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1i =

1

4
e! 2r ! ! öa2

2" =
1
4

e2rcos(! ) = 1
µ! ! ! R " sin(" ) = 0 " cos(" ) = ± 1

cos(! ) = ! 1 h�â2
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!N̂ " # ! â†â" = |! |2 + sinh2(r )

!

! ! öa2
1" =

1
4

e! 2r

! ! öa2
2" =

1
4

e2r

µ = cosh(r ), ! = sinh( r ), " = 0

! 1

! 2

W (! 1, ! 2)

µ = ej ! cosh(r ), ! = ej ( ! + " ) sinh(r )

� = 0

b̂ ! b̂ej !

?$)'#('5$&4'$@$5A).+,8'=$'&+&1'B#)'=+).

C=$'.*&'+8,45$&'4,$'&$85$$'49'95$$&4D'
BA'($))+,8'''''''''''=.$,'84+,8'954D'E#$, F
!.*-+54')4'3*@$(',4)*)+4,G

HIJ'/4,&+)+4,'+(').$'(*D$'*('B$945$>

K99$/)'49').+('-.*($>'''''''''''''''''1'+(')4'
*--6A'*'54)*)+4,'+,'-.*($'(-*/$

µ! ⌫ ! R " sin(✓) = 0 " cos(✓) = ± 1

!

! 1

! 2

!



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

0 1+$,,-,."*'/',2"
3 4)%*(.,5
3 6,"/75,/.8"9%):":;/'"')",<=,&'2"#)5"';,".(*'5(>$'()%"

)#""';,""""""?@AB"C,/*$5,C,%'":,".,5(D,.

|! ; µ, " i ⌘ |#; µ, " i

!

µ = cosh(r ), ! = sinh( r ), " = 0

E)5"""""""""""""""2":,"*;):,."#5)C"#(5*'"=5(%&(=7,*2"µ, ! ! R

= exp
!
2j (! 2" 1 ! ! 1" 2) ! ! 2

1

"
1 + e2r

2

#
! ! 2

2

"
1 + e! 2r

2

#$

F#":,"'/9,"';,"GH" #)$5(,5'5/%*#)5C"')"
)>'/(%"';,"!"#$%&'()%2":,"I,'"/"GH"
J/$**(/%".(*'5(>$'()%":(';"D/5(/%&,*2

! 2
1 =

1 + e! 2r

4
, ! 2

2 =
1 + e2r

4! ! ↵2
1" # �2

1 =
(µ $ ⌫)2 + 1

4

! 1

↵2

! ! ! 2
2" # " 2

2 =
(µ + #)2 + 1

4

öa



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

. /*0$122&$'*2,$,)*($'*3)*("+45),)56*7),)%+&')7*
8%"+*&,2*8&%2,*$'7*2)("'7*+"+)',2
9 :&%2,*+"+)',;***************************************&2*,<)*+)$'*8&)57

. =",)*,<$,;

9 >)("'7*+"+)',2*8"%+*$* covariance matrix;

. =",)*,<$,;
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Covariance matrix of a squeezed state

• For the squeezed state                                ,
– Mean field (first moment),
– Prove that the covariance matrix is given by:

|�; µ, ⌫i, µ, ⌫ 2 C

V
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Diagonal terms are zero if the 
squeezed state is MUP



Revisiting Homodyne Detection: semi-
classical theory, coherent state input
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ö! in ö! out

U = exp
! r

2
(e! i ! öa2 ! ei ! öa  2)

"

! öS(z), z = rei !

|! ; r, " ! = öD(! ) öS(z)|0! = öS(z) öD(#)|0!

!

! ! öa2
1" =

1
4

e! 2r

! ! öa2
2" =

1
4

e2r

! = 0 , " ! R
! = " er

!561)&*"#$&1

öaout = öS(z)öain öS(z)  = µöain + ! öa 
in

7&"8&#9&1$

öain öaout!,-&&."#$+"8+
#):+0;88"2&<+=:+
;**8+06):)#8

N = |! |2 + sinh 2(r )
>&;#+06):)#+#-(9&1?
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ö! in ö! out

U = e! öa  ! ! ! öa

|! out ! = U|! in !

