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Optomechanical coupling: Back-action

- Radiation pressure of light field leads to a force
on a test mass (mirror)

- Quantum back-action -> RPN+SN -> SQL
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Dynamical back-action

Hz
Gravity wave
detectors
(LIGO, Virgo, GEO...)

Harmonically
suspended
gram-scale mirrors

Mirror coated
AFM-cantilevers

- Micromirrors

Mass
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Effective FP-Cavity

. Micro-and nano oscillators

. Movebale mirror
[S. Gigan et al., Nature 444, 67 (2006), T. Corbitt et al., PRL . 98,

150802 (2007), J. D. Thompson et al., Nature 452, 72 (2008), etc...]

SiN, membranes

Optical microcavities

Interferometer (GWD) b ‘ &Z‘,Y.:Si‘;”:;‘;?i —
. resonators

. Scaling law: noise + dynamics operated on

dark port are equivalent to those of a FP-Cavity
[A. Buonanno, Y. Chen, Phys. Rev. D 67, 062002 (2003)]
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Dynamical Back-Action:

Optical Spring

Interaction Hamiltonian: Hine = goXa*a

gi . i dw
ispersive coupling: -
P PINS: Yo ox
- nmnc
Resonance condition: L =——
Wy,

PCavity [
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a)s=0:
Pcavity depends only in
2. order of magnitude to éx.
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Dispersive Coupling

Interaction Hamiltonian: Hine = goXa*a

L
< >
. . . dw
dispersive coupling: g, = — Pin
. a1l
R diti L e
esonance condition: = o,
ox
b/c) & +0:

P Cavity |
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Dynamical Back-Action in GWD

F(Q) = — 6x [K(Q) — 2iQT(Q)]
| - GWD scenario: 2 <~ K(Q) : optical rigidity
1/ == Optical rigidity I'(Q) : optical damping

Optical damping
» Optical Spring in GWD is unstable!

Optical spring

-0.5 Anti-damping
-1t
-10 5 0 5 10

V.B. Braginsky et al., Phys. Lett. A 232, 340 (1997);
EYa. Khalili, Phys. Lett. A 288, 251 (2001);
A. Buonanno, Y. Chen, Phys. Rev. D 65, 042001 (2002)
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Noise Spectral Density [1/¥ Hz]
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H. Rehbein et al., PRD 78, 062003 (2008)
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Dynamical Back-Action in GWD

A\ N A | Optical Spring in GWD is unstable!
R seses  AdvLIGO Broadband

control/feedback needed for
stabilization

2 Laser drives can create stable
spring and sensitivity improvement

H. Rehbein et al., PRD 78, 062003 (2008)
T Corbitt et al., PRL 98, 150802 (2007)




Dynamical Back-Action in GWD

‘ Dynamical back-action on dark-port

 2nd generation of GWD will
operated slightly off dark-port
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What about dynamic back-action off dark-porte
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Additional instabilities > Terabrin etal,
Phys. Rev. A 88, 023809 (2013)

Far away
On dark-port ‘ Off dark-port

x 10
GWD scenario: €2 < ~y
| ' | ' 10
1/ W= Optical rigidity Opticallspring stable
Optical damping
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~200 W  high input power
~40Kg free test Masses
~100%  power reflectivity

~ 1 Hz resonant frequency

Michelson
interferometer
+

signal recycling
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LARGE SCALE TO small scale experimerﬂ'

Table top

~ ITmW-1W input power

~ 100 ng
~20 %
~100 kHz

test mass
power reflectivity
resonant frequency




¥ Michelson — Sagnac Interferometer

r=0.2

A 1_ membrane
X

laser .
Y [I
\ —p

PD

S

K. Yamamoto et al., Phys. Rev. A 81, 033849 (2010)
D. Friedrich et al., New J. Phys. 13, 093017 (2011)
H. Kaufer et al. New J. Phys. 14 095018 (2012)
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MiSa-Interferometer as a mirror
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M2  Photo detector
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MiSa-Interferometer Qutput Spectrum
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Signal Recycling Cavity

Compound mirror

: 3

Rsr = Riro ) : E

Rsr > Riro Y i :
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mirror
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AX Membrane detuning (A) Photo detector
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Linewidth depends on membrane position
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Linewidth depends on membrane position
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Linewidth depends on membrane position
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Dissipative Coupling

Modulation of the
cavity linewidth

=)

Changing the coupling of the
optical system to the “thermal bath”
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Interaction Hamiltonian:

_ /\/\+/\ A
Hint = gopXa a + g, x ...

| | l

dispersive coupling
(modulation of
cavity frequency)

dissipative coupling
(modulation linewidth)

_5a)
ga)_ax

oy
g)/:a

F. Elste, S. Girvin, A. Clerk, PRL 102, 207209, 2009
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Setup features

Experimental Setup

¢ OQOutput Input

Arm length = 6 cm
0.5 “ Optics and piezos

Double seismic isolation
Operated at 10° mbar
Remote control for
alignment

teermg mll' OI'S
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displacement nolse [m/y(Hz))

without signal- recycling

Cooling of the membrane

with signal- recycling
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Stable + unstable regime measurments
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Stable + unstable regime measurments

le+007

le+006

mechanical Q-factor

10000

1000

100000 |

1 1 ]

mm= injtial Q-factor
m— theory
=== measurement

unstable

A/y SR+ membrane detuning

Max Planck Institute {it Leibniz

for Gravitational Physics

{ 0/ 2 Universitit

GWADW 2014@ Takayama

0.4

0.2

U

-1/32

0

1/32

Membrane detuning (A)

[ALBERT EINSTEIN INSTITUTE]

to9.4 Hannover

www.gi.aei-hannover.de



mechanical Q-factor
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Stable + unstable regime measurments
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Conclusion

‘ Dynamical back-action off dark-port investigated and
theory by Tarabrin confirmed

Opfical spring have some stable regions.
Stable opftical spring in GWD with single carrier. Usefull?

Operation off dark-port leads to new type of dynamical
back-action: dissipative coupling
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optomechanics@aei
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“ Thank you !
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