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@ Playground See more in:

@ Two-photon formalism [§ S.Danilishin and F. Khalili, Quantum measurement
© The simplest optomechanical system theory in gravitational-wave detectors, Living
@ Standard Quantum Limit Reviews in Relativity 15, 5 (2012)
© Beating the SQL [§ M. Aspelmeyer, T. Kippenberg, and F. Marquardt,
Lecture 2: Cavity optomechanics, Rev. Mod. Phys 86, 1391
(2014)
® Quantum speedmeter
e Hamilitonian approach [d S.Danilishin, F. Khalili, and H. Miao, Advanced
e Optical spring quantum techniques for future gravitational-wave
* Ground state optical cooling detectors, Living Reviews in Relativity 22:1, 2,
(2019)

If time allows:
e Hybrid systems [§ F.Khalili and E. Zeuthen, Quantum limits for

* Non-stationary optomechanics stationary force sensing, arXiv:2011.14716 (2020)
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Quantum optomechanics

MiRROR

LIGHT STORAGHE ARM

-

PHOTODETECTOR

MigroR
Mignon =

MIRROK

BEasm
SPLITTER

6/88



Quantum optomechanics

7188

@ R.Thomas et al, arXiv:2003.11310 (2020)



Quantum optomechanics
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antum optomechanics

Hanford, Washington (H1)
T

Livingston, Louisiana (L1)
T T

Strain (1072%)

—— Numerical relativity
Reconstructed (wavelet)
I Reconstructed (template)

[3 B.Abbott er al, Phys. Rev. Lett. 116

— Numerical relativity
Reconstructed (wavelet)
mm Reconstructed (template)

061102 (2016)

9/88



uantum optomechanics

Hanford, Washington (H1)
T

Livingston, Louisiana (L1)
T T

1.0
0.5
0.0
-0.5
-1.0

Strain (1072%)

-1.0 H — Numerical relativity - H — Numerical relativity 4
Reconstructed (wavelet)

Reconstructed (wavelet)
[ Reconstructed (template) [ Reconstructed (template)

[3 B.Abbott er al, Phys. Rev. Lett. 116 061102 (2016)

Lh  4000m x 10722
2 2

~107"m
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uantum optomechanics

Hanford, Washington (H1) Livingston, Louisiana (L1)
T

1.0
0.5
0.0
-0.5
-1.0

1.0
0.5
0.0
-0.5

-1.0 H — Numerical relativity - H — Numerical relativity
Reconstructed (wavelet) Reconstructed (wavelet)
[ Reconstructed (template) [ Reconstructed (template)

[3 B.Abbott er al, Phys. Rev. Lett. 116 061102 (2016)

Strain (1072%)

Lh  4000m x 10722

5 3 ~107"m  Ryroron = 107 m

11/88



Quantum optomechanics

Hanford, Washington (H1) Livingston, Louisiana (L1)
T

Strain (1072%)

-1.0 H — Numerical relativity - H — Numerical relativity
Reconstructed (wavelet) Reconstructed (wavelet)
[ Reconstructed (template) [ Reconstructed (template)

[3 B.Abbott er al, Phys. Rev. Lett. 116 061102 (2016)

Lh  4000m x 10722
2 2

hT hx 10ms ~19
Ax =4/— =4 ]|——— ~ 10
QL =y, 40kg m

-19 ~15
~ 1077 m Rproton ® 1077 m
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Quantum optomechanics

L . ERM
ETM
i~ SUT ‘ .......... I
N ™ ET
S 11 750 kW local oscillator
"H@ N.S.Kampel et al, Phys. Rev. X 7,
" g 021008 (2017)
SRMC I SR8 Light: the ONLY way
p— 5 W readout to probe mechanical motion
ouput with the quantum-grade precision

Cleaner

@ J.Aasi et al, Class. Quantum Grav. 32, 074001 (2015) 13/88



Characteristic inequalities

@ Optical frequencies w > mechanical frequencies Q
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Characteristic inequalities

@ Optical frequencies w > mechanical frequencies Q

2

® 7w < mc” = number of photons N > 1

15/88



Characteristic inequalities

@ Optical frequencies w > mechanical frequencies Q

2

® 7w < mc” = number of photons N > 1

© Width of the beam d > A4 = “quasi-plane wave” approximation
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Characteristic inequalities

@ Optical frequencies w > mechanical frequencies Q

® fiw < mc?

= number of photons N > 1
© Width of the beam d > A4 = “quasi-plane wave” approximation

@ Mechanical displacement x < A, other non-linearity scales
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Characteristic inequalities

@ Optical frequencies w > mechanical frequencies Q

® fiw < mc?

