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Chapter 2
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Figure 2.1: Gravitational waves have two polarizations: the + and x modes (left). The roundtrip
phases of the light in two orthogonal arm cavities become different when gravitational waves perturb

the arm length of the interferometer (right).
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Figure 2.2: Differential components of the reflected light from the 3km-Michelson interferometer and
the FPMI with finesse 600 (left). The ratio from MI to FPMI (right).
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Figure 2.3: Typical noise spectra of a first-generation gravitational-wave detector (L=3km). If gravi-
tational waves arrive from the universe and their signal is larger than the noise level in the detector,
one can detect them. The dotted arrow shows a typical expected signal of wave from compact binaries
and the big star shows the signal at their coalescence. The small star shows an expected signal of the

waves from a supernova explosion in a near galaxy.

Sources ‘ Frequency | Amplitude ‘ Probability
NS-NS Binary Coalescence (200Mpc) | 10Hz~1kHz 10722 ~ several/year
Supernovae Explosion (Our Galaxy) ~1kHz 10718 ~ once/several ten years
Supernovae Explosion (Virgo Cluster) ~1kHz 1072 ~ several /year
Black Hole Formation ~1mHz 10~17 ~ once/year
Pulsar 10Hz~1kHz 1072 Continuous
String 10~ "Hz 10715 Background

Table 2.1: Gravitational wave sources. NS = Neutron Star.
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2.3 Dual Recycling
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Figure 2.4: Dual Recycling consists of Power Recycling (PR) and Signal Recycling (SR).
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Figure 2.5: Resonant condition of SRC. The carrier light described as a mark does not exist at the dark

port indeed.
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Figure 2.6: Signal gain of BSR.
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Figure 2.7: Signal gain of BRSE.
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Figure 2.8: Shot noise can be reduced by raising the power (left) and by raising finesse with RSE (right).
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Figure 2.9: Detuning.
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Figure 2.10: Comparison of shot noise spectra with various configurations. The laser power is 50W at
the beamsplitter, finesse is 200, arm length is 3km, and the reflectivity of the SR mirror is 67% for any
configurations (left) and 96% for the detuned cases (right).
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‘ Projects ‘ Configuration ‘ Seismic Noise Reduction Thermal Noise Reduction
LIGO 4km FPMI Single Pendulum Fused Silica Mirrors
Ad-LIGO 4km DRSE Multiple Pendulum Mexican-Hat beam, Sapphire Mirrors
TAMA 300m FPMI Double Pendulum Fused Silica Mirrors
LCGT 3km RSE SAS, SPI, Underground Cryogenic, Sapphire Mirrors

Table 2.2: Comparison of current and future interferometers.
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Figure 2.11: Chirp signal from compact binaries.
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Figure 2.12: SQL and the chirp signal trajectory. The first generation interferometer above is a FPMI
with 50 W laser power at the beamsplitter and arm finesse of 100. The second generation interferometer
is a BRSE with 1 kW laser power at the beamsplitter, arm finesse of 1000, and RSE gain of 10.
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Figure 2.13: Quantum noise spectrum of DRSE including radiation pressure effect.
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No thermal noise

Laser Power x PR gain | SNR=10 at ‘
100W 213Mpc
1kW 290Mpc
10kW 350Mpc

100kW 406Mpc

Including thermal noise

Laser Power x PR gain | SNR=10 at ‘
100W 191Mpc
1kW 249Mpc
10kW 258Mpc

100kW 246Mpc

(Detune)
459Mpc

(Detune)
311Mpc

Table 2.3: SNR to a chirp signal changes little if the laser power is raised more than enough but it

changes significantly by detuning. In the table, pc (parsec) is the unit of distance: 1pc=30857x 10*?m.

With thermal noise included, detuning makes it possible to see a binary event at 25% further location;

the number of candidates is about twice than the broadband case.
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Figure 2.14: Total-noise spectra are limited by the SQL without thermal noise taken into account (left).
Total-noise spectra are limited by thermal noise at higher frequency than about 200Hz. As a result,
the SNR for chirp signal cannot be improved with a broadband configuration even if the laser power is
increased more and more, but is improved with a detuned configuration (right).
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Chapter 3
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3.1 FeedbackO O[O
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Figure 3.1: Feedback loop.
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(Az —o0x)G = v, (3.1)
dx = Hy, (3.2)
gooooooobbbbood
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Az —dz = X GH (3.3)
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Figure 3.2: RF sidebands leak through the dark port due to the asymmetry of the Michelson interfer-

ometer.

