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Introduction

end Mirror  gpe——

® Quantum noise
In a recombined-type FPMI
h. 2 1 front mirror
_ lsa T——
Sh - 2 [K + Kj beam
laser splltter' \
[ Kimble et al. 2001] \ ’
® Quantum noise 7
In a recombined-type SR-FPMI photo detector
S(Q)= hSQL2 (CllsinZ+C21cosZ)2 +(C125inz+C22 COSZ)Z
2r°K |D,sind +D, cos( |

[ Buonnano & Chen 2001 ]

2-dips in the noise curve
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Locked-type FPM
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Locked-type FPMI LSC

® Signals are detected in each arm.

® PBS transmits the light with horizontal
polarization and reflects that with vertical
polarization.

FP cavity

assumption

e S
1 1/42 1. Cavity’s end mirrors are
Signal 1 completely reflective.
® 2. No phase shift for
the carrier light other than
In the FP cavity.

PBS

3. Negligible phase shift for
Laser BS the sideband except

In FP cavity.
4. All optics are lossless.

X) Signal 2
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Vacuum fluctuations injected into the IFO LSC

o,
FP cavity
g
—1/42
Signal 1 b
® : PBS
q
A
Laser :
asel BS Ta

® Signal 2
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Vacuum fluctuations injected into the IFO LSC

T
FP cavity o _ _
Vacuum fluctuation injected into this IFO
S Is only “a”. What we want to know is
1/47 the relation between “a” and “b”
—r—— L/ v
Signal 1 b
<_
X
® >_Z PBS
P 1| \
/] U\ ]
Laser BS T
a

® Signal 2
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Vacuum fluctuations injected into the IFO LSC

T
FP cavity L. : :
Vacuum fluctuation injected into this IFO
S Is only “a”. What we want to know is
| 1/42 the relation between “a” and “b”
Signal 1 b
<_
X
® >_Z PBS
pd

/ rT

T
B
h#

!

_hy (1
5,0) =% (K+Kj

® Signal 2
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Locked-type SR-FPMI

OOOOOOOOOOOOOOOOO



Putting SR mirrors

FP cavity ’ 1 ..
a_. a=——e"’Aq

— V2

1 1/42 Ag=q" —-q°

Signal 1

®={..
A

T a ® Signal 2
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Putting SR mirrors

FP cavity ’ 1 ..
a_. a=——e"’Aq

— V2

. 1/42 Aq=q"-q°

Signal 1 4=4 d
I
®_>| PBS
o H SR cavity
s [/ ¢ =[aol I Clinoder

/ |_| ( ) 0 d@2m)

Laser BS

R darkport cavity
T a ® Signal 2 0 =[ayl 4/ Cliosen
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Sensitivity curve

S\(Q) =

heo” (C,,SiN¢ +C,,c08¢)% +(C,,SiNd +C,, cos()?

21°K

SNOHZ"]
10721 |
10-22 |
10723 L

10—24 i

|D,sind + D, cos( [

(¢, 6) = (L4, 086)

10! T 10°
71Hz]
—— (uadrature quadrature2
(C =7/2) ({ =0)
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Arm length 3km
Mirror mass  30kg

Laser wavelenth 1.064um

Laser power
I, =l =2162W

FP cavity’s Mirror transmissivity

T=014
SR mirror reflectivity
o =098



Interpretation of dips
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Decomposition of spectral density

b" -b° Noise signal

l normalization

0;(Q) = 2:(Q) + Rz F: () + Lh(Q) i=12

shot radiation 4

0y, 041, =g
!

: ; : :
‘Sh — ?[SEE + RiIS}"f 5 QRLE.{:SEF]

Analyzing each term will gives the interpretation of the dips.
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The number of dips

S’] =0 - \/E — —Rﬁﬁm | (QTES)Q

y [(14y)? cos2(0 + ¢) — (1 — 6y +y?)]
= 2n[(14+1vy) sin2(0 + ¢) + (1 — y) (sin20 + sin2¢)] n = lo/lsqL
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The number of dips

i *5.?': 5 (Qw-es )2

— (1 -6y +9?)]
+ (1 — y) (sin26 + sin2¢)] n = Ilo/IsqL

IS
1l

The number of dips depends
on 6 and ¢ .
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The number of dips