= number of photons N > 1
© Width of the beam d > A4 = “quasi-plane wave” approximation
@ Mechanical displacement x < A, other non-linearity scales

©® Mechanical velocity v <« ¢
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@ Two-photon formalism
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Quantization of the running wave

5 - h o= o (T o o, > -

E(7,1) = Z / PF | —2% 2k, o )ak, o) @D ypc latk,0),a"(k,0")] = 650 6Pk — k)
— 2(2r)3e,
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Quantization of the running wave

5 - h o= o (T o o, > -

E(7,1) = Z / PF | —2% 2k, o )ak, o) @D ypc latk,0),a"(k,0")] = 650 6Pk — k)
— 2(2r)3e,

- © [nn : d .
E(t-x/c) = / "D A(w)e @ t=x108L e [A(w),aT(w)] = 276(w — W)
0 cA 2r

A : the beam cross-section
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Quantization of the running wave

5 - h o= o (T o o, > -

EF0= ) / &k Dk e o)alk, )@ yhe.,  [atko)a (),07)] = S5erdD( - &)
— 2(2r)3e,

- © [nn : d .
E(t-x/c) = / "D A(w)e @ t=x108L e [A(w),aT(w)] = 276(w — W)
0 cA 2r

A : the beam cross-section

A cA . “ [w _iordw A cA = 1(r)
At=1/ E@) = /—A W=~ 4 h.c., A2(r) = E2(1) = —=
@ dnhw, @ _/0 2w, awe 2r e @ dnhw, @ hiw),

w, : the pump frequency.
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Quantization of the running wave

5 - h o= > (T o o, > -

EF0= ) / &k Dk e o)alk, )@ yhe.,  [atko)a (),07)] = S5erdD( - &)
— 2(2r)3e,

. © [xh . d .
E(t-x/c) = / "D A(w)e @ t=x108L e [A(w),aT(w)] = 276(w — W)
0 cA 2r

A : the beam cross-section

A cA . “ [w _iordw A cA = 1(r)
At=1/ E@) = /—A W=~ 4 h.c., A2(r) = E2(1) = —=
@ dnhw, @ _/0 2w, awe 2r e @ dnhw, @ hiw),

w, : the pump frequency.

An equivalent form:

« *® Jw, + Q . ao “p w, —Q . aQ
A f) = 14 A Q —l(u)+Q)l‘ hataie) / 14 at _ Q l(a)p—Q)t wae
) l /_ o ,/ 20, Awp + Qe o= + N 20, a'(wp )e o=
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Quantization of the running wave
3 - | m I o e - -
EG1) = Z / &Pk Dk e o)alk, )@ yhe.,  [atko)a (),07)] = S5erdD( - &)
— 2(2r)3e,
. © [xh . d .
E(t-x/c) = / "D A(w)e @ t=x108L e [A(w),aT(w)] = 276(w — W)
0 cA 2r

A : the beam cross-section

A cA . “ [w _iordw A cA = 1(r)
At=1/ E@) = /—A W=~ 4 h.c., A2(r) = E2(1) = —=
@ dnhw, @ _/0 2w, awe 2r e @ dnhw, @ hiw),

w, : the pump frequency.

An equivalent form:

{ Q / Q
A(t) _ l/ a(wp + Q)e—z(a)+§2)t d / AT(Q) Q)el(wp Q) 432 d
Wp

|Q| < wp = A(l) B~ @ [m [a(wp + Q)e iwpt +3 (wp Q)elwl’ ] %
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Two-photon quadratures

~ 1 [ : R i d
A(r) = 5 [ ) [A(wp + Q)e™™" + 2" (w, — Q)| %
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Two-photon quadratures

~ 1 [ : R i d
A(r) = 5 [ ) [A(wp + Q)e™™" + 2" (w, — Q)| %

Awp +Q) + ﬁ"'(wp -Q) R Awp +Q) - af (wp — Q)
’ S gz =
V2 M iV2

ﬁZ,S(Q) = 8. 5(—Q) : spectra of Hermitian operators!

8.(Q) =
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Two-photon quadratures

~ 1 [ : R i d
A(r) = 5 [ ) [A(wp + Q)e™™" + 2" (w, — Q)| %

Awp +Q) + ﬁ"'(wp -Q) R Awp +Q) - af (wp — Q)
’ S gz =
V2 M iV2

ﬁZ,S(Q) = 8. 5(—Q) : spectra of Hermitian operators!

