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@ Quantum speedmeter

@ Optical cavity: Hamilitonian approach
© Optical spring

@ Ground state optical cooling

© Quantumnes of mechanical objects

Will not be considered:

e Filter cavities

® Hybrid systems

® Non-stationary optomechanics
® Non-Gaussian optomechanics
o
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@ Quantum speedmeter
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Quantum speedemter

OUTPUT

-

@ V.B.Braginsky, F.Ya.Khalili, Phys. Lett. A 147, 251 (1990)
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Position meter

A(t) >ﬂ " B=A, b.(t)=2.t), bs(t)=a,t)+ 2k,A%(r)
B(1) . SQL!
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Position meter
o m ~ ~
Aw) >ﬂ B=A, bBuf)=2.), by(t)=a,(t) + 2k, AR(1)
B() . SQL!

At m B(t) B=A, b.)=4.)
bs(1) = a5() + 2k, A[R(1 — 7) — x(1)]

Time delay 7
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Position meter

B=A, b.(t)=2.t), bs(t)=a,t)+ 2k,A%(r)
SQL!

m

Time delay 7

B=A, bu(t)=4.()

by(1) = a5() + 2k, A[R(1 — 7) — x(1)] =~ 4,(t) — 2k, ATP(t)

dx(1)
dt

(1) = & HQ) = —iQQ)
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Position meter

A(t) >ﬂ " B=A, b.(t)=2.t), bs(t)=a,t)+ 2k,A%(r)
B(t) ) SQL!

Aw) m B(t) B=A, b.(t)=42()
by(1) = a5() + 2k, A[R(1 — 7) — x(1)] =~ 4,(t) — 2k, ATP(t)
Time delay T () = a0 S PW(Q) = —iQR(Q)

dt
Homodyne detector: i oc be(z) cos & + by(¢) sin & = a(f) cos ¢ + [A,(¢) — 2k, AT(1)] sin {
= =2k, At sin {[Pa(t) + D(1)]
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Position meter

A(t) >ﬂ " B=A, b.(t)=2.t), bs(t)=a,t)+ 2k,A%(r)
B(t) . SQL!

Aw) m B(t) B=A, b.(t)=42()
by(1) = a5() + 2k, A[R(1 — 7) — x(1)] =~ 4,(t) — 2k, ATP(t)
Time delay T () = a0 S PW(Q) = —iQR(Q)

dt

Homodyne detector: i oc be(z) cos & + by(¢) sin & = a(f) cos ¢ + [A,(¢) — 2k, AT(1)] sin {
= =2k, At sin {[Pa(t) + D(1)]

dia(t) 1

dt _kaAT [ac(t) cot § + ﬁs(t)]

The measurement noise: vg(f) =
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Position meter

A(t) >ﬂ " B=A, b.(t)=2.t), bs(t)=a,t)+ 2k,A%(r)
B(t) . SQL!

Aw) m B(t) B=A, b.(t)=42()
by(1) = a5() + 2k, A[R(1 — 7) — x(1)] =~ 4,(t) — 2k, ATP(t)
Time delay T () = a0 S PW(Q) = —iQR(Q)

dt
Homodyne detector: i oc be(z) cos & + by(¢) sin & = a(f) cos ¢ + [A,(¢) — 2k, AT(1)] sin {
= =2k, At sin {[Pa(t) + D(1)]
dxq(t) 1
di  2kAT

[4c(r) cot & + a4(1)]

da(1)
dt

The measurement noise: vg(f) =

The back action force:  Fq(f) = 2hk,Alac(t + 7) — 4.(1)] = 2hk,AT
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Speed meter

’ m » X
A) Bt 00 = G = g A <0t 0]
- dpa(t) A
Fa(r) = 22222 , 1) = 2hk IAK7'ac t
Time delay 7 " di e ’ !
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Speed meter

. m » X
A) Bt 00 = G = g A <0t 0]
. dpa(t) A
- 1(0) 7 pa(t) L ATA(1)

Fourier picture :

va(Q 1
W e = Al @) ot + 4,0

Fn(Q) = —i0pn(Q),  pa(Q) = 27k, ATa(Q)

xa(Q) =
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Speed meter

n p .
A(t) B(t) Pale) = dXﬂ[(t) > [4.(¢) cot & + 4,(1)]
fooy_dpa) .
Time delay 7 Fy(r) = a pa(r) = 2hk, Ata (1)

Fourier picture :
va(2)

o =g
Fa(Q) = —iQpn(Q),  pa(Q) = 27k, ATA(Q)

xa(Q) =

[a.(Q) cot £ + 4,(Q)]

Quantum noise spectral densities :

fic? Afiw, [)Q* 12 h
L SHQ) =@y = ———, Sur=-Sy =5 cotg

S:(Q) = —= =
A8 Q2 16w,I)Q%72sin? ¢ c
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Speed meter

n p .
A(t) B(t) Pale) = dXﬂ[(t) > [4.(¢) cot & + 4,(1)]
fooy_dpa) .
Time delay 7 Fy(r) = a pa(r) = 2hk, Ata (1)

Fourier picture :
va(2)

o =g
Fa(Q) = —iQpn(Q),  pa(Q) = 27k, ATA(Q)

xa(Q) =

[a.(Q) cot £ + 4,(Q)]

Quantum noise spectral densities :

fic? Afiw, [)Q* 12 h
L SHQ) =@y = ———, Sur=-Sy =5 cotg

S:(Q) = —= =
A8 Q2 16w,I)Q%72sin? ¢ c

hZ
S{Q)SF(Q) — Sty = 8,8, = S5, = T
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Speed meter

At) mn B(t) . dia(t) . A
f) = = = (1) cot St
) = =g =~ g Dot g +a,(0)
A dpa(t
Fa) = P20 bo0) = 20k AT()
Time delay 7 dt
Quantum noise spectral densities :
S, hic? 5 dhw,loQ>7? A
Sy(Q)=—= = , Sp(Q)=Q°S, = ————, =-S,, = = cot
x( ) Q2 166()[,10927'2 sinzg“ F( ) 14 Cz xF vp ) é