3.2 OOO0OOO
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1 , 1 .
Output Signal = EEoe_’(QH'w*) - §EO€—1(Qt—w7)
= EZsin®q_. (3.4)
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E _ Eoefi(Qt+m sin wmt)
in —

~  Jo(m)Ege ™ 4+ Jy (m)Ege” et L ] | (m)Epe”wmlt (m <« 1) (3.5)

0o0o0oOmOO0OOO0OOO0OOOO0OO0OO000w,0000000J, (n=0,1,..)000000000000
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i = () (B e
J_n(m) = (=1)"J,, (3.6)
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Ein = Ege ™" (1 + imsinwpt) . (3.7)
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000000000000 0000000000O00O000O0UO0OUOoOoUOOoUOoOoOO (Fig. 3.2)0
gboooooobobooooobooboboo

Output = ‘%Eoe_i(m"’w)[l + im sinwy, (t + %)] — %Eoe_i(m_w*)[l + im sinwy, (t — %)] ’
~ B2 |i[sing_ +msinacoswpt] — [msiny_ cosasinwnt]|® (Y- < 1)
= Eg [sin2 Yo + mTQ (sin2 a + sin® ¢_ cos? a) ... DC Components
+2m siny_ sin « cos wpy t ... wy Components
+m72 (sin® @ — sin® 1 cos® @) cos 2wyt | ... 2wy, Components (3.8)
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gboooooobobooooobobRrRFOODOOOOOODODOOOOODODOOODOOOOD
ggo

siny_ coswmt X cos (Wt + ")

1
=3 siny_ (DC) + sin 7 cos 2wyt (for ¢’ = g), (3.9)

DC — wn,
Wm D_C+2wm7

20m = Wm + 3w,

0000000 y_00000O0000O0O0O0O0O0O0O0O0O0O0O0OO0OUOO0OOUOOoOOoOoOoOdo
goooooobobooooooOooooobooboOOO0OO0O0OOOO00ODOOOOODOOORFODOO
000000000000 0000000000000000 Schnupp D00 O0OO [25]0

3.3 Phasor Diagram

00000000000 Ophasor diagram 000 0000000000000 0OOOOOOOOO [10)0
g0o000o0o0o0oo00oo0ooOdoO00oo0OooO0o0oDO0oU0oOO 20000000000 dPhasor
diagram D00 0OD0D000 Eee ™ 0000000000000 00000000000O0O0OODOO
ORFOOODOO Epe et 0000000000000 4msinw,t 00000000 (Fig. 3.3)0
Michelson OO0 O O0O0O00D0OCO0O00D2000000000000000000O0DO000DOOOOO
gooooboooboRrRFOOODOOOOOODOODOODOOOODODOODOOODOODOODO
gooooooob RFOODDOODOODOOODODOODOODOODOOOOOOODOODOOO
gbooooo
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Incident light At the dark port

e o S8 xsing
V1 QJ@%

Figure 3.3: On the phasor diagram, it is visually expressed that the RF phase-modulated sidebands

have the same quadrature phase as the differential signal of the carrier.
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Figure 3.4: The differential signal ¢ can be detected if the Michelson interferometer is not locked at
the dark fringe.
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3.4 Fabry-Perot Michelson [] [] [J

Fabry-Perot 000000000 DOOCOO0OOOCOODOOOOODOOOO

t2e2¥L 272 cos? YL 4T cos Yy,

— - ~ -1 ] .
T 1 — re2@r T2 + 4sin? 2y, } t [TQ/(sin 211, cos r,) + 8sin Yy,

(3.10)
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Real Imaginary

Figure 3.5: Real and imaginary part of the reflected light from a Fabry-Perot resonator.
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‘ DOF ‘ Port ‘ Component ‘ Phase ‘
l_ BP coswpt (¢'=0) | Q-phase
Ly | BP | sinwyt (¢ =7/2) | I-phase
L_ DP coswpt (¢'=0) | Q-phase

Table 3.1: Three signals necessary to lock the interferometer can be extracted independently.

oboooooooo

%Eoe—i(ﬂiwm)(t+A€/c) n %Eoe—i(ﬁiwm)(t—Aé/c) — Epe(@E9m)t (cos o T 9y sin ). (3.13)

gooooooobooovw,-0Db0OO0O00ODODO0OO0OO0ODOO RFOODOOODDOOODOODOOODODOOO
0o0o0o00ooobobobOooooooyY,-000DDO0ODOODOODODODOD0ODODODOO0OO0ODO0ODODOO
0000000000 00000O0O0o0O00 (0 3.60000000)0000O0U0ORFOODOOOOO
goooooooooooooooooooobooOooooDbboboOooooOooOoooo0 Yy, OOD0OOO
oooooo ¢ 000000000000 (0 360000000)00000O0O0O0O0ORFOOOO
000 coswt 0000000 (Q-phase) 00000000000 OSnw,t0000000 (I-phase) O
god

v,

A N Lower SB o~ |
Upper SB E é IWU *
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Figure 3.6: The difference between I-phase and Q-phase is the timing at which the RF sidebands appear
on the imaginary or the real axes. The carrier light is fixed on the real axis with the phase signal ¥4
being directed to the imaginary axis. The upper and the lower RF sidebands rotate with the modulation

frequency and their amplitudes are perturbed differentially by ,_.
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Carrier

Figure 3.7: At the bright port or the pickoff port, both the carrier and the sidebands bring 1), signal
but with the different sign. The power recycling gain for the sidebands is lower than that for the carrier
due to the asymmetry, so ¥y signal brought by the sidebands is smaller than that of the carrier.