°° oy dQ
éic,s(t) = / ac,s(Q)e_th >
oo 2

8.(Q) =

é-c,s(l‘) = é-c,s(t)’
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Two-photon quadratures

A 1 = s o ‘ dw
A(r) = 6 ‘[oo [A(wp + Q)e™™" + 2" (w, — Q)| o
Awp +Q) + ﬁ"'(wp -Q) R Awp +Q) - af (wp — Q)
’ as(gz) = .
\2 V2

4, 5(Q) = 4. (—Q) : spectra of Hermitian operators!

R = i dQ A A
ac,s(t) = / ac,s(Q)e i Z s az,s(t) = ac,s(t),

[ﬁC(Q)’ as(Q/)] = 21.7'“5(Q + Ql)? [ﬁc(t)’ é-s(l‘/)] = ié(t - t/)

éic(Q) =
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Two-photon quadratures

A 1 = s o ‘ dw
A(r) = 6 ‘[oo [A(wp + Q)e™™" + 2" (w, — Q)| o
Awp +Q) + ﬁ"'(wp -Q) R Awp +Q) - af (wp — Q)
9 aS(Q) = .
V2 V2

4, 5(Q) = 4. (—Q) : spectra of Hermitian operators!

R = i dQ A A
ac,s(t) = f ac,s(Q)e i Z s az,s(t) = ac,s(t),

[2:(Q),4,(Q)] = 2imd(Q + Q'),  [4:(0),4,(t")] = io(t - ')

8.(Q) =

A(7) = 4.(¢) cos wpt + Ay(t) sin wpt
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Two-photon quadratures

~ 1 [ : R i d
A(r) = 5 [ ) [A(wp + Q)e™™" + 2" (w, — Q)| %

Awp +Q) + ﬁ"'(wp -Q) R Awp +Q) - af (wp — Q)
’ S gz =
V2 M iV2

ﬁZ,S(Q) = 8. 5(—Q) : spectra of Hermitian operators!

: S R
ies® = [ 2@ T2 a0 = e,

[2:(Q),4,(Q)] = 2imd(Q + Q'),  [4:(0),4,(t")] = io(t - ')

8.(Q) =

A(7) = 4.(¢) cos wpt + Ay(t) sin wpt

Separate explicitly the mean values a.k.a. classical components:
ﬁc(t) - Ac + 2A‘c(l‘) , as(t) - As + as(t), <ac,s(t)> =0
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Two-photon quadratures

~ 1 [ : R i d
A(r) = 5 / [A(wp + Q)e™™" + 2" (w, — Q)| %

Awp +Q) + ﬁ"'(wp -Q) R Awp +Q) - af (wp — Q)
’ A) Q =
V2 M iV2

ﬁZ,S(Q) = 8. 5(—Q) : spectra of Hermitian operators!

: S R
ies® = [ 2@ T2 a0 = e,

[2:(Q),4,(Q)] = 2imd(Q + Q'),  [4:(0),4,(t")] = io(t - ')

8.(Q) =

A(7) = 4.(¢) cos wpt + Ay(t) sin wpt

Separate explicitly the mean values a.k.a. classical components:
ﬁc(t) - Ac + 2A‘c(l‘) , as(t) - As + as(t), <ac,s(t)> =0
Just convention (choice of the time reference): A, =0 =

A1) = [A + 2. 4(1)] cos wyt + a,(t) sin wpt

31/88



Strong pump field

A1) = [A + 2.(1)] cos wpt + A1) sin wpyt
22
1

C,S
— ~ =<1
A2 N
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Strong pump field

A1) = [A + 2.(1)] cos wpt + A1) sin wpyt

A2 1

C,S
— ~=—x1
A? N

Amplitude/Power noise

1(t) = hw,A%(t) = 7% {[A +a.(0]* +ai(D} = Ip + 61(D)

33/88



Strong pump field

A1) = [A + 2.(1)] cos wpt + A1) sin wpyt

A2 1

C,S
— ~ =<1
A2 N

Amplitude/Power noise
n = hw n
1(1) = hwp A% (1) = T” {[A + a0 + af(t)} = Iy + 61(1)

ha)pA2
The mean power: [y = >

sy Ny A A2 A20n] _ A A2
The noise:  61(t) = - [2Aac(t) +as(r) + a5 (t)] = hwpAd.(t) + O(ag )

34/88



Strong pump field

A(7) = [A + 4.(1)] cos wpt + Ag() sin wpt

A2 1

C,S
— ~=—x1
A? N

Amplitude/Power noise

|

1) = hw,A2(1) = % {IA + . (0P + 22(0)} = I + 81(1)

ha)pA2
The mean power: [y = >

sy Ny A A2 A20n] _ A A2
The noise:  61(t) = - [2Aac(t) +as(r) + a5 (t)] = hwpAd.(t) + O(ag )

Phase noise
A1) = [A + 2.(1)] cos wpt + Ay(7) sin wyt
= [A + 4c(1)] cos|wpt + G(1)] + O@Z )

a,(1)
A 35/88
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Spectral densities

a.,s are random functions =
we can not quantify them by just by “uncertainties” or “variances”!
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Spectral densities

a.,s are random functions =
we can not quantify them by just by “uncertainties” or “variances”!

