Quantum noise of GW detector




Quantum noise of light

Quantum Shot noise
-> Noise induced by photon
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Classical electric field

Quantum Shot noise
-> Noise induced by photon
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Vacuum fluctuation




Real electric field of light
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Phase and amplitude noise of light
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Shot noise of interferometer

Laser power = the number of photon / time
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Photon Counting Statistics
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Shot noise of interferometer
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When we have coherent laser source
N

AN /\/N SNR by photon = N/\/N

If Shot noise is relatively larger than other noise(Thermal, Electric.. etc)
We say that it has shot noise limit sensitivity




Radiation pressure noise
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Electric field in simple Michelson interferometer

E, (t)

Eos(t) A Eas. (1)

Figure 1-3: Schematic of a Michelson interferometer. A classical carrier field E,(¢)
enters from the interferometer symmetric port while a vacuum fluctuations repre-
sented by F,.(t) enter from the anti-symmetric port. The quantum noise level at
the readout is contained in the AC component of the field exiting the interferometer
Ea.s,r‘(t)

E((t) = Egcos(wpt) + dE4(t)

Noise term

Squeezed States for Advanced Gravitational Wave Detectors, B.A.,
University of California Berkeley, Eric Oelker (2009)




Electric field in simple Michelson interferometer
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Electric field in simple Michelson interferometer
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Electric field in simple Michelson interferometer
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Electric field in simple Michelson interferometer
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Electric field in simple Michelson interferometer
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Electric field in simple Michelson interferometer
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hsor = V2L Q = signal frequency
L = arm length
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Standard quantum limit of GW detector
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Figure 2.3: The strain equivalent quantum noise is plotted for an interferometer with
M =50kg, L =3 km, P =10 MW. The two contribution of radiation pressure noise
and shot noise are shown in blue and red respectively.

Standard quantum limit of gravitational wave detector
Shot noise + Radiation pressure noise




Target sensitivity of KAGRA
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Squeezed vacuum injection in
GW detector




Quadrature in coherent state
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Optical and noise studies for Advanced Virgo and filter cavities for quantum noise reduction
in gravitational-wave interferometric detectors, Eleonora Capocasa, UNIVERSITE PARIS DIDEROT (2017)




Quadrature in squeezed state
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Parametric down conversion process
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Parametric down conversion process

P(E) = e (XVE + xP£2)
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Parametric down conversion
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Squeezed state of light
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Freguency independent squeezing
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Quadrature in squeezed state
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Freguency independent squeezing
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Frequency dependent squeezing(FDS)
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Frequency dependent squeezing
in GW detector




First suggestion of filter cavity in FD squeezing

Conversion of conventional gravitational-wave interferometers into quantum nondemolition
interferometers by modifying their input and/or output optics

H.J. Kimble,! Yuri Levin2* Andrey B. Matsko,’ Kip S. Thorne,” and Sergey P. Vyatchanin4
'Norman Bridge Laboratory of Physics 12-33, California Institute of Technology, Pasadena, California 91125
2Theoretical Astrophysics, California Institute of Technology, Pasadena, California 91125
3Department of Physics, Texas A&M University, College Station, Texas 77843-4242
4Physics Faculty, Moscow State University, Moscow, 119899, Russia
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FIG. 1. Schematic diagram of a squeezed-input interferometer.




Squeezed vacuum injection with filter cavity

Interferometer
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M. Evans, L. Barsotti, P. Kwee, J. Harms, and H. Miao
Phys. Rev. D 88, 022002 — Published 29 July 2013




Side band figure
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Side band creation

Sideband creation |[edit]

We can illustrate the creation of sidebands with one trigonometric identity:
cos(A) - cos(B) = % cos(A+ B) + % cos(A — B)

Adding cos(A4) to both sides:
cos(A) - [1 + cos(B)] = 5 cos(A + B) + cos(A4) + 3 cos(4 — B)

Substituting (for instance) A £ 1000-¢ and B £ 100 - ¢, where t represents time:
E:os(l{][}[] tl - ll + cos(100 t)l = % cos(1100 t) + t:DS{lDUU tl + % cos(900 ¢).
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Detuned cavity

S- I . t Stefan Hild et al, “Detuned arm cavities”, 3rd GEO simulation
Imp e plc ure workshop, Hannover, June 2007

B:

* less carrier light in cavity => less
GW sidebands are produced.

» Since one GW sideband is
resonant, it gets enhanced.

tuned armcavity

=> Smaller GW signal

C:
« optical power is restored in the armcavity

200Hz detuned

cavity by larger PR-gain.
« Same amount of GW sidebands >
are produced.
* Since one GW sideband is —

resonant, it gets enhanced. Al tatner
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=> Larger GW signal

StefanHid . 4 3rdGEO simulation workshop, Hannover, June 2007




Gravitational wave signal
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Electric field in simple Michelson interferometer
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Assume anti-symmetric port is dark port

E\(t) = \%{Esm + Eyu(t)
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Squeezed States for Advanced Gravitational Wave Detectors, B.A.,
University of California Berkeley, Eric Oelker (2009)

E,(t) = (t) = Eas(t)]

‘as’ is vacuum field




Quantization of electromagnetic field
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Here, and throughout this thesis, we will assume that FE(€2) is only appreciable at
frequencies where () < wp. Therefore, I may formally extend the integrals from zero

to infinity for ease of notation. We may rewrite as:

E(t) = e~iot f (E(Q)e™ + E(—Q)e““")ld— +he. (1.5)
i




Quantization of electromagnetic field

E(t) = 4”222"0 (a1 (£) cos(wot) + aa(t) sin(wot)]

where we have defined the following quadrature operators:

a(t) + a'(t)
V2
Phase Quadrature : ay(t) = w

Amplitude Quadrature : a,(t) =




Electric field in simple Michelson interferometer
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Squeezed vacuum injection with filter cavity

Interferometer
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M. Evans, L. Barsotti, P. Kwee, J. Harms, and H. Miao
Phys. Rev. D 88, 022002 — Published 29 July 2013




Squeezed vacuum injection with filter cavity
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M. Evans, L. Barsotti, P. Kwee, J. Harms, and H. Miao
Phys. Rev. D 88, 022002 — Published 29 July 2013




Filter cavity

® filter cavity
EE———
e sy
| ' w+ Q

|
U- E sq%Deezed light

Denis Martynov et al, Phys. Rev. D 99, 102004
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Squeeze angle
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M. Evans, L. Barsotti, P. Kwee, J. Harms, and H. Miao
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Squeeze angle
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Squeeze angle rotation
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Squeeze angle rotation
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LIGO filter cavity

week ending
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LIGO filter cavity

PRL 116, 041102 (2016) PHYSICAL REVIEW LETTERS 29 JANUARY 2016
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KAGRA filter cavity

PHYSICAL REVIEW LETTERS 124, 171101 (2020)
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