R.L‘L‘

G

The number of dips depends
on @ and ¢

~— (1 - 6y+v ”

+ (1 — y) (sin26 + sin2¢)] =

109 ¢

resonant frequency [Hz]

107 |

10t
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The reason for the increase of optical dips

o
O (0 The circulating light passes through
FP the FP cavity twice during the light trip
cavity In the interferometer.
@ ©) 1
SR : : :
PD1 . mn lh/a It doubles the light path in the interferometer
q Z . _, v compared with that of a recombined-type.
--+— 4 PBS1
Z).P’I
PBS2 A/4
BS uill} )
LASER /| LA /
v
E};Tm_ SR mirror
qr—z Tl be

7 PD2
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The reason for the increase of optical dips

S121= 0 S92, =0

recombined type locked type
COS2[3 = Cc0S2¢ cos4 =cos2(¢ + 0)
— 12B+2mm=2¢ —> t4[B+2m m=2(¢+0)
— > tfarctanQ)/y)-@g=mm —» z2arctanQ/y)—-(p+6)=mm
Qv ¢ Qly  ¢+0
yuiT
_2_,*,-_% T % o % > _2:_% - 7 % ~ % 2 7
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Comparison with recombined-type
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Comparison of Inspiral range with Adv-LIGO

S, (NH=]
' Adv-LIGO(quantum)

Mirror thermal

Locked RSE
(p=109, 6=132)
10! | 102 153
J1Hz]
configuration NS binary BH binary (50Mg) BH binary (100Mg)
Advanced-LIGO 1 | 1
Locked-type (blue) 0.90 1.05 1.24

Classical noise impairs the advantage of the locked-type RSE.
But, lower classical noise allows us to improve the sensitivity.
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Comparison of Inspiral range with LCGT LSC

S (OH=]

LCGT(tuned, detuned)
10-22 Mirror thermal
1=
SQL
107 Locked RSEL1
(p= 013 6=149
L\ L | Locked RSE2
101 1= 107 (p=138, 6= 061
J1Hz]
configuration NS binary BH binary (50Ms) BH binary (100Mg )
LCGT (broadband) 1 1 1
LCGT (narrowband) 1:25 1.56 | 2 iF )
Locked-type (brue) 1.43 2.28 2.94
Locked-type (green) 1.30 1.87 1.81
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Summary ﬂ

® \We considered quantum noise in a locked-type FPMI
and applied signal recycling to it.

® There appears at most In the sensitivity curve.

® Then, applying locked-type RSE to a real IFO and
making the third dip in low frequency, gives
the improvement of the SNR for binaries
by the factor 1.4 - 2.9.

® |t is important to reduce the classical noise level
(particularly, thermal noise) in order to take advantage of
the quantum technique.
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The END
23
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Input —output relation

Ab

M

Can

C1a

L 1 4z [ Cu1 Ci2 - .a [ Dy h
—:| g™ A 2TV Ke"
M [E (CEI Gag ) T ETVEET |y hsoL

{4 ngaz‘,ﬂ

-

—2p &tP [co.ﬂ{ﬁ + o)+ % {[1 + p2) sin2(0 + ¢) + (e 28 4+ p?e?P) 5in20 + 2p cos2f3 .a-iﬂf:’ﬁi}]

(1+ p?) cos2(8 + ¢) — 2p cosdp

-

—I—% [(1+ p2)? sin2(0 + @) — 71 sin26 + 2p cos2B{(1 + p*) sin2¢ + 2p sin26}|

(14 p?) cos2(A + ¢) — 2p cosdp3

-

—I—% [(1+ p%)? sin2(0 + ¢) + 7 sin260 + 2p cos2B{(1 + p?) sin2¢ + 2p sin26}]
= [sin2(0 + ¢) + K sino {(1+ p°) sin(20 + ¢) + 2p cos23 sing}|

72 [SinE[Q + @) —K coso {(1+ p°) cos(20 + ¢) + 2p cos2f3 mm}]

— [{1 + p2e%?) sing + 2p €**? cosB sin(26 + cfr]]

_ [{_—1 + p2e5P) cosp + 2ip P sin cos(260 + {I}]] :
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Decomposition of spectral density LSC