2

h
S{Q)SH(Q) = Sip = 8,8, = 83, = 7
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Speed meter

At) mn B(t) . dia(t) . A
f) = = = (1) cot St
) = =g =~ g Dot g +a,(0)
A dpa(t
Faty = 222D po) = 2k, ATa(0)
Time delay 7 dt
Quantum noise spectral densities :
S, hic? 5 dhw,loQ>7? A
S:(Q)=— = , SF(Q)=Q°S, = ——, =-S5, = = cot
x( ) Q2 166()[,10927'2 sinzg“ F( ) 14 Cz xF vp ) é
h2
SHQ)SF(Q) — S = 8.8, = 3, = -

Sum quantum noise optimization :  [&um(Q) = £a(Q) + Y (Q)Fa(Q)]

2 Q 1 25, S
Sy SP(Q) (Sv+ P, p)

SV =S+ = o T er T o =

DC!
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Speed meter

At) mn B(t) . dia(t) . A
f) = = = (1) cot St
) = =g =~ g Dot g +a,(0)
A dpa(t
Faty = 222D po) = 2k, ATa(0)
Time delay 7 dt
Quantum noise spectral densities :
S, hic? 5 dhw,loQ>7? A
S:(Q)=— = , SF(Q)=Q°S, = ——, =-S5, = = cot
x( ) Q2 166()[,10927'2 sinzg“ F( ) 14 Cz xF vp ) é
h2
SHQ)SF(Q) — S = 8.8, = 3, = -

Sum quantum noise optimization :  [&um(Q) = £a(Q) + Y (Q)Fa(Q)]

2 2
2S¢ SP(Q) 1 (Sv . A N Sp) 1 (77/4+S, . 28w N Sp

Ssum(Q) = SX(Q) + _mQQ + W = E = @ -

m m? Sp m m?

DC!
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Speed meter

At) mn B(t) . dia(t) . A
f) = = = (1) cot St
) = =g =~ g Dot g +a,(0)
A dpa(t
Faty = 222D po) = 2k, ATa(0)
Time delay 7 dt
Quantum noise spectral densities :
S, hic? 5 dhw,loQ>7? A
S:(Q)=— = , SF(Q)=Q°S, = ——, =-S5, = = cot
x( ) Q2 166()[,10927'2 sinzg“ F( ) 14 Cz xF vp ) é
h2
SHQ)SF(Q) — S = 8.8, = 3, = -

Sum quantum noise optimization :  [&um(Q) = £a(Q) + Y (Q)Fa(Q)]

2 2
2S¢ SP(Q) 1 (Sv . A N Sp) 1 (77/4+S, . 28w N Sp

Ssum(Q) = SX(Q) + _mQQ + W = E = @ -

m m? Sp m m?

DC!
hZ

4025,

S
Svp = _Ep = Saum(Q) =
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Speed meter

At) mn B(t) . dia(t) . A
f) = = = (1) cot St
) = =g =~ g Dot g +a,(0)
A dpa(t
Faty = 222D po) = 2k, ATa(0)
Time delay 7 dt
Quantum noise spectral densities :
S, hic? 5 dhw,loQ>7? A
S:(Q)=— = , SF(Q)=Q°S, = ——, =-S5, = = cot
x( ) Q2 166()[,10927'2 sinzg“ F( ) 14 Cz xF vp ) é
h2
SHQ)SF(Q) — S = 8.8, = 3, = -

Sum quantum noise optimization :  [&um(Q) = £a(Q) + Y (Q)Fa(Q)]

2 2
2S¢ SP(Q) 1 (Sv . A N Sp) 1 (77/4+S, . 28w N Sp

Ssum(Q) = SX(Q) + _mQQ + W = E = @ -

m m? Sp m m?

DC!
2

m—)() if SPOCI()—)OO

S
Svp = _Ep = Saum(Q) =
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xn
. . ETM

& p-polarized light

€ s-polarized light

® Left circ. polarized light
@ Right circ. polarized light

Gravitational-wave
field lines

weaq (O7) 401B[II0S0 [20T 4

L 4

¥
$10
Phase
shifter

ﬁ S.L.Danilishin et al, Light: Science & Applications 7, 11 (2018) 21/88



@ Optical cavity: Hamilitonian approach
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[ erm

ET™M

4 km

-

IT™
==

PR2 -~

cP

\ 1™ ETM
52w BS Hﬂ 750 KW | H
ERM

T=1.4%

PR3

PD

o— —p@—» GW readout

ﬁ J.Aasi et al, Class. Quantum Grav. 32, 074001 (2015) 23/88



T#0 m
Ain (T a &
goflrtlgtg — Fpa.
Continuum Cavity i= %
mode
[4,a7] =1

[Ain(w), & ()] = 276(w — ')

[Aout(@), & ()] = 216(w — W)

24/88



T#0 m

A (1) —— a .
goflrtlgtg = Fga.
Continuum Cavity i= %

mode
4,47 =1

[Ain(w), 4] (W")] = 276(w - )

[Aout(@), & ()] = 216(w — W)

Closed cavity, T = 0 (for a while)

']:{ = h[(wo _ G)?)ﬁTﬁ+A*eiwplﬁ+AeiwI’lﬁ%] +7:(m

e.g. G=w,/L

25/88



T#0 m

A (1) —— a .
goflrtlgtg = Fga.
Continuum Cavity i= %

mode
4,47 =1

[Ain(w), 4] (W")] = 276(w - )

[Aout(@), & ()] = 216(w — W)

Closed cavity, T = 0 (for a while)

']:{ = h[(wo _ G)?)ﬁTﬁ+A*einlﬁ+AeiwI’lﬁT] +7:(m

e.g. G=w,/L
Rotating wave approximation: 4 := ée
H =n[-(+Gha'a+A*a+Aa" ) + A,

0 =wp—w,

—lwpl

=

26/88



T#0 m

A (1) —— a .
goflrtlgtg = Fga.
Continuum Cavity i= %

mode
4,47 =1

[Ain(w), 4] (W")] = 276(w - )

