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Abstract

Control scheme for a Fabry—Pérot type
interferometric space gravitational wave antenna
by Koji Nagano

Supervisor: Takashi Uchiyama

A gravitational wave is a ripple of space time. The existence of gravitational
wave was predicted by Albert Einstein, who developed general relativity. The
first observation of gravitational waves from a black-hole binary with Advanced
Laser Interferometer Gravitational-Wave Observatory (aLIGO) started a new
era of gravitational wave physics, astronomy, and cosmology.

The observation frequency of the current ground-based gravitational wave ob-
servatory, such as aLLIGO, is limited between ~ 10 Hz and a few kHz. The lower
frequency limit is mainly determined by the seismic motion. Even below 10 Hz,
some observational targets are predicted. One target is the coalescence of the
intermediate-mass black holes with masses in the range between ~ 10% M and
~ 105 M. The intermediate-mass black holes typically emit the gravitational
waves in the frequency range between ~ 1073 Hz and ~ 1 Hz. The coalescence
of the intermediate-mass black holes is considered to be a candidate of the origin
of the super massive black hole that has been discovered at the galactic center.
Another target is the early Universe. The quantum fluctuation is considered to
cause the gravitational waves in the wide frequency range, for example, between
~ 107'7 Hz and ~ 10* Hz. The observations of the gravitational waves from the
coalescence of the intermediate-mass black holes and the early Universe provide
new physical and astronomical information. Therefore, some space gravitational
wave observatories are proposed to avoid the seismic motion.

In order to observe the gravitational waves in the frequency range between
~ 0.1 Hz and ~ 10 Hz, DECi-hertz Interferometer Gravitational Wave Obser-
vatory (DECIGO) and its precursor mission, B-DECIGO, have been proposed.
The final goal of DECIGO is the observation of the gravitational waves from the
early Universe. DECIGO and B-DECIGO are Fabry-Pérot type space gravita-
tional wave antennas. Their sensitivities are enhanced by a Fabry—Pérot cavity
while it requires sub-pum precision ranging for interferometer operation. This
requirement level is significantly more stringent than that for other type of the
space antennas such as Laser Interferometer Space Antenna (LISA). LISA uti-
lizes an optical transponder configuration and the requirement for the ranging
precision is about 10 m. Therefore, in order to operate Fabry—Pérot type space
gravitational wave antennas, new advanced control scheme for precise ranging is
necessary. Specifically, control topology and a longitudinal sensing scheme have
to be considered.

The control topology of the Fabry—Pérot type space gravitational wave anten-
nas should be addressed for the following reasons: First, the drag-free control
of satellites to suppress the effect of dragging force is necessary. It was not
clear whether the drag-free control can be engaged with all degrees-of-freedom
control of the cavity. The second reason is a lack of natural reference for the
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control while, in ground-based detectors, the ground is a stable reference. Third,
a feedback system introduces additional noises through the feedback loop. Thus,
the control system has to be carefully designed, especially in the observation
frequency band.

In addition, for the gravitational wave observation, a sensing method, i.e. an
interferometer configuration, is also important. DECIGO and B-DECIGO utilize
dual-pass Fabry—Pérot cavities to form a triangular shaped interferometer to
obtain the redundancy with minimum number of the test masses. In the dual-
pass Fabry—Pérot cavity, laser light is injected from both sides of one Fabry—
Pérot cavity and the relative frequency of the two lasers cannot be controlled
independently. This is a new interferometer configuration for DECIGO and B-
DECIGO. In this interferometer configuration, since the Fabry—Pérot cavities
are coupled with each other, a new scheme to obtain the longitudinal signal of
all the interferometers is necessary. Therefore, the operation of the dual-pass
Fabry—Pérot cavity has to be demonstrated for DECIGO and B-DECIGO.

