Stable optical spring in aLIGO detector and in
dual-recycling Michelson-Sagnac interferometer
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Gravitational waves




Gravitational waves

1) The new window to explore the Universe

2) The confirmation of the General Theory of Relativity
1

'www.ligo.org, www.nasa.gov



How do they interact with matter?
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Detectors



*http://www.bssaonline.org/



How can we catch them?

GEO 600

VIRGO



AL = %hL, L = 4km

» Initial LIGO:

h~10"2 = AL~ 10"8cm ~ 0.5events/year

» Advanced LIGO:
h~10"%2 = AL~ 10"%cm ~ 10%events/year @



Dark port

Possible detection regimes:

» Dark port regime
Arms of interferometer are balanced — no mean power in the

signal port

» Operating off-dark port
Arms of interferometer are unbalanced — mean power in the

signal port appears




DC readout
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4S Hild et al 2009 Class. Quantum Grav. 26 055012




Operating off-dark port
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a) Balanced scheme

b) Unbalanced scheme



Standard Quantum Limit
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Standard quantum limit

Quantum noise
The light produces two types of noise:
» Photon shot-noise

» Radiation pressure noise

SﬁhOt ~ Slgad ~ Ty

The optimal case:

shot __ crad
Sh — ~h

The resulting net noise:
Sh — SﬁhOt + Si:ad — 25’s7hot ‘&



Standard quantum limit

This minimum achievable noise is called the “standard quantum
limit” (SQL) and is denoted SEQL
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Optical spring effect
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Optical spring effect

e Circumvent of the SQL: The optical spring turns free mass into
the oscillator and that allows to beat the SQL in some frequency
band ©.

e Instability:

Mmeqy + hy + (K + AK)y =0,

y(t=77) = y(t) = 77y (t)

mea(t) + (7" DK)J (1) + (KEAK)y(t) = 0.

®V.B. Braginsky, F.Ya. Khalili, Physics Letters A, 257, 241 (1999).
F.Ya. Khalili, PLA, 288, 251-256 (2001); .
A. Buonanno, Y. Chen, PRD, 64, 042006 (2001); ‘ﬁ
V. I. Lazebny, S. P. Vyatchanin, PLA, 344, 7 (2005);
F. Ya. Khalili, V. I. Lazebny, S. P. Vyatchanin, PRD 73, 062002 (2006)



Instability

Ways to avoid instability

1) Feedback ’
2) Double optical spring &

"A. Buonanno, Y. Chen, PRD, 65, 042001 (2002) a
8H. Rehbein, H. Miiller-Ebhardt, S.L. Danilishin, C. Li, R. Schnabel, K. “
Danzmann, and Y. Chen, Phys. Rev. D78,062003 (2008),
A.A. Rakhubovsky, S. Hild, S.P. Vyatchanin, Phys. Rev. D84,062002 (2011)



Stable optical spring



The Idea

It was shown that it is possible to achieve stable optical rigidity in
interferometer operated off-dark port °

» It was shown on the example of the Michelson-Sagnac
interferometer without power-recycling mirror.

» Relatively big arms detuning (operating far from dark port).

°S. P. Tarabrin, H. Kaufer, F. Ya. Khalili, R. Schnabel, and K. Hammerer, ‘&
Physical Review A 88, 023809 (2013)






Some basic points

Dynamics of interferometer is described by two mechanical and two
optical modes.

Ze,n = Xe,n — Ye,n

» Mechanical modes:
1) Differential mode (antisymmetric): z_ =
2) Common mode (symmetric): zp =

Ze—2Zn

Zet2Zn

» Optical modes:
1) Differential mode
This mode is characterized by optical detuning ds and decay
rate s
2) Common mode
This mode is characterized by optical detuning §,, and decay &g
rate 7y, &



Our aim

» To get the stability with single pump

» To find a minimal value of arms detuning necessary to obtain
stable optical spring

Consideration and assumptions:

» Common and differential modes became weakly coupled

» Small decay rates and detuning in arms.
Y Lo, Vs <L ds, 0 <K 0s, 0w
» We exclude symmetric mechanical mode

2y = (Xe_)’e)"g(xn_yn) —0




Initial equations

Lib e (Q) 4 (v — ids — iQ) e (Q) — g E.z (Q) =

ik

T

ik

hk{Eie (Q)+ E*e (Q) + Evel (—Q) + E_el (-

(Yw + 18 — Q) el (=Q) + ide (—Q) + = E*z_(Q) =

ide (—Q) + (s + i0s — iQ) el (—Q) + +—Elz(Q) =

(Yw — 0w — Q) e (Q)—id e () — é E 2z (Q)= \/ngp(fz),

\/,7_

ﬁgd(Q)
NI

 Vwgl(—9)

s
V5 85(—9)
s
Q)} + 2’z (Q) = 0.