© o dQ © o dQ
Operator functions:  (f) = / ) ==, 3(r) = / Q)Y =

o 2 2r
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Spectral densities

a.,s are random functions =
we can not quantify them by just by “uncertainties” or “variances”!

«© ‘o dQ © ‘o dQ

Operator functions:  (f) = / ) ==, 3(r) = / Q)Y =
—00 2n —oco 2

Correlation functions: By (t,1") = (X() 0 (")),  Byy(t,1") = (X(1) 0 (')}

where VA,B: AoB=
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Spectral densities

a.,s are random functions =
we can not quantify them by just by “uncertainties” or “variances”!

«© ‘o dQ © ‘o dQ
Operator functions:  (f) = / ) ==, 3(r) = / Q)Y =
—00 2n —oco 2
Correlation functions: By (t,1") = (X() 0 (")),  Byy(t,1") = (X(1) 0 (')}
R .~ .~ AB+BA
where VA,B: AoB= %

Stationarity: Bag(t + T,t" + T) = Bog(t,t’) = Bapg(t,’) = Bog(t — 1)
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Spectral densities

a.,s are random functions =
we can not quantify them by just by “uncertainties” or “variances”!

«© ‘o dQ © ‘o dQ

Operator functions:  (f) = / ) ==, 3(r) = / Q)Y =
—00 2n —oco 2

Correlation functions: By (t,1") = (X() 0 (")),  Byy(t,1") = (X(1) 0 (')}

. . ~ AB+BA
where VA,B: AoB= ——

2
Stationarity: Bag(t + T,t" + T) = Bog(t,t’) = Bapg(t,’) = Bog(t — 1)
Spectral densities: Sy (Q) = / Bu()e ™ dr,  §,(Q) = / By(r)e ¥ dr
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Spectral densities

a.,s are random functions =
we can not quantify them by just by “uncertainties” or “variances”!

«© ‘o dQ © ‘o dQ

Operator functions:  (f) = / ) ==, 3(r) = / Q)Y =
—00 2n —oco 2

Correlation functions: By (t,1") = (X() 0 (")),  Byy(t,1") = (X(1) 0 (')}

. . ~ AB+BA
where VA,B: AoB= ——

2
Stationarity: Bag(t + T,t" + T) = Bog(t,t’) = Bapg(t,’) = Bog(t — 1)
Spectral densities: Sy (Q) = / Bu()e ™ dr,  §,(Q) = / By(r)e ¥ dr

Q) 0 H(Q)) = 278 QS(Q + Q'),  (R(Q) 0 H(Q)) = 278, (Q)F(Q + Q)
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Noise properties

o o C?
(X.7]=iC = gAYy - 8%y >
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Noise properties

o o C?
(X.7]=iC = gAYy - 8%y >

[A(w), 4T (w")] = 276(w — W) = [8(Q).4,(Q")] = 2in5(Q + Q')

Bl—

Spectral densities: S Sgs — |Ses|* =
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Noise properties

o o C?
(X.7]=iC = gAYy - 8%y >

[A(w), 4T (w")] = 276(w — W) = [8(Q).4,(Q")] = 2in5(Q + Q')

Bl—

Spectral densities: S Sgs — |Ses|* =

Gaussian minimum-uncertainty states:

1 1 1
See = E(cosh 2r + sinh2rcos 260), S = E(cosh 2r —sinh2rcos20), Sg = 3 sinh 2r sin 20
1

Scchs - st = Z
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Noise properties

o o C?
(X.7]=iC = gAYy - 8%y >

[A(w), 4T (w")] = 276(w — W) = [8(Q).4,(Q")] = 2in5(Q + Q')

Bl—

Spectral densities: S Sgs — |Ses|* =

Gaussian minimum-uncertainty states:

1 1 1
See = E(cosh 2r + sinh2rcos 260), S = E(cosh 2r —sinh2rcos20), Sg = 3 sinh 2r sin 20
1
Scchs - st = Z

r=0 = S =84 = Ses =0 (vacuum state)