3.5 Power Recycling Cavity
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1st

Y.

2nd

Figure 3.8: The set of second harmonics is an amplitude-modulated sideband, and the beat signal of
the first and the second sidebands is mainly composed of 1,4, while that of the carrier and the first

sidebands is mainly composed of ¢y mainly.

‘ DOF ‘ Port ‘ Demodulation ‘ Phase ‘
i BP THD I-phase
l_ BP THD Q-phase
Ly BP FDM I-phase
L_ DP FDM Q-phase

Table 3.2: Four signals necessary to lock the interferometer can be extracted independently.

3.6 Signal Recycling Cavity
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Figure 3.9: The FSR is the frequency separation of resonant peaks, which depends on the length of the
cavity. A modulation frequency is set to an odd multiple of half the FSR of the PRC so that both the
carrier, which has a 180-degree phase shift due to its resonance in the arm cavities, and the sidebands
will be resonant in the PRC.
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Figure 3.10: The carrier is locked to the resonance (BRSE) if the detuning is slight (left). The carrier
is locked to DRSE if the SRC length is sufficiently detuned (right).
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Figure 3.11: The error signal has a different polarity due to whether the carrier or the sideband is

resonant in the cavity.



CHAPTER 3. 0OOOOO 32

3.6.2 Asymmetry 0000

0 (3.20)0(3.21)0 (3.22) O O Michelson 0 000 00000000000 Michelson 00000000
Schnupp 000000000000 O0000C0DO0 Ege #®#wn)t 0 Michelson 1 0000000000
00000C00O00000000000000000000000C0C0C000000000000000
00000000000 1000000

%Eoe—i(ﬂiwm)(t+A€/c) n %Eoe—i(ﬁiwm)(t—Aé/c) — Bpe et cosq,
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Figure 3.12: The coefficient of 1, signal is maximized when the reflectivity of MI in the case without
PR matches to £r, or the reflectivity of SRMI in the case with PR matches to £rp,.
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| | A | £ | A¢ ] o) | alf) | FSR-PR | FSR-SR | FSR-MC |
L-H | 9MHz | 180MHz | 42cm /40 /2 18MHz | 18MHz | 18/nMHz
L-L | 15MHz | 35MHz | 27cm | 0.084rad | 0.197rad | 10MHz | 35MHz | 5/nMHz

Table 3.3: Representative four models to control PR-RSE.
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PRC . : v
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Figure 3.13: Resonant condition of High-freq method, 9-180 MHz model.
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0000000000000 000D000 SRCUO0OUO0OUOOOUoOouooouoon (see Fig. 3.13)0
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Figure 3.14: Resonant condition of Low-freq method, 15-35 MHz model.
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3.7 0OO0OO
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Figure 3.15: Phase-modulated sidebands do not produce a beat with a different set of phase-modulated
sidebands (left) and amplitude-modulated sidebands do not beat with the carrier (right).
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3.8 Double Demodulation
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Both Dual Sidebands (f1:PM, f2:AM)

37

f2 Single Sideband

f1 f1
it it
¥ 4—"’" - 4 4—‘“" -
Carrier ->: Carrier ->:
f2|yy 73h Al
\C ssB) "
sinmqt X sinat cosmqt X cosmyt sinmqt X sinmyt cosmt X cosmyt
f1(DC) x f2(AC) f1(AC) x f2(DC) f1(DC) x f2(AC) f1(AC) x f2(DC)
+f1(DC) x f2(DC)

I
offset

To be extracted

Figure 3.16: When the sidebands at fo make an amplitude-modulation (AM), ¢_ can be detected
without an offset by the beat of the sidebands at f; and fo, but when the sideband at f5 is a single
sideband, not only ¢_ but also a DC offset is included in the beat signal. This offset can be removed by

the double demodulation technique, which will extract only a coswitcoswst component from the beat

signal. Here the sidebands at f; are assumed to make a phase modulation (PM).
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(3.35)
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Figure 3.17: Procedure of double demodulation.
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Carrier : SB f1
PRM Ml ETM ! PRM Ml SRM
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Sideband . SBf
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' : | to dark port
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Figure 3.18: Similarity between the isolation of ¢, from L, in PRFPMI and the isolation of ¢ and ¢
in DRMI.
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3.10 UOUOogog

3.10.1 Shot-noise-limited control-loop noise
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Table 3.4: A signal sensing matrix.

0 319000
y=My+Dx+n (3.37)
ggoboooobgo
M=DG and D;; =H;A; (3.38)
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B=(1-M)", (3.39)
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0 (337000
y = B(Dx+n) (3.40)
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Figure 3.19: Block diagram that shows couplings from other degrees of freedom.
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4.6 Wave-front sensing
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