ö! out = U ö! in U 

78/(.%&9+"#.:1+0);&3&#1+-1/1&9U|! ! = |! + " !

!0;3)&*"#$&3

! out
N (" ) = !e! öa 

out e! ! ! öaout " = !e! (öa 
in + " ! ) e! ! ! (öain + " ) "

! in
N (" ) = !e! öa 

in e! ! ! öain " = e!" ! ! ! ! "

= e! (" + # ) ! ! ! ! ( " + # )

<&"-&#=&3$

öain öaout
öaout = U  öain U = öain + !

öa 
out = U  öa 

in U = öa 
in + ! !

! öD(! )



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

- ./"$0'12' ! 23
4

- 50",'$67%((0)'18'! 83
4

- 9:#00;%&<'12'! 23
4

- =%$67">0,0&('12'! 23
4 Udisp (! ) = öD(! ), ! ! C

Usqueezing (r ) = öS(z), z = r ! [0, " )

Ubeamsplitter (! ), ! ! [0, 1)

Uphase(! ), ! ! [0, 2" )

<0&0)"7'&?
,+@0'6"$$%A0'
7%&0")'+6(%>"7'
()"&$*+),"(%+&

!0&0)"7';0)+ ?
,0"&'
!"#$$%"&'
#&%(")B'1"&'&?
,+@0'
C+<+7%#C+A
()"&$*+),"(%+&3

!0&0)"7'
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!"#$$%"&'()"&$*+),"(%+&$'&+('#&%-.)$"/0'
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5 67"$.'89' ! 9:
;

5 <.",'$=/%((.)'8>' ! >:

;

5 ?@#..A%&B'89'! 9:

;

5 C%$=/"D.,.&('89'! 9:
;

5 ?./* 4E.))'89' ! 9:

;

Udisp (! ) = öD(! ), ! ! C

Usqueezing (r ) = öS(z), z = r ! [0, " )

Ubeamsplitter (! ), ! ! [0, 1)

Uphase(! ), ! ! [0, 2" )

B.&.)"/'& 4,+2.'
="$$%-.'/%&.")'
+=(%D"/'
()"&$*+),"(%+& !.&.)"/'A.)+ 4
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,+2.'
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!.&.)"/'
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U(! ) = ei ! (öa  öa)2
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,+2.$G'#&%-.)$"/'
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5 67"$.'89' ! 9:
;

5 <.",'$=/%((.)'8>' ! >:

;

5 ?@#..A%&B'89'! 9:

;

5 C%$=/"D.,.&('89'! 9:
;

5 E#F%D'=7"$.'89'! 9:

;

Udisp (! ) = öD(! ), ! ! C

Usqueezing (r ) = öS(z), z = r ! [0, " )

Ubeamsplitter (! ), ! ! [0, 1)

Uphase(! ), ! ! [0, 2" )

B.&.)"/'& 4,+2.'
="$$%-.'/%&.")'
+=(%D"/'
()"&$*+),"(%+& !.&.)"/'A.)+ 4
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()"&$*+),"(%+&:

!.&.)"/'
!"#$$%"&'
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,+2.$G'#&%-.)$"/'
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U(! ) = ei ! öq3
, öq =

öa + öa 
!

2



!"#$%&'$#"()$"$* +(&,)$-'"#.'($
/.".)$0#$)"12$-'",3"#.4$

!5"//01"5

6"'//0"#

!5"//01"5

7&#+6"'//0"#

7&#+!5"//01"5

6"'//0"#

7&#+!5"//01"5

7&#+6"'//0"#



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

- ./0&+*$+)12(2*+$+ 3&44)*52#/)2)653)45#*705+8

- !'&*209)*02'+6$0%2*&$')$6):$+$'&#)+*2*5+
; 127++&2')7'&*209)$')')%$<5+8)=/2+5>)?52%+"4&**50>)

@&+"42#5%5'*>)AB755C&'(

; D$' E127++&2' +*2*5)5'(&'550&'()7+&'()=DF)<5*5#*&$'
; 127++&2')?$+$')A2%"4&'(

- 127++&2')%52+705%5'*+)$')')%$<5+