[Aout(@), & ()] = 216(w — W)

Closed cavity, T = 0 (for a while)

']:{ = h[(wo _ G)?)ﬁTﬁ+A*eiwplﬁ+AeiwI’lﬁ%] +7:(m

e.g. G=w,/L
Rotating wave approximation: 4 :=
H = h[—(5 + GR)aTa + A*a + Aa'
0 =wp—w,

Linearization:

o

H = —n[saTa+ g(a+aH3] + H,,,

=a+4, Ima=0, a=A/6>1 =

g = Ga

27/88



T#0 m

A (1) —— a .
goflrtlgtg = Fga.
Continuum Cavity i= %

mode
4,47 =1

[Ain(w), 4] (W")] = 276(w - )

[Aout(@), & ()] = 216(w — W)

Closed cavity, T = 0 (for a while)

']:{ = h[(wo _ G)?)ﬁTﬁ+A*eiwplﬁ+AeiwI’lﬁ%] +7:(m

Rotating wave approximation: 4 := ¢™'%' =

H = h[—(5 + GR)aTa + A*a + Aa'

o

=a+a,

e.g. G=w,/L

0 =wp—w,
Linearization:

Ima=0, a=A/6>1 =

H = —h[6aTa + g(a + aDR] + H,., g = Ga

dp()

d

t

Equations of motion:
da(r)

7 — i04(¢) = lg)%([),

= F.a.(1) = higla(r) + 47(7)]

28/88



T#0 m
é; t — é ~
goflrtlgtg . Fg.a
Continuum Cavity i= %
mode
[4,a71=1

[Ain(w). 4] ()] = 276(w - )
[ﬁout(w)a ézm(w')] = 271'5(0) - (1),)
Adding the continuum, by hand
da(t e R .
() + (y —i8)a(r) = igk(t) + V2v ain(r)

dt
Aour(?) = V27 A1) — ain(0)
Fp.a (1) = higla() + 47 ()]

Closed cavity, T = 0 (for a while)

H = h[(w, — GR)aTa + A*r'a + Ae“r'at] + A,
e.g. G=w,/L

Rotating wave approximation: 4 := ée

H = h[—(6 + GR)aTa + A*a + AAT]

0 =wp—w,

Linearization:
d:=a+4a, Ima=0,
H = —n[saTa+ g(a+aH3] + H,,,

Equations of motion:

da(t) oo
o i0a(r) = igx(r),

= F.a.(1) = higla(r) + 47(7)]

a=Al0>1 =

g = Ga

dp(1)
dt

29/88



T#0 m

éf t et é/ ] =
éo:tlgtg e Fpa.
. Cavity & z
Continuum ™~ " - Fourier picture
4,47 =1 (ﬁﬁm(g)) _R@© (ﬁf,n(g)) + GO
@) =HO el * GO

[Ain(w), 4] (W")] = 276(w - )
[Aout(@), & ()] = 216(w — W) & (O
P = T ()
d‘z(t’ )+ (y = i6)a1) = igh(t) + 2y 4n(0)
Aour(?) = V27 A1) — ain(0)
Fpa (1) = hg[a(r) + 47 ()]

F A (Q) = Fa(Q) - K(Q(Q)

30/88



T#0 m

é,- t et é =
o) Fi.a
. Cavity & T
Continuum modey Fourier picture
[Ma=1 (ﬁfvm(g)) _ RO (ﬁf,n(g)) + GQMQ
@) =l OO

[2in(w), &), (@")] = 276(w — ")
[ﬁout(w)a ézm(w')] = 271'5((1) - (1),) 4s (.Q)
Adding the continuum, by hand Fp(Q) = F'(Q) (ﬁicn(g))
di(r) 0
7 + (y — i6)a(r) = igh(r) + 2y 4in(2) R(Q) : a sophisticated 2x2 matrix
R . . G(Q), F(Q) : sophisticated 2-comp. vectors
Bou() = V2 (1) = a1 P P

Fy a (1) = ngla() + 4 (1))

F A (Q) = Fa(Q) - K(Q(Q)

31/88



T#0 m

éf t et é/ =
o) Fi.a
. Cavity & T
Continuum modey Fourier picture
[Ma=1 (ﬁfvm(g)) _ RO (ﬁf,n(g)) + GQMQ
@) =l OO

[2in(w), &), (@")] = 276(w — ")
[ﬁout(w)a ézm(w')] = 271'5((1) - (1),) 4s (.Q)
Adding the continuum, by hand Fp(Q) = F'(Q) (ﬁicn(g))
di(r) 0
7 + (y — i6)a(r) = igh(r) + 2y 4in(2) R(Q) : a sophisticated 2x2 matrix
R . . G(Q), F(Q) : sophisticated 2-comp. vectors
Bou() = V2 (1) = a1 ’ P

. . 2hg%6 = 2w,E6/L*
Fp.a.(2) = hgla(r) +a'(1)] K(Q) = fy ~ Z-Q;; n 52{

F A (Q) = Fa(Q) - K(Q(Q)

: optical spring

32/88



T#0 m

AainE g - I A AS
dout () —~o A (i‘out(Q)) = R(Q) (’;‘gn(g)) + GQXQ)
Continuum gg‘ggy — x 50 () A a4, (Q)
. Fp.a.(Q) = Fn(Q) — K(Q)X(Q)
laaf=1 A (Q)
£, , i — F' in
[fin(@), 8, (@)] = 276(0 = ) Fal@) =F Q) (agn@))
[out(w), ézm(a)’)] =2n6(w — ') R(Q) : a sophisticated 2x2 matrix
Adding the continuum, by hand G(Q), F(Q) : sophisticated 2-comp. vectors
da(r) - . A 2hg%6 = 2w,E6 | L?
+ (y —id)a(r) = 1)+ 2y ain(t = 9 . ical spri
dr (y — i6)a(r) = igk(r) Y ain(7) K(Q) O optical spring
Qour(?) = V2y a(t) — i (1) Bad cavity approximation
P — 7004 At
Fo.a.(0) = hgla(n) +37(0)] 5= 0. 10] < »

