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Abstruct

On February 11th 2016, LIGO, one of the gravitational wave observatories, announced they succeeded in the first direct
detection of gravitational wave[1]. The gravitational wave is a ripple in space-time generated by n accelerated motion
of an astronomical object.With the gravitational one can directly tenst physics of a black hole and near its event horizon
or physics of the early universe. Construction of gravitational wave observatories, not only on the ground but also in the
space is progressing worldwide[2][3][4].

An issue to use the gravitational wave as an astronomical observation tool is its weak interaction between to matter. A
strain amplitude of gravitational wave is only 10~2*m per 1m. This physical property has prevented people from a direct
measurement of a gravitational wave for 100 years after the theoretical prediction by Einstein[5]. However, LIGO showed
gravitational wave was to be directly measured by using laser interferometer with current technologies.

The next step to use the gravitational wave for the astronomy is to expand the frequency band of observation, and it
is need to decrease background noise of a detector. Around 100Hz is a sweet spot of an on-dround detector like LIGO;
seismic noise limits the sensitivity at low frequencies (< 1 Hz), radiation pressure noise and shot noise limit the sensitivity
at middle and high frequencies. While seismic noise can be decreased by improving the isolation system or by making the
detector in the space, reduction of radiation pressure noise and shot noise has a fundamental limit both kind of noise are
caused by a fluctuation of the number of photons. The sum of radiation pressure noise and shot noise is called quantum
noise and the fundamental limit of quantum noise is called” Standard Quantum Limit " .

In my study, I focused on on the high-frequency sensitivity of a next generation gravitational wave detector[7]. By
using a nonlinear crystal and a detuning technique of an optical cavity inside the detector, the sensitivity can theoretically
break the Standard Quantum Limit especially at high frequencies. This new detector does not have to change the interfer-
ometer configuration from current detector except for the nonlinear crystal inside the cavity, so existing knowledge and
technologies can be used.

I performed theoretical and experimental validations of this new detector. In the theoretical side, I examined the
relationship between the signal amplification effect and the noise reduction inside the detector, and I concluded that the
noise reduction effect is more important than the signal amplification to improve the sensitivity of the detector. In the
experimental side, I succeeded in controlling multiple degrees of freedoms (the central interferometer, an optical cavity
for the signal amplification) by "using an AOM to acquire a robust control signal’. This multiple control was continued
more than 30 minutes and the reproducibility of the control was high enough to claim the experimental validation of new
detector. The signal mixing between the interferometer and the optical cavity was less than 1/100 in the measurement
frequency band. The intensity of the pump beam was 10 times higher than previous result in our lab[17][16]. Although
I could not observe the signal amplification using non-linear crystal, I have made much progress in designing and setting

up the experimental system.
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00000000000000 AOMOOOOO00000 85MHzO0 135MHzO0OO000000 SROOOD
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85 [Hz] < faom < 130 [Hz] = 1.11 [m] < [, < 1.76 [m] (4.43)
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Waom
oood
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P = ex'VE (4.46)
y000O0OO0ODDO0O000O0O00D0000000000000000 DO
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€= ¢l +)((1)) (4.48)
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0000000000000000 446 000000000000000000000000000000
ooooo

P=e(\"E+x"E* + VB +--) (4.49)

0¢d4o)00000000DO0ODODODODODOODOOOOOOOOOOODODODODOOODOOODOODOO
gobobooboobooooboobooooboon

P=p"+ PN (4.50)
P' = e VE 4.51)
PNt = P E? (4.52)

0000 0000000 E@) =Eycoser 0000000000000000000000 PNY00 452)00
PNL(t)z%O)(Q)EO(cosZwt+1) (4.53)

o000 b0 oobObDOo0oboUoOoooOgn (Second
Harmonic) D OO0 OcosQRw) DO OO0 400000000 (nonlinear optical coefficient)y D D 0000 ODOOONO
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d = 560/\/(2) (4.54)
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gboboooooboooobobooobooboboboOo MaxwelDOODOO @3.1HOOO 340000000

V.-D=0 (4.55)
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x Ho— (4.57)
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00000 @55 000 @sy)oooooooooooooooooooonon

82 E2 62 PNL
—_— _— 4.
or? T Ho or? (4.60)
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0000000000000 (PN=0)0 E(zf) = EQ)expi(wt —kz) 000000000
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dE 10w
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Ei(z,1) = EEl(z)e’(“”—k‘Z) +c.c. (4.70)
000o0Do00oo0o0oDoonDodoD 200000 4.53)00
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0000o0oO0o0o0oo0o0oo0noDoo0nDonDioOd 200000
1 2iwt—ikyz
Ez(Z,t)zzEz(Z)e * 4 c.c. 4.72)
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dE}(z) exp(iAkz) 4.73)
0000O0O0o0o0oD AADOD0D0D0DODOO
Ak =k, =k, = 2k; — ky (4.74)

00000000000 O0000 EpOO0000000000000 E@=E000000000000C
473000000

2igiow? Ak Ak
Exz) = =F ]‘z‘” ZdE%(O)sinc(TZ)exp(%) (4.75)
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00000000000 0D000000 LO
Ak

120c|E2(z)|20c1%z2sinc2(7Z) (4.76)
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[
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C
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gbooboboooooooboobooSsHGoOoOooooooooooon nCw) >ne0DO00O0)0DOooooo
gbooooooobooobooooboo

60



gboooooooooogd

dooooobooooooooooooobodo cOooooboooooobD e DOOOOoOoOoODOOO
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n,(0, w) = ny(w) (4.81)
1 cos’f N sin® @
n0.w)  n(w) niw)

goboddn, 0nr, 0000000O0R>n, 00000000000, <0, 00000000O000O0O0O0
n.>n, 000000000000

(4.82)

(8, w) = ny(0, 20) (4.83)
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gbooboboboooboobooooooooooOooboobooboboobobooobOoooooooobooobooonoann
goboooooooooogooboo

gbooboobobbdeebobOoboboobobooog ppOOO0ODOODOOOOODOO Psue U

Psu = aP (4.88)
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gbooooboboooooboooobo r0gb (15800

1
Ecoy = ———Eip (4.89)
1 — Fpl'g

000000000000000000000000000000 E2,0000000000000000000

oot Ey,ubuobobboabbodaboabgobooobaoboan
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SHG — JaPsug (4.90)
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gogboobooboobooobboobooboobuo LobgoboobooboobooboboooDoobon
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1
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1—}"]: Vl—Lﬂl— Va'PSHG
0000000 g~1000000000000000000O0O0O0OD
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000000 0000000000000000000000000000000 Ux,y,z)000000
E(t,x,y,2) = U(x, y, 2)Ege™” (4.98)
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2 i / 1 V2x x \ Ckx?
UI(X,Z) = (m) ﬁH{[w}ﬁXp —(m) _IZR(Z):| (4100)
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w(z) :=wo[1 + (—) gpoooo (4.102)
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Z
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£(z) = arctan— Gouy 0 [0 (4.104)
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