5',
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Noise properties

o o C?
(X.7]=iC = gAYy - 8%y >

[A(w), 4T (w")] = 276(w — W) = [8(Q).4,(Q")] = 2in5(Q + Q')

Bl—

Spectral densities: S Sgs — |Ses|* =

Gaussian minimum-uncertainty states:

1 1 1
See = E(cosh 2r + sinh2rcos 260), S = E(cosh 2r —sinh2rcos20), Sg = 3 sinh 2r sin 20
1
Scchs - st = Z
r=0 = S, =S = o Ses =0 (vacuum state)
le e—Zr
0=0,r>0 = S, = - N 7 Ses =0 (phase squeezed state)
T e—2r 2r
0==r>0 = S, = , S =—, S =0 (amplitude squeezed state)
2 2 2 46/88



© The simplest optomechanical system
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ﬁ J.Aasi et al, Class. Quantum Grav. 32, 074001 (2015) 48/88
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Input/output relations

Input:  A(f) = [A + 4.(t)] cos wpt + 4(t) sin wt
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Input/output relations
Input:  A(f) = [A + 4.(t)] cos wpt + 4(t) sin wt
Output:  B(r) = [B + b.(r)] cos wpt + by(7) sin wpt
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Input/output relations

Input:  A(f) = [A + 4.(t)] cos wpt + 4(t) sin wt
Output:  B(r) = [B + b.(r)] cos wpt + by(7) sin wpt
= [A + 4.(1)] cos[wpt — 2k,x(1")] + 4,(¢) sin[w,t — 2ky3(1")]
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Input/output relations
Input:  A(f) = [A + 4.(t)] cos wpt + 4(t) sin wt
Output:  B(r) = [B + b.(r)] cos wpt + by(7) sin wpt
= [A + 4.(1)] cos[wpt — 2k,x(1")] + 4,(¢) sin[w,t — 2ky3(1")]
= [A + a.(1)] cos wpt + [a4,() + 2k, AX(?)] sin wpt
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N m ;
A@) Input/output relations
B(t) ) Input:  A(7) = [A + 4.(t)] cos wpt + A(t) sin wpt

Output:  B(r) = [B + b.(r)] cos wpt + by(7) sin wpt
= [A + 4.(1)] cos[wpt — 2k,x(1")] + 4,(¢) sin[w,t — 2ky3(1")]
ky = — = [A + a.(1)] cos wpt + [a4,() + 2k, AX(?)] sin wpt

B=A, b.(t)=4ac.(r), by(r)=a,0)+2k,A%0)

Measurement a.k.a. Imprecision a.k.a. Shot noise

Homodyne detector: i o« B(7) cos(wpt — ) oc [B + be(t)] cos ¢ + by(t) sin &
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N m ;
A@) Input/output relations
B(t) ) Input:  A(7) = [A + 4.(t)] cos wpt + A(t) sin wpt

Output:  B(r) = [B + b.(r)] cos wpt + by(7) sin wpt
= [A + 4.(1)] cos[wpt — 2k,x(1")] + 4,(¢) sin[w,t — 2ky3(1")]
ky = — = [A + a.(1)] cos wpt + [a4,() + 2k, AX(?)] sin wpt

Measurement a.k.a. Imprecision a.k.a. Shot noise

Homodyne detector: i o« B(7) cos(wpt — ) oc [B + be(t)] cos ¢ + by(t) sin &
Omitting the DC part: = 4.(f) cos { + [4,(7) + 2k,A%(t)] sin { = 2k, A sin { X [Xq(r) + X(2)]
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N m ;
A@) Input/output relations
B(t) ) Input:  A(7) = [A + 4.(t)] cos wpt + A(t) sin wpt

Output:  B(r) = [B + b.(r)] cos wpt + by(7) sin wpt
= [A + 4.(1)] cos[wpt — 2k,x(1")] + 4,(¢) sin[w,t — 2ky3(1")]
ky = — = [A + a.(1)] cos wpt + [a4,() + 2k, AX(?)] sin wpt

Measurement a.k.a. Imprecision a.k.a. Shot noise

Homodyne detector: i o« B(7) cos(wpt — ) oc [B + be(t)] cos ¢ + by(t) sin &
Omitting the DC part: = 4.(f) cos { + [4,(7) + 2k,A%(t)] sin { = 2k, A sin { X [Xq(r) + X(2)]

The measurement noise:  Xq(t) = [Ac(7) cot £ + a4(F)]

1
2k,A
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N m ;
A@) Input/output relations
B(t) ) Input:  A(7) = [A + 4.(t)] cos wpt + A(t) sin wpt