33/88



T#0 m

AainE g R I A AS
dout (t) ——" B (i‘out(g)) “R©Q) (‘i‘iv(g)) + GEOQXQ)
Continuum gg‘ggy — x 50 () A a4, (Q)
. Fp.a.(Q) = Fn(Q) — K(Q)X(Q)
laaf=1 A (Q)
NI ’ ’ Z =F' in
[An(). &, ()] = 216(w = ) Fa@) = F () (ﬁ;n(g))
[out(w), ézm(a)’)] =2n6(w — ') R(Q) : a sophisticated 2x2 matrix
Adding the continuum, by hand G(Q), F(Q) : sophisticated 2-comp. vectors
da(r) - . A 2hg%6 = 2w,E6 | L?
+ (y —id)a(r) = 1)+ 2y ain(t = 9 . ical spri
dr (y — i6)a(r) = igk(r) Y ain(7) K(Q) O optical spring
Qour(?) = V2y a(t) — i (1) Bad cavity approximation
£ — BolA(r) 4 AT
Fis o.(6) = hgla(1) + 47(0) EPS—
s _ac A _oas . 28, a _ 2hg .
Aout = aicn’ a(Y)ut = afn + Wx’ = _')’ Aip

34/88



T#0 m

ain (t) —— a .
éoutgtg = Fga.
Continuum Cavity i= %

mode

[4,a71=1
[ain(w), & (0")] = 276(w — )
[Aou(@). 8] ()] = 276(w - @)
da(?) A . A N
=+ (y — i0)a(1) = igh(1) + V2 in(1)
Aou(1) = 2y (1) — 4in(1)
Fpa.(t) = hglat) + a"(r)]

Single mirror

A

b. = 4., by=4a,+2k,A%, Fy=2%k,AA,

Bu( D) _ 0 (8 )
(ﬁom(ﬂ)) = R@Q) (ﬁfn(ﬂ)) + G(Q)X(Q)

Fpa(Q) = Fa(Q) - K(QX(Q)
R & (Q)
Fa(@) = FT(@) [ 3n )

R(Q) : a sophisticated 2x2 matrix
G(Q), F(Q) : sophisticated 2-comp. vectors
2hg%8 = 2w,E6 | L*

(y — iQ)? + 62
Bad cavity approximation

0=0,|1Qxy > K=0,

K(©Q) =

: optical spring

in °
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© Optical spring
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Is it quantum?

(a)
P (Qmawm)
e RN
O s ©
T(n+1)A+l (DA -
o 3
nA. nA. g
l In-1> & ﬂ A

Frequency

@ 1.Wilson-Rae er al, Phys.Rev.Lett 99, 093901 (2007)
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PRe et ure

MOCKOBCKOI'O YHUBEPCHUTETA
e BB —

" B. 5. BPATHHCKHR, H. H. MHHAKOBA .

B‘J'IHHHHE CHCTEMbI H3MEPEHHA MAJBIX CMEIUEHHA
HA JHHAMHYECKHE CBOACTBA MEXAHHYECKHX
KOJNIEBATENDbHBIX CHCTEM:

Puc. 1. IlpuannnnalinHAA

cxeMa mpeo(pa3oBagas Mexa-

HUYeCKHX KOJeOAHAH B DICK-
TPHIECKHE.

38/88



Jdepsfl cxaoH

[
L ) 1 1 3 5 7

Tioee) v v itvnimn v 5.4 s 11,0 11,4 12,2 13,0
B o voeeuonsensans| 424100 44,2:0-8 | 41,0110~ | 42.4.100

TNpasul exnom

Usll) 5 vsien s vt b s 1 3 5 7

PoerY v « oo 2 6 0 nmw v 11,0 10,9 10,8 10,6

T T T S (] —1,410™3 i—s.a-m*# —2,1-107%

]

BHOCHTCH B MeXaHHuecKYid KoseSaTeNbHYl CHCTEMY © 3anajabiBadHeM, W YpanHueHHe m/A
MandX KoAelanuil KPYTHABHOTO MANTHHKA C YYeTOM BHOCHMON MECTKOCTH OYVEST BhIrAfA-
AeTh TaK:

Mayn 8 + hY + (Kows £ AK )y = 0.

3uak nmoc COOTRETCTBVET TIPAROMY CKIOHY, GHEK MHHYC — NeROMY CKIOHY pesoHaHcHof
KpHBo# saekTpHveckoro KonTypa. Herpymuo BHAeTs, uTo sanasauBaide B NOJOKHTEABHOR
JMECTHOCTH NPHBOAHT K DersHepaldi, 3anasfLitaude b OTPHOATCALHON MECTHOCTH — K
Jeresepauty. YcIoBHe caMoBosOYMASHHA AAA OpaBoro CKJIoHA MPH ydeTe KOHeYHOro T
EMEET OUCHE NpocToll BHA

h=AK-rt.

39/88



Radiation pressure force in a detuned cavity

~I

E Wp—wo=0<0 Wp—wo=06>0

ey dF dF
K:—i K:_i

l dx<0 dx 0

>

W

Wp — Wo(X) = 0 + wox/L
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Radiation pressure force in a detuned cavity

~I

E Wp—wo=0<0 Wp—wo=06>0

ey dF dF
K:—i K:_i

l dx<0 dx 0

>

W

Wp — Wo(X) = 0 + wox/L
2

Y
Ex) = X &
() Y2 + (6 + wex/L)? 0
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Radiation pressure force in a detuned cavity

~I

E Wp—wo=0<0 Wp—wo=06>0

ey dF dF
K:—i K:_i

l dx Y dx 0

>

W

Wp — Wo(X) = 0 + wox/L
2

Y
Ex) = x &
() Y2 + (6 + wex/L)? 0
K= _dF(x) _ 1 d&(x) _2w,6 6

dx L dx lk=0 L2 y2+¢2

42/88



Radiation pressure force in a detuned cavity

Optical field follows the mechanical
~ : ith del * —1:

5 Wy — o= 6 <0 Wy — o= 6> 0 motion with delay 7 ~ y -
D|T k- _9F _, k- _9F F~-Kx(t—1") =~ —-Kx(t) + Kt s
dx dx d
o ~ —Kx(t) - HED
w dt

Wp — Wo(X) = 0 + wox/L
2

Y
Ex) = x &
() Y2 + (6 + wex/L)? 0
K= _dF(x) _ 1 d&(x) _2w,6 6

dx L dx lk=0 L2 y2+¢2
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Radiation pressure force in a detuned cavity

Optical field follows the mechanical
= i i P
=| wy—w,=06<0 0 = 5= motion with delay 7% ~ y~":

Na P dF P T F o —Kx(t — %) ~ —Kx(t) + K L dx(t)
U|T K=—-—<0 K=—>0 ~ X T)= X T Ut
dx dx .