In this thesis, the control scheme of the Fabry—Pérot type space gravitational
wave antenna is studied. First, the control topology is considered with the nu-
merical model of the Fabry—Pérot type antenna including a mechanical and opto-
mechanical response, a sensing and actuation scheme, external disturbances, and
sensing noises. The new model is named a full DECIGO interferometer model.
This new model reveals that the interferometer control and drag-free control can
be engaged at the same time by separating the controlled degrees of freedom
with each control, and the mirror position can be used as a reference of the con-
trol. Using the model, a solution of DECIGO parameters with interferometer
control achieving the target strain sensitivity of 10723 / vHz is also found. In
addition, more than one-day stability is also achieved. With the sensitivity of
1072 / VHz, for example, the model of the phase transition at the electroweak
scale in the early Universe can be tested. Second, the dual-pass differential
Fabry—Pérot interferometer is formulated and is constructed in a ground labo-
ratory with the 55-cm-long Fabry—Pérot cavity. The operation of the dual-pass
differential Fabry—Pérot interferometer is demonstrated for the first time. More-
over, it is confirmed that cavity detuning can be reduced by the cavity length
adjustment as predicted by the formulation. The cavity detuning reduction is
essential to minimize a laser intensity noise, which would be a major noise source
in DECIGO. These results indicate that the dual-pass differential Fabry—Pérot
interferometer is correctly understood with the new formulation.

This work helps conduct the detailed design of DECIGO and B-DECIGO
and is an essential basis for opening the window of gravitational wave physics
and astronomy in the decihertz band, especially for the observation of the early
Universe.
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Chapter 1

Introduction

Gravitational wave is a ripple of spacetime. The existence of the gravitational
wave was predicted in 1916 by Albert Einstein [1], who pointed out that gravity is
a curvature of spacetime in general relativity. General relativity predicts several
new gravitational phenomena, such as apsidal precession [2], gravitational lens-
ing [3-5], black holes [6, 7], and gravitational waves [1|. The gravitational wave
is one of the most important predictions. Therefore, many studies for detecting
gravitational waves have been performed after the Einstein’s predication [8-10].
Especially, astronomical objects are main targets of the study.

The observation of gravitational waves is motivated by two major scientific
objectives. The first motivation is the test of general relativity [11,12]. Since
general relativity is the most reliable theory of gravity so far, most of the physi-
cal studies on the Universe are based on general relativity. Thus, testing general
relativity leads to improving our knowledge about the Universe. The second mo-
tivation is astronomical one [13,14]. To gravitational waves, almost everything
is highly transparent. Although electro-magnetic waves are used in conventional
astronomy, they can be absorbed and/or scattered by normal matter and much
information is lost. Accordingly, gravitational waves provide essentially new
astronomical information, such as mechanism of gamma ray bursts [15] and su-
pernovae [16,17]. With the gravitational observation, the mass and the dynamics
of the astronomical event can be observed.

The first but indirect evidence of the gravitational wave was found by Russell
Alan Hulse and Joseph Hooton Taylor, Jr., who observed an orbital period of
the binary pulsar, PSR B1913+16 [18]. They found that the orbital period of
the binary pulsar was getting short and it was consistent with the predication
of general relativity. This result indicates that the binary pulsar loses a part of
its energy with gravitational wave emissions as predicted by general relativity
and the existence of the gravitational wave. However, the dynamics of strain
of space-time cannot be observed in the binary pulsar observation since, in the
observation of the orbital period, just the energy of the binary system can be
measured.

For the direct observation of strain of space-time, laser interferometric gravi-
tational wave detectors are widely used. The laser interferometric gravitational
wave detecters are based on a Michelson interferometer [19]. The Michelson
interferometer transduces the phase difference of two splitted laser lights into



the laser intensity variation. Therefore, by using the Michelson interferometer,
the optical path length fluctuation due to the gravitational waves can be ob-
served. In addition, a Fabry—Pérot cavity is implemented in the base-line of the
Michelson interferometer to enhance the gravitational wave signal [20,21]. For
now, several km-class ground-based laser interferometric gravitational wave de-
tectors are in operation all over the world, such as Advanced Laser Interferometer
Gravitational-Wave Observatory (aLIGO) in US [22], Advanced Virgo (AdVirgo)
in Italy [23], GEO600 in Germany [24-26], and KAGRA in Japan [27,28]. The
observation frequency of these observatory is from ~ 10 Hz to a few kHz. The
lower limit of the frequency is determined by the seismic motion.

In 2015, aLIGO observed the first gravitational wave event, which is called
GW150914 [29]. GW150914 is the gravitational wave from binary black holes of
which masses are 36 Mg and 29 Mg (Mg is the solar mass) at redshift z = 0.09.
After GW150914, more than 10 black hole binaries including GW150914 were
detected [30]. By using these events (and a neutron star binary event explained
later), general relativity was tested while no inconsistency with general relativity
was found [31,32].