Output:  B(r) = [B + b.(r)] cos wpt + by(7) sin wpt
= [A + 4.(1)] cos[wpt — 2k,x(1")] + 4,(¢) sin[w,t — 2ky3(1")]
ky = — = [A + a.(1)] cos wpt + [a4,() + 2k, AX(?)] sin wpt

Measurement a.k.a. Imprecision a.k.a. Shot noise

Homodyne detector: i o« B(7) cos(wpt — ) oc [B + be(t)] cos ¢ + by(t) sin &
Omitting the DC part: = 4.(f) cos { + [4,(7) + 2k,A%(t)] sin { = 2k, A sin { X [Xq(r) + X(2)]

The measurement noise:  Xq(t) = [Ac(7) cot £ + a4(F)]

3 hic?
16w, sin® ¢

1
2k,A

Vacuum input state: Sy
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Measurement noise

() = 3 [0t +,0)
P

Sx

hic?

16w,y sin® ¢
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~ m .
A(t) Measurement noise

B(t) o ) = ot A0 So=
- xa(r) = ac(f)cot £ + ay(t =
= i f 2, A" ’ Y 16wyl sin® £
Back action a.k.a. Radiation-pressure noise

. 21(t
Radiation pressure force: Frp.(f) = —( )
c
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~ m H
A(t) Measurement noise
B.A. hc?

1
A Xa(t) = ——[a.(¢) cot £ + ay(z Sy = ————
; D) = R leod +a0] 8= g

Back action a.k.a. Radiation-pressure noise

. 21(t
Radiation pressure force: Frp.(f) = —( )
c

261(t)
C

The AC part:  Fq(r) = = 2%k, A4, (t)
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~ m .
A(t) Measurement noise

B.A. hic?

1
A Xa(t) = ——[a.(¢) cot £ + ay(z Sy = ————
; D) = R leod +a0] 8= g

Back action a.k.a. Radiation-pressure noise

. 21(t
Radiation pressure force: Frp.(f) = L
c
. 261(t
The AC part:  Fy(¢) = @ = 2hk,Ad.(t)
c
) 4hw,lo
The spectral density: Sp = 5
c
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~ m .
A(t) Measurement noise

B.A. hic?

1
A Xa(t) = ——[a.(¢) cot £ + ay(z Sy = ————
; D) = R leod +a0] 8= g

Back action a.k.a. Radiation-pressure noise

. 21(t
Radiation pressure force: Frp.(f) = L
c
. 261(t
The AC part:  Fy(¢) = @ = 2hk,Ad.(t)
c
4hw,lo

The spectral density: Sp = 5
c

h
The cross-correlation: Syr = 3 cotl
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~ m H
A(t) Measurement noise
B.A. hc?

1
A Xa(t) = ——[a.(¢) cot £ + ay(z Sy = ————
; D) = R leod +a0] 8= g

Back action a.k.a. Radiation-pressure noise

. 21(t
Radiation pressure force: Frp.(f) = —( )
c

261(t)
C

The AC part:  Fq(r) = = 2%k, A4, (t)

4hw,lo
2

The spectral density: Sp =

h
The cross-correlation: Syr = 3 cotl

Uncertainty relation

2

h
S Sp — SiF = T (universal!)
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() = o lacotd 44,01 S,
P

Measurement noise

hic?

16w,y sin® ¢

Back action a.k.a. Radiation-pressure noise

. 21(t
Radiation pressure force: Frp.(f) = L
. 261(t
The AC part:  Fy(¢) = @ = 2hk,Ad.(t)
c
) 4hw,lo
The spectral density: Sp = 5
c
h
The cross-correlation: Syr = 3 cotl
Uncertainty relation
h2
S Sp — SiF = T (universal!)

Sum quantum noise

Mechanical equation of motion:
X(Q) = X(Q)Fﬁ + xsignal(Q)

x(Q) =

E.g. fi :
g. free mass e
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() = o lacotd 44,01 S,
P

Measurement noise

hic?

16w,y sin® ¢

Back action a.k.a. Radiation-pressure noise

. 21(t
Radiation pressure force: Frp.(f) = L
. 261(t
The AC part:  Fy(¢) = @ = 2hk,Ad.(t)
c
) 4hw,lo
The spectral density: Sp = 5
c
h
The cross-correlation: Syr = 3 cotl
Uncertainty relation
h2
S Sp — SiF = T (universal!)

Sum quantum noise

Mechanical equation of motion:
2(Q) = x(Q)Fq + Xsignal (€2)
X(Q) =

The output signal:
() + £(Q) = Zsum (€2) + Xsignar(2)
Zaum(Q) = xn(Q) + X (Q)Fa(Q)

E.g. fi :
g. free mass e

65/88



() = o lacotd 44,01 S,
P

Measurement noise

hic?

