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Quantum Noises in GW interferometers
[Caves, 80s]
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Shot Noise

e GW signal: phase modulation to the carrier light
e Shot Noise: Discreteness of photons, in power: o< 1/

e Radiation Pressure Noise: Vacuum fluctuation of carrier
amplitude, in power: o< I, /m
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Standard Quantum Limit of Conventional GW

Interferometer
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Simple Quantum Measurement Theory
Underlying the Standard Quantum Limit
[Braginsky, 68-77; Braginsky and Khalili, 92]

GW interferometer crudely modeled: Successive instantaneous

measurements of test mass displacement (by arm-cavity photons, )
with At ~ Tgyw /2 ~ 5 ms.

e Just after one measurement on &z completed, “state reduction”
puts the testmass at a state, with displacement and
momentum width Az and Ap
Heisenberg uncertainty principle=> Az - Ap > h/2

A meaSorement
State

=auchion

Az ~ displacement precision~Shot noise
Ap ~ back-action on momentum~~Radiation pressure noise
e Just before the second measurement

Ap*At?
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=> Standard Quantum Limit!
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Careful Study of Quantum Noise: taking

correlations into account
[Braginsky, 68-77; Braginsky and Khalili, 92; Braginsky,
Gorodetsky, Khalili, Matsko, Thorne and Vyatchanin 01.]
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Output = Shot Noise + Rad Pres Noise + Signal + Initial wavefunction noise

= Stﬂta] = Sﬁhot + SH.ad Pres+ 2Sci::rr

Heisenberg Uncertainty Relation in the spectral domain [Braginsky
& Khalili, 92]

SSth SR&d Pres — S.:zgrr 2 S‘éQLxﬁl

Consequences:

e Uncorrelated Shot and Radiation-Pressure Noises, Scorr = 0
= SShutSRad Pres 2 SSQL/'CJ‘
= Stc-tal — SSth =k Sliad Pres 2 SSQL

e When S, # 0, SQL does not apply. Quantum Non-
demolition (QND)

e Correlated shot and radiation pressure noises can make
LIGO interferometers QND devices
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Quadrature Description of Optical Fields

e At a particular position, optical fields near a central frequency
wg (10" Hz) can be written as:

E(t) = E1(t) cos wot + E5(t) sin wot .
E15(t) slowly changing (100 Hz), called quadrature fields

e Large monochromatic strong field F cos wyt superimposed,

Eiw = [Eo+ Ei(t)] coswot + Ea(t) sin wet
E,(t E5(t
~ Fy [1 -} Jl&:“ }] COS [wgt - ;E) )]

F(t) — amplitude modulation; E5(t) — phase modulation

e If this light is sent to a photodetector, /(1) will be detected.

e If, instead of above, E cos(wyt + ¢) added, photodetection
will give a more general quadrature field:

F1(t) cos ¢ + Es(t) sin ¢
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Quantized Quadrature Fields
[Caves and Schumaker 85, Schumaker and Caves85]

When Quantized:  quantum fluctuations present in both
quadrature fields

Vacuum state:

e Both F,(t) and E2(t) have uncorrelated white noise spectra
with same magnitude.

e All quadratures have the same noise.
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Vacuum State
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Quantum Noise of Conventional Interferometers
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But the required quadrature is frequency-dependent.
Can be realized, but tricky.
[Vyatchanin, Matsko and Zubova; Kimble, Levin, Matsko, Thorne and Vyatchanin 01]
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Two more examples of QND interferometers

Correlations between shot noise and radiation pressure noise
is omnipresent, not enough guidance to interferometer design.

=>Other inspirations needed!

1. Signal-recycled interferometer [planned for LIGO-II, begin
operation 2008]

[Drever 82; Meers 88; Gustafson, Shoemaker, Strain and Weiss,
99; Buonanno and YC 00-01]

2. Speedmeter interferometer [aimed at third-generation GW
interferometers]

[Braginsky and Khalili, 90; Braginsky, Gorodetsky, Khalili and
Thorne, 00; Purdue 01; Purdue and YC, in preparation]
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Signal-recycled Interferometers with low light
power: Original motivation
[Drever 82; Meers 88; Freise et al, 00; Mason 01]

GW motion l

Laser

Cavity

i Signal Recycling
Mirror

Output light from the arm cavities fed back: storage time of
signal light inside interferometer changed.

i
1
Signal Recycling | GW motion
I
I
I

Signal-recycling cavity not on resonant with light at carrier
frequency: resonance of the composite cavity shifted
(Antisymmetric mode only!) = Signal light at resonant frequency
get stored longer = Sensitivity improved around resonance
frequency

CaJAGWR, May 2002 9



Noise curves of SR interferometers at low power
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Signal-recycled interferometers with high light
power
[Buonanno & YC 00-01]
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eCorrelations: at SRM, a fraction of light leaks out contributing
to shot noise, the rest fed back into arm cavities contributing to
radiation-pressure noise. Correlations built up. And SQL is not
necessarily a limit . . .

