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Decrease your frequency by expanding your horizon.
Increase your Q by purifying your mind. Eventually,
vou will achieve inner peace and view the internal
harmony of our world.

-A lesson from a harmonic oscillator
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|. Introduction

* Fabry-Perot cavity
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|. Introduction

Squeezed state
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|. Introduction

2h

e SQL (Standard Quantum Limit) %@ =—7
-origin-

the dynamics of the optical field, and of the test-mass

shot and radiation pressure noise
|Z(t), (t")| # 0(tf # ')
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I1-i. Modifying Input and Output Optics

s EFHMEEEEIES=HIZinput optics&
output opticsziE{ET 5,

i. Shot noise => input squeezing

ii. Radiation pressure noise => (FD) homodyne
measurement (ponderomotive squeezing),
Input squeezing

e Beat the SQL => FD squeezing, (FD) homodyne

=> filter cavity



I1-i. Modifying Input and Output Optics

* Input squeezing (1= & /& fE18k)
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I1-i. Modifying Input and Output Optics

* homodyne measurement(9 &l B ;K # /& LLT)

PHYSICAL REVIEW D, 65, 022002, (2001)
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FIG. 7. Noise ellipses for a varational-output interferometer.
Left: Noise for the ordinary vacuum that enters the interferometer’s
dark port. Right: Noise for the field that exits at the dark port along
with the gravitational-wave signal. These noise ellipses are the
same as for a conventional interferometer, Fig. 5. but here the quan-
tity measured 1s the quadrature amplitude b4, with frequency depen-
dent phase ®*=arccot X_. It 1s informative to compare the measured
phase & with the angle of ponderomotive squeeze
= ]? arccot(X/2). They are related by tanP =7 tan 2¢p=1an /(1
—tan’¢). so @ is always larger than ¢&: but for large K (strong
beating of the SQL), they become small and nearly equal.
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I1-ii. Variations of Filter Cavity

FD Homodyne detector
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I1-ii. Variations of Filter Cavity
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Figure 2-6: The square root of the noise spectral density is shown for a conventional in-
terferometer with (i) no squeezed input (“Unsqueezed™), (ii) Squeezed vacuum injected
(“Unfiltered”); Squeezed input filtered by (i) a single filter cavity (“Single Filter™), (iv)
series filter cavities (“Series Filter”), (v) parallel filter cavities (“Parallel Filter”); and (vi)

PHYSICAL REVIEW D, 70, 022002, (2004)

1 1 1 I I 1 1
Unfiltered

/ Series Filters

Q /vy

frequency-dependent squeeze angle (“FD Squeeze Angle”).



I1-ii. Variations of Filter Cavity
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FIG. 3 (color online). Square root of the sum quantum noise
spectral density of the conventional unsqueezed interferometer
(dashed line): the original CMW scheme (a): the CMW scheme
with the additional homodyne detector (b). In all three cases,

W=840kW, y =27 %X 100s"!, and 5 = 1.
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Figure 3.2 — Quantum-noise spectra of different schemes with optimized
parameters for detecting gravitational waves from NS-INS binaries. The

optimal values for the parameters are listed mm Tahle, 3.2,
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“Ordinary” interferometer

-ii. Variations of Filter Cavity

PHYSICAL REVIEW D, 81, 122002, (2010)
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l1-iii. Comparing Performances
PHYSICAL REVIEW D, 81, 122002, (2010) _
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FIG. 2 (color online). Normalized signal-to-noise ratios as functions of the filter cavity effective length. Solid lines: (a) —ordinary
interferometer, vacuum input; (b) —frequency-independent squeezing: (c) —amplitude filtering, (d) —combined amplitude-phase
filtering; Dashed line: phase prefiltering; dashed-dotted line: phase post-filtering, vacuum input; dotted line: phase post-filtering,
squeezed input. Left: optimization for bursts; Right: optimization for neutron star-neutron star events.
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FIG. 4 (color online). Optimal quantum noises spectral densities. Thin dashed lines: SQL; thin solid lines: ordinary interferometer,
vacuum input; thick solid lines: ordinary interferometer, frequency-independent squeezing: thick dashed lines: phase prefiltering;
dotted line: phase post-filtering. Left: optimization for bursts: Right: optimization for neutron star-neutron star events.



I1l. Modifying the Dynamics
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Il. Modifying the Dynamics

e Optical spring effect (FD restoring force)
o B E T —R Ny

PHYSICAL REVIEW A, 69, 051801(R), (2004)
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FIG. 1. The dashed curve shows the radiation pressure on the

detuning DIERAIZEKST
cavify mirror as a function of the detuning from resonance. The

solid curve shows the derivative of the optical force, i.e., the optical A>O => K>O ( restore ), v<o (a nt| -d am p)

spring constant. Positive displacement corresponds to increasing the

cavity length. The parameters for calculating this curve are the ones .

from the experiment described here. The circulating power on reso- A<O => K<O (a nt I-re StO re ), v>0 (d am p)
nance is 60 W, corresponding to the maximum input power used—

400 mW.



I1l. Modifying the Dynamics

Yanbei Che Optical Spring: introduction and issues
Parametric Instab|I|t¥)Worksho July 17, 2007

ptical springs in detuned signal recycling interferometers [Buonanno & Chen 00 & 01]
differential mode can be viewed as single detuned cavity [Buonanno & Chen, 03],

e Sensitivity: enhanced around optical and mechanical resonances (beating SQL), but
suppressed in other, especially low frequencies.

e Instability: optical spring resonance is unstable; in-band control does not impose
fundamental noise [Buonanno & Chen, 00 & 01]
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Modifying the Dynamics

s B2 DDEKRBOL——ZRAL. TIETh
M detuningZ & ZE (double optical spring)

=i. small “-” detuning, large “+” damping

I(l 1

.. large “+” detuning with high power, smal
damplng, strong restoring force 0\ 1\

Figure 1.5 — Plot showing the optical spring effect 1n a detuned optical

cavity. The radiation pressure is proportional to the mtra-cavity power

which depends on the position of the test mass. The non-zero delay n the

cavity response gives rise to an (anti- Jdamping force. By injecting two laser

o ) ) beams at different frequencies, this creates a double optical spring and the
Haixing Miao, Doctor thesis system can be stabilized (right panel).



Il. Modifying the Dynamics
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l. Modifying the Dynamics

* Detuned signal-recycling cavity ZAUL\=15&
DTARTRADESZF (cS_(SQL)N-1)

test mass m = 0.8kg and a cavity length L = 80 m,
Ay /2 = 200Hz, As /27 = —500Hz, 1, /27 = 36 Hz, 2/27 = 400 Hz.
I, =3kW, [, = 10kW.
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Figure 4.1 — The resulting response function with a double optical spring
(solid), compared with that of a free mass (dashed).



IV. Measuring a Conserved Quantity
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IV. Measuring a Conserved Quantity

* Dynamics
test-mass [ZcavitymW 7 ARENTLVS
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Figure 5.1 A T,(t) = 0xy| Xg coswp,t + Fysinwp,t),

mechanical oscillator with eigenfrequency wy, interacts with a cavity mode
a, which is also coupled to the input (a,) and output (agy) optical modes.

A schematic plot showing an optomechanical svstem.

62(t) = [ydt'Ga(t — t')a a1 (') + &un(t') + Fexa(t')],

by(t) = ay(t), N —
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IV. Measuring a Conserved Quantity

e Read out
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Conclusions
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