16w,y sin® ¢

Back action a.k.a. Radiation-pressure noise

. 21(t
Radiation pressure force: Frp.(f) = L
. 261(t
The AC part:  Fy(¢) = @ = 2hk,Ad.(t)
c
) 4hw,lo
The spectral density: Sp = 5
c
h
The cross-correlation: Syr = 3 cotl
Uncertainty relation
h2
S Sp — SiF = T (universal!)

Sum quantum noise

Mechanical equation of motion:
X(Q) = X(Q)Fﬁ + xsignal(Q)

X(Q) =

The output signal:

() + £(Q) = Zsum (€2) + Xsignar(2)
Zaum(Q) = xn(Q) + X (Q)Fa(Q)

Sum quantum noise spectral density:

E.g. free mass:
£ m?

Ssum(Q) =S8+ ZX(Q)SXF + XZ(Q)SF
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@ Standard Quantum Limit
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SaL

ic? 4dhwply fi
— _  Sp= , Sy == cot
16w,y sin® ¢ i c? T {)

(Just an example: S, =

h2
SeSp — 8% = T () Seum(Q) =S¢ + 2x()Ser + x2(Q)SF (%)
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SaL

ic? 4dhwply fi
— _  Sp= , Sy == cot
16w,y sin® ¢ i c? T {)

(Just an example: S, =

h2
SeSp — 8% = T ® Sam(@) =8+ 20(Q)Sr + XHQ)SE  (xx)
The task: minimization of (**) under the constraint (*) :
n? /4 + 8%, 5
Ssum(€2) = s + 2x(Q)Sir + x (Q)SF
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SaL

hic? 4hw, 1y A
— _  Sp= , Sy == cot
16w,y sin® ¢ i c? T {)

(Just an example: S, =

h2
SeSp—8%=— (*)  Seum(Q) = Sy + 2x(Q)Ser + ¥ (Q)SF (%)

4
The task: minimization of (**) under the constraint (*) :
n? /4 + 8%, 5
Ssum(€2) = s + 2x(Q)Sir + x (Q)SF

Naive approach: minimization of the imprecision noise S :

Sr=0 & ¢ =mn/2 (the phase quadrature measurement) =
2

(e ), 2
Ssum(Q) - (Sx - 4SF) +x (Q)SF
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SaL

hic? 4hw, 1y A
— _  Sp= , Sy == cot
16w,y sin® ¢ i c? T {)

(Just an example: S, =

h2
SeSp—8%=— (*)  Seum(Q) = Sy + 2x(Q)Ser + ¥ (Q)SF (%)

4
The task: minimization of (**) under the constraint (*) :
n? /4 + 8%, 5
Ssum(€2) = s + 2x(Q)Sir + x (Q)SF

Naive approach: minimization of the imprecision noise S :

Sr=0 & ¢ =mn/2 (the phase quadrature measurement) =

2

Seum(Q) = (Sx = %) + X (Q)SF > SsqL(Q) = | x(Q)|
F
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SaL

hic? 4hw, 1y A
— _  Sp= , Sy == cot
16w,y sin® ¢ i c? T {)

(Just an example: S, =

h2
SeSp—8%=— (*)  Seum(Q) = Sy + 2x(Q)Ser + ¥ (Q)SF (%)

4
The task: minimization of (**) under the constraint (*) :
n? /4 + 8%, 5
Ssum(€2) = s + 2x(Q)Sir + x (Q)SF

Naive approach: minimization of the imprecision noise S :

Sr=0 & ¢ =mn/2 (the phase quadrature measurement) =

2

Seum(Q) = (Sx = %) + X (Q)SF > SsqL(Q) = | x(Q)|
F

Sr h

1
Free mass : y(Q) = = Seum(Q) = S, + — >
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tysunl(S2)

Sr [
Ssum(Q) =S8+ m z mO2
“Classical”
S
<)
%
/@\
2
>

“Quantum”
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How far away is it from the reality?