eNon-free-mass measurement: Optical field fed back into arm
cavities also contains displacement information = rad. pressure
force depends on test-mass motion:
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SR interferometer as an optical spring
[Braginsky et al. 97,99; Buonanno & YC, 01]

When the Radiation Pressure Force depends on mirror motion,

ﬁRa-::l.].:"rleﬁil:!ure - ﬁU{Q) - K(Q) E(Q)

K (€2) is a Spring Constant!
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=> Two Resonances of the “Optical Spring” detector:

Low-frequency: K (§2) ~ constant real quantity = ) ~

vV K(0)/M o +/Ipgser- Mechanical resonance

Higher frequency: resonance in K (€2) itself excited = €.
Optical resonance
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Noise spectrum — beating the SQL
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Quantum Noise curve taking Radiation Pressure into account:

Two dips near the two resonances.

At LIGO-I power (10kW): quantum noise dominated by Shot
noise in LIGO band. Only optical resonance important.

Raising up to LIGO-II power (800kW): mechanical resonance
moves into LIGO band! [©2 oc v/ Ieirc]

Can beat the SQL by a factor 2 over a bandwidth of Af ~ f.
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Interpretations of SR interferometer result

e Correlation built up in a smart way by the dynamics of the
system, especially near the resonances!

e Resonant response to GW, measurement performed effectively
on a system formed by two coupled oscillators.
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SR Dynamics: Instability and Control System
Buonanno and YC 00-01

In fact, the mechanical resonance is unstable!
A control system must be employed to stabilize the interferometer

Feeding the (linear filtered) output signal back as forces onto the
test masses, idealy

e Suppress instability

e Does not change the noise
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SR interferometers: quantum noise augmented
by other sources of noise
Smf}p{fhﬁﬂf Mo

— Optical Noise

-~ Toral Noise
. ——— Thermoelastic Noise
2 Internal Thermal Noise
— SQL
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Current estimate: thermoelastic noise dominant ~ twice the SQL
= total noise cannot beat the SQL

Reshape the optical mode using flat topped mirrors [Braginsky,
D'Ambrosio, O'Shaughnessy, Strigen, Thorne and Vyatchanin]=> decrease
the thermoelastic noise to 0.3Ssqr.=> LIGO-II might beat the
SQL. NS binary merger range 300 Mpc— 450 Mpc.

Warnings from mirror coating noise
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Still to be done [theoretically] with the SR

interferometer
[Buonanno, YC and Mavalvala, work in prﬂgress]

e Readout schemes:

— Homodyne detection: observe only one freg-independent
quadrature

— RF modulation/demodulation scheme: observe different
quadratures at the same time = flexibility; but additional
vacuum noise, control issue.

e Optimal interferometer parameters
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Speedmeter interferometer: the motivation
[Braginsky and Khalili 90]

For a free test mass:

When momentum is measured with high precision, the
displacement will be kicked.
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. but displacement perturbation will not enter momentum
evolution in the future

= Back action does not give rise to noise = no back-action
noise, only shot noise.

=> Standard Quantum Limit irrelevant. Given enough high
power, beat by arbitrary factor!
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One conceptual design of speedmeter
[Braginsky (crude idea) and Khalili (refined) 90. Braginsky,
Gorodetsky, Khalili and Thorne (refined again) 00. Purdue
(detailed analysis in optical regime) 01.]

+—— Cavity2 ——w+— Cavityl —
sloshing mirror
highly reflective  flips sign
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Signal light flips sign after sloshing back

At time £, signal light inside Cavity has two sources:
e Generated directly by mirror motion: A X (t)
e Sloshed back from Cavity 2, generated at an earlier time

—AX(t — tsmgh)

= Total signal light ~ A [X (t) — X (t — tsiosh)]
Absolute displacement cancelled!

For motions with f < fq.sh, measuring speed.
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One conceptual design of speedmeter, continued
[Braginsky (crude idea) and Khalili (refined) 90. Braginsky,
Gorodetsky, Khalili and Thorne (refined again) 00. Purdue

(detailed analysis in optical regime) 01.]

+— Cavity2 —+—— Cavityl —
sloshing mirror
highly reflective  [lips sign

’,.--"-\\v. hen sloshes back Extracted
_____ Ly :
ST RISISN]  at timescale

Y B RN T
+ _____ TR G S s S RSO e e ext

s Ll N, \\(\\.\ \ B o 3 b

S \*\\'\ﬁ.\\'

only signal light \—;;:/—-_\_.r_._.r___l__;____
no carrier signal light
Jslosh e

GW motion

Signal light has to be extracted for detection!

Optimized for broadband behaviour, Texy ~ 1/ fsi0sh the average
signal light sloshes once =

Shot noise
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A Speedmeter with LIGO optical topology

[Purdue and YC, in preparation]
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Photodetection

e Cavity 1: the two arms of LIGO

— Carrier resides in the symmetric (common) mode
— GW sidebands live in the antisymmetric (differential) mode

e Cavity 2: additional sloshing cavity
e Signal light extracted
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