= ~ —ku(t) - HEW
- dt
tical d ine: H ~ —-Kt*
wp — Wo(X) = + wox/L optical damping -
y?
Ex) = x&
) Y2 + (6 + wex/L)? 0
ko GFQ) _ 1dE)) 20,8 ¢

dx L dx Ix=0 L2 ')/2 + 62

44/88



Radiation pressure force in a detuned cavity

Optical field follows the mechanical
~ . th del . _1:
~ Wp—wo=0<0 Wy —wo=06>0 motion with delay 7* ~ y
K dF dF F ~ —Kx(t — %) ~ —Kx(t) + K L dx(1)
Uﬁ) K=-—<0 K=—"">0 ~ —Kx(t—77) ~ —Kx T

dx dx .

= kg0
* dt

tical d ine: H ~ —-Kt*
wp — Wo(X) = + wox/L optical damping =

2

Y
53 = X 63
& Y2+ (6 + wox/L2 "

dF(x)  1d&(x)|  2w,& &
dc L dx k=0 [2 2462
The signs rule:

K=-

Rightslope: 6 =w,-w, >0 = K>0, H<O0
Leftslope: d0=w,-w,<0 = K<0, H>0
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Radiation pressure force in a detuned cavity

Optical field follows the mechanical
~ . th del . _1:
~ Wp—wo=0<0 Wy —wo=06>0 motion with delay 7* ~ y
K dF dF F ~ —Kx(t — %) ~ —Kx(t) + K L dx(1)
UIT K=—-—-<0 K=—-——>0 ¥ AT R —RX T

dx dx .
= kg0
* dt
optical damping: H ~ —-K7*

wp — Wo(Xx) = § + wox/L

)/2 Exact equations:

D= Y2+ (6 + wox/LR & 20,85 /L2 ,
(o AP0 _ 1dE®|  _20E 0 KO = gy e - Ko@) - QHE)
dx L dx Ix=0 [? ’)/2+(52 X _ 2(1)085/L2 ) 2 o2
o) = [ -
Rightslope: 6 =w,-w, >0 = K>0, H<O0 H(Q) = - 4w,EyS/L?
Leftslope: d=wp-w, <0 = K<0, H>0 |(y —iQ)? + 622
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Modification of the probe dynamics
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Modification of the probe dynamics

High frequency

NT Broadband

Second order pole

10 100 1000
Q/(2m) [Hz]

@ S. Danilishin and F. Khalili, Living Reviews in Relativity 15, 5 (2012) 48/88



@ Ground state optical cooling
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Fluctuation-Dissipation Theorem

Dissipation: H

Object

Heatbath ©

Fluctuations: FB‘A.
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Fluctuation-Dissipation Theorem
Dissipation: H

Object Heatbath ©
Fluctuations: FB‘A.
SroT = 20H
h|Q| n|Q|

® = — coth——

2 ZKB
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Fluctuation-Dissipation Theorem
Dissipation: H

Object Heatbath ©
Fluctuations: FB‘A.
SFDT = 2®H
h|Q)| hlQ|  |lQl/2 kgT < R|Q|
® = —coth—— =
2 2kp kgT kgT > 1|Q|
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Fluctuation-Dissipation Theorem
Dissipation: H

Object Heatbath ©
Fluctuations: FB‘A.
SepT = 20H
h|Q| n|Q| Q|2 kT < h|Q|
®=——coth— =
2 2kp kgT kgT > 1|Q|
Two heatbaths
Heatbath ©4 I Object A Heatbath O,

N
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Fluctuation-Dissipation Theorem

Dissipation: H

Object

Heatbath ©

Fluctuations: FB‘A.
SrpT = 20H

Q|
= ——co

S h

Two heatbaths

KBT

ROl [rlQl/2 kT < hQ)
2 2kg

kgT > 1|Q|

=
—_—

Heatbath ©4

Object

Heatbath O,

H,y

Ho

2KB@1H1 + 2K3®2H2 = 2KB®eff(H1 + Hz)

N
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Fluctuation-Dissipation Theorem
Dissipation: H
Object Heatbath ©

Fluctuations: FB‘A.
7|Q| hlQ| hlQl/2 kT < h|Q|
- TCOh% - kgT kgT > 1|Q|
Two heatbaths

C)

=
—_—

Heatbath ©4 I Object A Heatbath O,

2KB@1H1 + 2K3®2H2 = 2KB®eff(H1 + Hz) =
®1H1 + ®2H2
H,+H,

Ocfr =

N
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Fluctuation-Dissipation Theorem
Dissipation: H

Object Heatbath ©
Fluctuations: FB‘A.
Sepr = 20H
n|Q| n|Q| Q2 kT < h|Q|
®=——coth— =
2 2kp kgT kgT > 1|Q|
Two heatbaths
Heatbath ©4 I Object A Heatbath O,
2KB@1H1 + 2K3®2H2 = 2KB®eff(H1 + Hz) =
®1H1 + ®2H2
O =~ 22
H,+H,

H, > H;,, 0, «x0; =

H
@eﬁ? B~ @1—1 + 0, < 0
H>

N
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Fluctuation-Dissipation Theorem
Dissipation: H