Assuming T <<1 and taking the leading term about 7

_ TF2h: ] _
Sz.2i = — T BQL:? [cos2(0 + @) — c*usé&ﬁi’]g D, - D, gives
Rl the spectral density

g 2L7h o K for the other quadrature.
SA T 22R2 D2

x [sin2(0 + ¢) + cos23{sin26 + sin2¢}|
lSTZl.Fl — ’51:!5131
91.2h%
= JSQL r I i
— —|cos2(0 + @) — cosd3
2R, | Dy | |

x [8in2(0 + @) + cos23{sin26 + sin2¢}]

Numerator =0 — The dip of guantum noise

Denominator =0 —>  GW suppression

LIGO-G070078-00-Z



Decomposition of spectral density

S, (ONH=7] (
10-21 Arm length 3km
Mirror mass 30kg
1022 |
Laser wavelenth 1.064um
o-23 ) Laser power
Iy = 1oy =2162V
107 N FP cavity’s Mirror transmissivity
T=014
0 50 oo =00 | SR mirror reflectivity
2
—_— S2151/ L Z‘RxxSZlFl‘/ L°
—— RS /L S, (total )
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The number of dips

S71 =0 5757, =0

i 2
Ezres
1 —6y+y° = (1L +y)?cos2(0 +¢) . 6= ( i )

B 3+ cos2(6+ o) £ 2\/2{1 + cos2(0 + ¢)}
N 1 — cos2(0 + o) ‘

...." UYs

2 real solutions ( when 2(@+ ¢) = 7, degenerated sonlution)

- | [ _ _
S = F[SEE =+ R.‘Exﬂff + 2R .Sz F| > Sn = SZZ /L

lo/ e — O

mm) 2 optical dips
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GW suppression LSC

D, = 0 (1 4+ y)[sin(20 + ¢) — sing] + 2(1 — y)sing =0
(1) sing 4 sin(20 + o)

- Y oW —

3sing — sin(260 + o)
D,=0 (1 + y)[cos(20 + @) + cosd] + 2(1 — y)cosp =0

> (2) 3cosd + cos(20 + o)

Y~ — _ :
e COS(Q — f’fﬂS(gg -+ (_TJ')
3 3
D, =0 D, =0
2.5 2.5
2 2
91.5 015
1 1
*
0.5 0.5
0 0L
c 0.5 1 1.5 2 2.5 3 o 0.2 1 1.5 2 2.5 3



Validity of the high reflectivity approximation

S, (N[Hz]

107=%¢
.53 | a0
i, l i
) e
Con'l Pl .‘
13 \ J // Fl 1.'-.
b ,.-f‘ Ay. "“r\
- | 1] ..-""--I p
o 2 S -t 'j lI-__.l“ -
.\-\_\- —_\_\- I- L ‘.I
14 : B “'"I!l.-l.:_ 3 x
I e o \ / .
| . -1'_'\_. \_-_lL .lu'l
B o
N Py 4
74 \ T
1g-24 M
1 lif T
| I|
107 71t

B Larger © makes the deeper dips.
B The resonant frequencies of a full calculation
greatly agree with that in the approximation.
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Inspiral range of binaries

‘ M .
| ™. Vela Spindown \ S Spindown
“Upper Limit :
fpee Upper Limit (K.Thorne)

Fourier component

|ﬁ(f)|2|:| .I:—7/3

(SNR) = 4j 'h((ff))| df

(Flanagan & Hughes 1998)

10 20 80 100 200 500 1000
frequency, Hz
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Parameters for Inspiral Range Calculation

parameter

configuration i § I i, &) C
Advanced-LIGO 0.0707 0.96 1.51 — /2
Locked-type (green) 0.1400 0.78  1.09 1.32 w/2
LCGT (broadband) 0.0632 0.88  7/2 — /2
LCGT (narrowband) 0.0632 0.95 1.49 - 0.80

Locked-type (green) 0.1400 0.59  0.13 1.49 1.00
Locked-type (brue) 0.1400 0.85  1.38 0.61 2.74

SNR

configuration NS binary  BH binary (50Ms) BH binary (100Mg )
Advanced-LIGO 1 1 1
Locked-type (blue) 0.90 1.05 1.24

LCGT (broadband) 1 1 1

LCGT (narrowband) 1.25 1.56 1.17
Locked-type (brue) 1.43 2.28 2.94
Locked-type (green) 1.30 1.87 1.81
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