[1247270418-1247356818, state: Observing]
GEO-LIGO-Virgo gravitational-wave strain

I '

—
|

—_

©

W GEOGOD
mm Hanford

Livingston
m Virgo

GW amplitude spectral density [strain/+/Hz]

10°

Frequency [Hz]

@ https://www.gw-openscience.org/detector_status/day/20190716
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How far away this from the reality?

a T T b B T T T
C, B
— 77 .
10729 —51 .
- -31 i ]
o : 10 Backaction
—1.0
0.2 Imprecision
100} 01 4~ P
TE 10792
I 108} 4
E
g
1%]
10721 i E
10733
IS 1083 { 4
—
34 ‘ i ! 107
10 -10 -5 0 5 10 10 10°

80/(2m) (kHz) 8Q/(2m) (Hz)

@ M.Rossi et al, Nature 563, 53 (2018)
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® Beating the SQL
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Real optimization

hZ
SxSF — S)%F = Z (*) Ssum(Q) =S8y + 2X(Q)SXF + XZ(Q)SF (**)
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Real optimization

2

I/
SxSF — S)%F = Z (*) Ssum(Q) =S8y + 2X(Q)SXF + XZ(Q)SF (**)

The task: minimization of (**) under the constraint (*) :

1% /4 + 52 #2
g +2X(Q)Ser + X (Q)SF = — + S

Ssum(L2) =
n(@) =~ 5

2
SxF
—_— Q
Sy + x( )]
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Real optimization

2

I/
SxSF — S)%F = Z (*) Ssum(Q) =S8y + 2X(Q)SXF + XZ(Q)SF (**)

The task: minimization of (**) under the constraint (*) :

n*[4 + S n? S 2
Seum(Q) = TXF + 20 (Q)Sr + X (Q)SF = s, + Sr SL: + X(Q)]
SxF 2

hi
- Q) = Syum(Q) = —
S x(Q) sum (€2) sy
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2 2
Ssum(€2) = Sy + 2x(Q)Sxr + x“(Q)SF (%)

I/
Sk =S =7 ()
The task: minimization of (**) under the constraint (*)

2 Sop 2
S_ + X(Q)]

K% /4 +
S (@E okt 2x(Q)Sxr + X (Q)SF = —— +Sp
Sk 48r
SxF 2
SF _X(Q) = Ssum(Q) - 4S
Sp — oo (thatis [y — ) = Sqm(Q) —» 0 No SQL!
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2 2
Ssum(€2) = Sy + 2x(Q)Sxr + x“(Q)SF (%)

I/
Sk =S =7 ()
The task: minimization of (**) under the constraint (*)

2 Sop 2
S_ + X(Q)]

hZ
g + 20 (Q)Sr + X (Q)SF = s, + Sr

Ssum (Q) SF
2

SxF
—x(Q Ssum(Q) =
=) = Sun(@) = o
Sp — oo (thatis [y — ) = Sqm(Q) —» 0 No SQL!

The problem:

x(Q) depends on Q.  But S,, S,r does not.
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4hw,lo h 1 Bwply 5
—Q Sy = 3 cotl, x(Q) = e = o tan/ = Q

Our simple example: Sy =
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Our simple example: Sy =

Ssum(ﬂ)

4hwplo h 1 8wyl
—— . Sp==cotl, y(Q=—-— =
2 xF = 5 cotd, x(Q) — "
“Classical”
N
“Quantum”

tan{ = Q?
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. 4hwp1() h 1 8(")pIO
Our simple example: Sp = ———, S,p = = cotl, y(Q) =-—= =
2 2 mQ? mc?

tan{ = Q?

“Classical”

Ssum(Q)

Frequency-dependent (7

“Quantum”
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Broad-band beating the SQL
g 2
Ssum(€2) = Sy + 2x(Q)Sxr + ¥ (Q)SF ()

I/
Sk =S =7 ()
The task: minimization of (**) under the constraint (*)

2 Sop 2
S_ + X(Q)]

hZ
g + 20 (Q)Sr + X (Q)SF = s, + Sr

Ssum (Q) SF
2

SxF
—x(Q Ssum(Q) =
=) = Sun(@) = g
Sp — oo (thatis [y — ) = Sam(Q) — 0 No SQL!

The problem:

x(Q) depends on Q.  But S, Sy do not. Or could they?

@) < Sp o 1/ x(©Q) = Quantum speedmeter
- S,r o x(Q) = Filter cavities
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Filter cavities

i _
I‘ T
|l
| 2z
v % =
= I* Lg) | g
T =1 ¢
o 2 =
5| | 3
i ©
| | ~— %
| ~—
_’—;_‘7 / I Arm Cavity \ / pem Caviy
\ I Laser |

~A

e
) Squeezed
%{L Eﬂ Circulator - -
Filter Cavity |
Squeezed| . | o _ _ TTERET —
[ il e s>

|
\‘- -« — — N > |
Photo- Homodyne
detector detector

@ H.J.Kimble er al, Phys.Rev.D 65, 022002 (2001)

Filter Cavity |
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Quantum speedemter

OUTPUT

-

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