Normal coordinates

e Balanced alLIGO interferometer:
Common (e;) and differential (e_) modes:

ee"‘en €e — €p

ey = , €e_=
T2 V2

e Unbalanced aLIGO interferometer:
Normal modes (b4 ):

by =eL —xe_, b_=xe;+e_,

Characteristic equation:

N2+

Ta[1+ a1 (A +5s)] M (14 aa(A +4w)]

(A +95)2 + 62 (A +5w)? + 82




Analysis

We can rewrite characteristic equation in the next form:

—— N
zero order first order~g2

DI = N2[(A+56)2 + 82] + Tu [1 + an (A + 55)].,
D = (A +5u)2 + 82,
pM — [()\ + §5)2 + 55]12(1 + a(A + ’NYW))-

Zero order:

DO D —0, A% =~ +i6, 41 >0 — instability,
—~ =~

)

0 0
A AS

A= kids, Q= FuEibu. 13 Fw >0 ‘ia
[ )|

0
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First order iteration

Problem: To introduce maximal relaxation into unstable mode by
using “additional” pump Z, as small as possible.

Solution: We use an analogy of laser-cooling : | d,, = —d1
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First order iteration

We choose §,, = —4;

(A =71)? +82) (7 +Fw)? + %) — b=0,

where

p(1)
(A +73)% + 63

0
=)

We consider b as a constant of first order of smallness

. ~ 72
- Iw - + Yw ~
)\:’71271,\/5%_ ['712'7] i\/b—5%[71+’yw]2 ‘7




Stability conditions

. ~ 72
—Iw - + w ~
A:Lz’y i/\/éf—[vlz7 ] i\/b—5f[71+vw]2

Stability conditions:

Rb = 62 [71 _I_%/]z, Y1 < Aw

Estimation of minimal value of §:

5N’YW

Aw - decay rate of common optical mode.



Michelson-Sagnac interferometer

We show that after substitution
62 = R20%, Jy = R%Jy, pu—m,

the characteristic equation is the same that for MSI.




Numerical estimations

aLIGO

MSI

¥
60000 70000 80000 90000

12
100000

Common mode detuning (5,)

-23.0 Hz Common mode detuning (5,) -77.2 kHz
Differential mode detuning (65) 42.4 Hz Differential mode detuning (J5) 141.0 kHz
Decay rate of common mode (~,,) 3.0 Hz (1.5) Decay rate of common mode (7)) 10 kHz (5)
Decay rate of differential mode (vs) 3.0 Hz (0.3) Decay rate of differential mode (vs) 10 kHz (1)
Test mass (m) 40 kg Mass of membrane (m) 10~ kg

Arm length (L) 4 km Arm length (L) 8.7 cm
Circulating power (/) 24 kKW Circulating power (I¢jc) 318 mW
Arms detuning (6) 4.6 Hz (1.5) Arms detuning () 15 kHz (5)

Output power (lout) 0.03 W Membrane's reflectivity (R?) 0.17




Shape of susceptibility curve
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Summary

» Very high-sensitive detectors are required to detect GW.
» Quantum effects come into play. The SQL.

» Optical spring is one of the possible ways to beat SQL. Optical
spring is unstable.

» |t was shown that it is possible to achieve stable optical spring
in the UNBALANCED detector with SINGLE PUMP.

» The stable optical spring may be created with small arm
detuning comparable with optical bandwidths:

o ~ :?W,s

» These results can be applied to the table top Michelson-Sagnac
interferometer with membrane inside to create stable optical
spring (and to another optomechanical systems) )

@



Thank you!



Routh-Hurwitz stability criterion

6
D= Z ap\"
n=0

Hurwitz matrices Hy, H», Hs, Hy, Hs, He.
Determinants of all matrices must be positive: Det(H;) > 0.

Our analysis shows:

Det(H;) = 3.6, Det(H,) =2721.22, Det(H;) = 1.4 % 10°,
Det(Hs) = 9.7 x 10'!,  Det(Hs) = 2.9 10'®, Det(Hs) = 1.0 % 10%*.
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Differential and common optical modes:

e te, _ E.+E,
L = —F, E:t— .

V2

We introduce a new basis:

8p = e’awap, 84 = €™ aq.

so that

[gd(ﬂ) g)(Q)] = 2m5(Q - Q),
[¢(Q), g}(?)] =27 8(Q - ).

@



Notations

Initial equations in normal coordinates:

b4 (R) — iz [ — 5] =0,

— i = A)b_(Q) —iz_[1+ %] =0,
)bl (=Q) + iz [¢" = ] =0,
)bl (—Q) —iz-[1+ 7€) =0

+(Q)[§* — %] —zb (Q)[l —|—§*%] N

bl (—Q)[€ + 5] + +b" (—Q)[1 + &5¢']

QZ
+

d*

I

—z_ =0,



Ai:—<r+:tr_\/1+A2), g, =K

Lp
Yw — 10w £ (s — i0s)

)

M= d=1+ 5
= ) B A ¢ = i0 A= ﬁ
_rw+)\— 1—|—V1+A2, _'Ys_iés, o
We introduce
A+ = _:?W + gw, A= _;?S + 3‘Sa
~ o~ < Cx
7, = 2J+552§R¢, ay = N\sqﬁ L= 2J+6W2§Rz/)’ oy = N\Yi,/) ’
|d| bs Rop |d| S R

0= (1+ER)(1+xE)d", =(E )~ 2)d"

@
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