ,     
f↓( = g/2    



Dual-‐rail	  quantum	  wire	  cluster	  state:	  
experimental	  setup 



Dual-‐rail	  quantum	  wire	  cluster	  state:	  
experimental	  realiza@on 

M.Chen,	  	  
N.C.Menicucci,	  
and	  O.Pfister,	  
	  
"Experimental	  realiza@on	  of	  
mul@par@te	  entanglement	  
of	  60	  modes	  of	  the	  
quantum	  op@cal	  frequency	  
comb",	  	  
	  
arXiv:1311.2957[quant-‐ph]
(2013) 

M.	  Chen N.C.Menicucci O.Pfister 



EPR	  pair	  genera@on	  bandwidth 

Bt    ~  8.1  THz! 

In  theory:

Experiment(expected):
Bm  ~	  

3.18THz 

ΔT=0.95  GHz 

In  M.Chen  et  al  .,  2013:

~  60 

2l↓H /ΔT   ~  17000 

2l↓m /ΔT   ~  6700 

T  (THz) 



Square	  lajce	  cluster	  state 
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Square	  lajce	  cluster	  state 
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Square	  lajce	  cluster	  state 



Measurements	  on	  cluster	  state:	  	  
graph	  shaping 

8  8  8  

8  



8  8  8  8  8  



Square	  lajce	  cluster	  state:	  
experimental	  setup 



Cubic	  lajce	  cluster	  state 





Cubic	  lajce	  cluster	  state 



8 ’s 

8 ’s 





Hypercubic	  lajce	  cluster	  state 

•  Con@nue	  the	  same	  procedure,	  in	  general:	  	  
	  	  	  q-‐dimensional	  hypercubic	  lajce	  cluster	  state	  
can	  be	  created	  by:	  
– q	  two-‐frequency	  pumped	  OPOs	  
– one	  q×q	  interferometer	  
	  

•  Mul9ple	  copies	  of	  hypercubic	  lajce	  cluster	  
state	  can	  be	  created	  by	  the	  same	  setup,	  just	  
will	  more	  pump	  spacing!	  	  



4-‐D	  Hypercubic	  lajce	  cluster	  state:	  
experimental	  setup 



Poten@al	  applica@ons 

•  Linear	  &	  square	  lajce:	  universal	  one-‐way	  
quantum	  compu@ng	  

	  	  	  	   	  Menicucci	  et	  al.,	  PRL	  (2006)	  

•  Cubic	  lajce:	  topological	  error	  correc@on	  
	  	  	  	   	  Raussendorf	  et	  al.,	  Ann.Phys.	  (N.Y.)	  	  321,	  2242–	  	  	  	  	  

	   	  2270	  (2006)	  
	  	  	  	   	  Dennis	  et	  al.,	  J.Math.Phys.	  (2001)	  

•  Hypercubic	  lajce?	   



Summary 
•  Circuit-‐based	  vs	  measurement-‐based	  QC	  
•  Discrete	  variables	  vs	  Con@nuous	  variables	  
•  Genera@ng	  scalable	  op@cal	  hypercubic	  lajce	  
cluster	  states	  	  

•  Experimental	  crea@on	  and	  verifica@on	  
•  Poten@al	  use	  
•  For	  more	  informa@on:	  	  
P.Wang,	  M.Chen,	  N.C.Menicucci,and	  
O.Pfister,"Weaving	  quantum	  op@cal	  frequency	  combs	  
into	  hypercubic	  cluster	  states",	  arXiv:1309.4105[quant-‐
ph]	  (2013)	  
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