Object Heatbath ©
Fluctuations: FB‘A.
SepT = 20H
n|Q| n|Q| Q2 kT < h|Q|
®=——coth— =
2 2kp kgT kgT > 1|Q|
Two heatbaths
Heatbath ©4 I Object A Heatbath O,
2KB®1H1 + 2KB®2H2 = 2KB®eff(H1 + Hz) =
®1H1 + ®2H2
O =~ 22
H,+H,

H, > H;,, 0, «x0; =

H
@eﬁ? B~ @1—1 + 0, < 0
H>

Optical spring

(ana w"l)




Fluctuation-Dissipation Theorem Optical spring

Dissipation: H (Qumywm)
Object o
jec HeiitbathG I””““I\/\/\/\/ T~ Ko~104](?
Fluctuations: Fg.a. ’
SepT = 20H
Q| hlQ _ |hlQl/2 kpT < |Q|
®=——coth— =
2 2kp kgT kgT > 1|Q|
Two heatbaths
Heatbath ©4 I Object A Heatbath O,
2kp®1H| + 2kpO2Hy = 2kpOe(Hy + Hy) =
®1H1 + ®2H2
Ocft = ———F——
H1 + H2

H,> H, 0,<0 =

H
Oeff = @1—] + 0, < 0
H,




Fluctuation-Dissipation Theorem Optical spring

Dissipation: H (Qumywm)
Object fw
jec HeiitbathG I““““I\/\/\/\/ T~ K0~104K?
Fluctuations: Fg.a. ’
- 4hg’y|6
Srpr = 20H 0<0 = Hrp.(Q) = 'g )2/| | 75
o MOl n0l _ [nQ))2 kT <hiQl &y = iQ)* + 6|
2 2Kp kgT kgT > 1|Q|
Two heatbaths
Heatbath ©4 I Object A Heatbath O,
2kp®1H| + 2kpO2Hy = 2kpOe(Hy + Hy) =
©H| + O2H,
Ocff = —(—F——
H1 + H2

H,> H, 0,<0 =

H
Oeff = @1—] + 0, < 0
H,




Fluctuation-Dissipation Theorem

Dissipation: H

Object

Heatbath ©

Fluctuations: FB‘A.
SFDT = 2®H

Q|
= ——cCo
2
Two heatbaths

C)

h

ZKB

RQl  (nlQl/2 kT < HlQ)
KBT

kgT > 1|Q|

=
—_—

Heatbath ©4

H,y

Object

Ho

Heatbath O,

2KB®1H1 + 2KB®2H2 = 2KB®eff(H1 + Hz) =

H, > H,

Ocfr =

®1H1 + ®2H2

H,+H,
0, <x0 =

H
@eﬁ? B~ @1—1 + 0, < 0
H>

Optical spring

(

ana w"l)

hw
Imuml\/\/\/\/ T~ — ~10°K?
KB

0<0 = HR,p_(Q) =

Sp(Q) =

4ng*y|s|

|(y = iQ)* + 627

2h2g27(72 +6%+ QZ)

|(y = iQ)> + 62|
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Fluctuation-Dissipation Theorem Optical spring

Dissipation: H (Qums i)
Object hw
jec Heatbath © I““““I\/\/\/\/ P
Fluctuations: Fg.a. B
Skpt = 20H 4ng*y|é|
0<0 = H Q) =
o MOl HIOI_ [RIQ/2 kT < Q) rp.() (y — iQ)2 + 622
= —— coth— =
2 2k kT kgT > h|Q)| SH(Q) = 20282y (v? + 62 + Q2)
F(L2) = ,
Two heatbaths |(y —iQ)? + 62|
Sp(Q) _ h 5 o
) Orp (Q) = =—(@ +6+Q
Heatbath ©4 I Object A Heatbath ©4 R.P.(Q) 2H(Q) 2|6|(7 )
2KB®1H1 + 2KB®2H2 = 2KB®eff(H1 + Hz) =
®1H1 + ®2H2
Ocff = —/—F—
H1 + H2

H, > H;,, 0, «x0; =

H
Oct ~ O] — + @, < O
H;




Fluctuation-Dissipation Theorem Optical spring

Dissipation: H (Qumywm)
Object fies
jec HeiitbathG I““““I\/\/\/\/ T~ Ko~104](?
Fluctuations: Fg.a. ’
= 4ngy|6
Sepr = 20H 0<0 = HR,p_(Q) = .g 72’| | 212
o MOl n0l _ [nQ))2 kT <hiQl |(y = i) + 62|
= ——coth— =
2 25 \ksT  xpT > 0|Q) SHEY) = 2028y (y* + 6% + Q%)
JACO ;
Two heatbaths |(y = iQ)* + 6%
Sp(Q) _ h 5 o
) Orp (Q) = =—(@ +6+Q
Heatbath © I Object A Heatbath ©- RP.(Q) 2H(Q) 2|5|(y )
2kpO@1Hy + 2kp®rH, = 2kpOc(Hy + Hy) = 0] = Q> +7y*> = Orp.(Q) =T V),z +Q2
®1H1 + ®2H2
O = ——F—
H,+H,

H,> H, 0,<0 =

H
Oeff = @1—] + 0, < 0
H,




Fluctuation-Dissipation Theorem Optical spring

Dissipation: H (Qums i)
Object hw
jec Heatbath © I““““I\/\/\/\/ P
Fluctuations: Fg.a. B
= 4ng*y|o
Skpr = 20H 5<0 = Hyp(Q) = 8~Y19]
® h|Q| h h|Q] Q|2 kT < 1|Q| [(y —iQ)? + 622
= —— coth —— =
2 2k kT kgT > h|Q)| SH(Q) = 20282y (v? + 62 + Q2)
F(L2) = ;
Two heatbaths |(y —iQ)? + 62|
Sp(Q) _ h 5 o
) Orp (Q) = =—(@ +6+Q
Heatbath ©4 I Object A Heatbath ©4 R.P.(Q) 2HQ) 2[5 (y )
2KB®1H1 + 2KB®2H2 = 2KB®eff(H1 + Hz) = |5| =4/Q2% + ’}/2 = @R_p_(Q) = h\/‘yz + Q2
O = ®H| + O,H), ,y2
eff = C H +H, Q] >y = Orp.(Q)= h(|Q| + m)

H, > H;, 0, <0 = ~ h|Q| : vacuum noise!

H
Oeff = @1—] + 0, < 0
H,




Fluctuation-Dissipation Theorem Optical spring

Dissipation: H (Qur @im)
Object hw
jec HeiitbathG I““““I\/\/\/\/ T~ K0~104K?
Fluctuations: Fg.a. ?
Skpr = 20H 4ngy|s|
0<0 = Hrp.(Q) =
o MOl HIOI_ [RIQ/2 kT < Q) rp.() (y — iQ)2 + 622
2 2k kT kgT > h|Q)| SH(Q) = 20282y (v? + 62 + Q2)
F(Q) = ;
Two heatbaths |(y — iQ)* + 62|
SF(Q) 5 o o
) Orp (Q) = =—(@ +6+Q
Heatbath © I Object A Heatbath ©- RP.(Q) 2H(Q) ~ 2/6] (v )
2kpO1H; + 2kpO2H, = 2KB®eff(H1 + Hz) = |5| =,/Q2 + ’}/2 = @R_p_(Q) = h\/‘yz + Q2
O = ®1H1 + ®2H2 ’y2
T T H, Q] >y = Orp.(Q)="n[Q]+ 219
Hy> H;, 0,<0; = ~ h|Q| : vacuum noise!
H,
O = 0 A + 0, < 0 Maximum of Hrp. : Q=6 = Q,,




Photonic ® phononic crystal:

[3 J.Chan er al, Nature 478, 89 (2011)
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@ J. Chan e al, Nature 478, 89 (2011)
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® Quantumnes of mechanical objects
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Detection of a classical force

DE-quantization of the signal

The Hamiltonian: H = ﬁpmbe — kX¥signal + ?A{y
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Detection of a classical force

The Hamiltonian: H = Hyrope — kX9signat + Hy
Vsignal 1= (Psignal) + signal =
H = Flinobe — ki((Fsignal) + Isignat) + Fy
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Detection of a classical force

The Hamiltonian: H = Hyrope — kX9signat + Hy
Vsignal 1= (Psignal) + signal =
H = Flinobe — ki((Fsignal) + Isignat) + Fy
Weak coupling, strong signal:
k—0, (y) 500 =

H = 7—{probe - Fsignal)% +...

Fignal = k(ysignal>
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Detection of a classical force

The Hamiltonian: H = Hyrope — kX9signat + Hy
Vsignal 1= (Psignal) + signal =
H = Flinobe — ki((Fsignal) + Isignat) + Fy
Weak coupling, strong signal:
k—0, (y) 500 =

H = 7—{probe - Fsignal)% +...

Fsignal = k(ysignal>
(the GW detectors case)
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Detection of a classical force

DE-quantization of the signal DE-quantization of the probe

The Hamiltonian: H = Hyrobe — kiPsigna + Hy signal D & _x. _x
ysignal = <5’signal> +j>signa1 = Prob Fﬂ Meoter Dat
A~ . . robe ata,
H = 7"{probe - kx(<ysignal> + ysignal) + 7'{y processing

Weak coupling, strong signal:
k—0, )y 500 =

H = 7—{probe - Fsignal)% +...

Fsignal = k(ysignal>
(the GW detectors case)
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Detection of a classical force

DE-quantization of the signal DE-quantization of the probe

The Hamiltonian: H = ﬁpmbe — kXJsignat + ?A{y Fignal D & _T_ _F.
) )A/sAignal = (Psignal) + Psignat = ) 5" fn Moter S
H = Hprobe = k3((Jsignat) + Jsignal) + Hy Pfocesimg
Weak coupling, strong signal: Di(1) = Fygna(?) + Fa(t), e.g D= 57 +Q2

k—0, (y) 500 =

H = 7—{probe - Fsignal)% +...

Fsignal = k(ysignal>
(the GW detectors case)
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Detection of a classical force

DE-quantization of the signal DE-quantization of the probe

The Hamiltonian: H = ﬁpmbe — kXJsignat + ?A{y Fignal D & _T_ _x
Vsignal 1= (Psi + Psi = -
X ysAlgnal <)A’s1gr:al> ys1gr:a1 R Probe Fﬂ Meter Data
H = 7—{probe - kx(<ysignal> + ysignal) + 7"{y procesimg
. . . . d
Weak coupling, strong signal: Di(1) = Fygna(?) + Fa(t), e.g D= T +Q2
k—0, (y) 500 = R R -1 “ !
— — X(t) = Xo() +D [Fsignal(t) + Fa(1)]
H = Hyrove = Fiignak + . ... Xo(?) : the eigen motion, Diy(r) =0
Fsignal = k(ysignal>
(the GW detectors case)
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Detection of a classical force

DE-quantization of the signal DE-quantization of the probe

The Hamiltonian: H = ﬁpmbe — kXJsignat + ?A{y Fignal D & T N
N ysjgnal . <)1Sigilal> +ySigI:al - . Probe Fﬂ Meter Data,
H = 7—{probe - kx(<ysignal> + ysignal) + 7"{y procesimg
. . . N d
Weak coupling, strong signal: Di(1) = Fygna(?) + Fa(t), e.g D= = +Q2
k—0, (y) 500 = R R -1 “ !
— — X(t) = Xo() +D [Fsignal(t) + Fa(1)]
H = Hprobe = Fiignak + . .. Xo(?) : the eigen motion, Diy(r) =0
Fsignal = k(Ysignal) The meter output signal:  x(¢) = X(¢) + Xq(¢)
(the GW detectors case) =%(t) + D! [Fignai(?) + Fa(0)] + &a(r)
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Detection of a classical force

DE-quantization of the signal DE-quantization of the probe

The Hamiltonian: H = ﬁpmbe — kXJsignat + ?A{y Fignal D & _T_ _x
N ysjgnal . <)1Sigilal> * ySigrjal - . Probe Fﬂ Meter Data,
H = 7—{probe - kx(<ysignal> + ysignal) + 7"{y procesimg
. . . . d
Weak coupling, strong signal: Di(1) = Fygna(?) + Fa(t), e.g D= = +Q2
k—0, (y) 500 = R R -1 . !
— — X(t) = Xo() +D [Fsignal(t) + Fa(1)]
H = Hprobe = Fiignak + . .. Xo(?) : the eigen motion, Diy(r) =0
Fsignal = k(Ysignal) The meter output signal:  x(¢) = X(¢) + Xq(¢)
(the GW detectors case) =%(t) + D! [Fignai(?) + Fa(0)] + &a(r)
Data procesing:  F(t) = D(t)
= signal(t) + Fﬂ(t) + D)Acﬂ(t)
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Detection of a classical force

DE-quantization of the signal DE-quantization of the probe

The Hamiltonian: H = ﬁpmbe — kX¥signal + ?A{y
Vsignal 1= (Psignal) + signal =
H = Florobe — ki((Psignal) + Fsignal) + FHy
Weak coupling, strong signal:
k—0, (y) 500 =

H = 7—{probe - Fsignal)% +...

Fsignal = k(ysignal>
(the GW detectors case)

%q, F: optical operators in disguise!

Fsinal ~ T n
el p | & =z, I,

Probe Fﬂ Meter Data,

processing
2

A A d
Di(t) = Fyignal(t) + Fa(1), eg. D= YR Q2
)Ac(t) = )ACO(I) + D_l[Fsignal(t) + Fﬂ(t)]
Xo(?) : the eigen motion, Diy(r) =0
X(t) = (1) + &a(7)
= %0(t) + D™ [Fuigna(t) + Fa(0)] + 2a(2)
Data procesing:  F(t) = D(t)
= signal(t) + Fﬂ(t) + D)Acﬂ(t)
All mechanical operators are gone!

The meter output signal:
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THE REALLY QUANTUM optomechanics

The general idea:

® insert a really quantum (non-Gaussian)
state into a mechanical object;

® wait as long as possible;
® extract the quantum state back;

e verify that it is intact.

79/88



THE REALLY QUANTUM optomechanics

The general idea:

® insert a really quantum (non-Gaussian)
state into a mechanical object;

® wait as long as possible;
® extract the quantum state back;

e verify that it is intact.
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THE REALLY QUANTUM optomechanics

The general idea:

® insert a really quantum (non-Gaussian)
state into a mechanical object;

® wait as long as possible;
® extract the quantum state back;
e verify that it is intact.

Possible applications:

e Tests of applicability of quantum physics
to macroscopic objects (many-worlds?)

® Quantum repeaters (?)
° 777
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THE REALLY QUANTUM optomechanics

The general idea:

® insert a really quantum (non-Gaussian)
state into a mechanical object;

® wait as long as possible;
® extract the quantum state back;
e verify that it is intact.
Possible applications:
e Tests of applicability of quantum physics
to macroscopic objects (many-worlds?)
® Quantum repeaters (?)

e 777
SiN membranes:

0~10° = ™ =0/Q, - 10%s
//10) _ Tms
kg T[K] 82/88
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THE REALLY QUANTUM optomechanics

The general idea:

® insert a really quantum (non-Gaussian)
state into a mechanical object;

® wait as long as possible;
® extract the quantum state back;
e verify that it is intact.
Possible applications:
e Tests of applicability of quantum physics
to macroscopic objects (many-worlds?)
® Quantum repeaters (?)

e 777
SiN membranes:

0~10° = ™ =0/Q, - 10%s
//10) _ Tms
kg T[K]

Tdecoh =

All quantum states are quantum, but some
quantum states are more quantum than others.
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THE REALLY QUANTUM optomechanics

The general idea:

® insert a really quantum (non-Gaussian)
state into a mechanical object;

® wait as long as possible;
® extract the quantum state back;
e verify that it is intact.
Possible applications:
e Tests of applicability of quantum physics
to macroscopic objects (many-worlds?)
® Quantum repeaters (?)

e 777
SiN membranes:

0~10° = ™ =0/Q, - 10%s
//10) _ Tms
kg T[K]

Tdecoh =

All quantum states are quantum, but some
quantum states are more quantum than others.

P(a) <0 | W(x,p) <0 | RQS*
Coherent - - -
Squeezed + - ?
non-Gaussian + + +

*Really Quantum State
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THE REALLY QUANTUM optomechanics

The general idea:
All quantum states are quantum, but some

o i .
insert a really quantum (non-Gaussian) quantum states are more quantum than others.

state into a mechanical object;

® wait as long as possible; P(a) <0 | Wxp) <0 | RQS
e extract the quantum state back; Coherent - h -
) o Squeezed + - ?
e verify that it is intact. non-Gaussian + o +
Possible applications: *Really Quantum State

® Tests of appllf:abll{ty of quantum phyilcs “An always positive Wigner function can serve as

to macroscopic objects (many-worlds?) the hidden-variable probability distribution with
® Quantum repeaters (?) respect to measurements corresponding to any
o 779 linear combination of x and p”.

SiN membranes: 2
J.S.Bell, Speakable and Unspeakable in Quantum
9 * _ 3
0~ 100 = 17 = Q/Qm — 107s Mechanics, Cambridge Univ. Press, Cambridge, 1987

n 7 ms
—Q I~ @ S. L. Braunstein, P. van Loock, RMP 77, 513 (2005)
kg T[K] 85/88
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Non-Gaussian optomechanics

Z=0

7,

T3—] K
"4 2 0 2 4-4 2 0 2 4

TN,
L2 L4 X[/ wn X\, /on

! 61705205 Z=0
= 4
R ] 2 F
Photon Source 3 9 &~ 0 &
U -2
-4
-6

-3-2-10 1 2 3-3-2-10 1 2 3
X X

@ F. Khalili ef al, Phys. Rev. Lett. 105, 070403 (2010)
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“Toward quantum superposition of living organisms”

@ O. Romero-Isart et al, New J. Phys. 12 033015 (2010)
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