In addition to the black hole binaries, the neutron star binary has been ob-
served with aLIGO and AdVirgo in 2017. The neutron star binary event is
called GW170817 [33]. In GW170817, besides the gravitational wave observa-
tion, electro-magnetic follow-up observations were also performed [34]. Espe-
cially, there was coincidence between the gravitational wave event and the short
gamma-ray burst event GRB 170817A [35]. This multi-observation strongly in-
dicates that the short gamma-ray burst is caused by the neutron star binary
coalescence. According to these black hole and neutron star events, it can be
said that a new era of the gravitational wave and multi-messenger physics and
astronomy has started.

Although the observational frequency range of the ground-based laser inter-
ferometric gravitational wave observatory is from ~ 10 Hz to ~ 1000 Hz, some
observational targets outside the range of the frequency band are predicted. One
target is the coalescence of the intermediate-mass black holes, i.e. the black holes
with masses in the range between ~ 10% M and ~ 10% M, which typically emit
the gravitational waves in the frequency range between ~ 1073 Hz and ~ 1 Hz.
The coalescence of the intermediate-mass black holes is considered to be a can-
didate of the origin of the super massive black hole that has been discovered at
the galactic center [36,37]. Another target is the early Universe [38,39]. The
quantum fluctuation is considered to cause the gravitational waves in the wide
frequency range, for example, between ~ 10717 Hz and ~ 10* Hz [40]. The
observations of the gravitational waves from the coalescence of the intermediate-
mass black holes and the early Universe provide new physical and astronomical
information.

Therefore, for further expansion of gravitational wave physics and astronomy,
it is important to expand the observation frequency range. The observation of
lower frequency gravitational waves (< 10 Hz) than those have been observed
allows us to study various sciences, such as distinction of the formation scenario of
super-massive black holes in galactic centers [36,37,41], study on the evolution



of the compact binary stars, such as white dwarf binaries [42], precise test of
the modified gravity theories [43,44] and so on. Especially in 0.1-Hz range,
there is a possibility to observe the gravitational waves generated in the early
Universe [38,39] and to verify the inflation theory [40,45,46].

So far, two types of the next generation laser interferometric gravitational wave
detectors are proposed for further expansion of the gravitational wave science: 10-
km-class ground-based detectors and space detector with 100-km to 2.5-Gm scale
interferometer. Examples of the former type detectors are Einstein Telescope [47]
and Cosmic Explorer [48]. They are aimed to observe relatively high frequency
gravitational waves in between 5 Hz and ~ kHz. For example, gravitational waves
in that frequency range are caused by stellar mass compact binaries. Examples
of the latter type detectors are Laser Interferometer Space Antenna (LISA) [49],
Big Bang Observer (BBO) [50], TianQin [51], Taiji [52], TianGO [53], DECi-
hertz Interferometer Gravitational Wave Observatory (DECIGO) [54], and B-
DECIGO are proposed. Since the low frequency sensitivity of the ground based
detectors are limited by ground motion [55,56], space detectors are necessary for
low frequency gravitational wave observation.

Space gravitational wave detectors are classified into mainly two types: optical
transponder type (LISA, BBO, TianQin, and Taiji) and Fabry—Pérot type de-
tectors (DECIGO and B-DECIGO). By using the Fabry—Pérot cavity, the laser
beam is circulated in the cavity. In other words, the time for the interaction of
the laser interferometer and the gravitational waves is enhanced with the cavity.
As a result, the highest sensitivity of the laser interferometer can be improved.
Consequently, DECIGO can be so sensitive that it has a possibility to observe
the gravitational wave background generated in the inflation era of the early
Universe [38, 39].

The Fabry—Pérot type space gravitational wave detectors, however, need pre-
cise control system since the Fabry—Pérot cavity has small linear range shorter
than the laser wavelength. In gravitational wave detectors, laser with a wave-
length of ~ um is used*! so that sub-um level control is necessary. Although
the precise control of ~ 10~!! m has been achieved in the current ground-based
gravitational wave detectors, new control scheme is necessary for space detectors
since they have a number of challenges that are not in the ground-based detec-
tors. One of the challenges is lack of natural reference for the control while, in
ground-based detectors, the ground is a stable reference. Another challenge is
the necessity of drag-free control that is not used in the ground-base detectors.
The drag-free control is the control of a satellite to follow a test mass. The test
mass floats in the satellite and is isolated from the dragging force, such as solar
radiation pressure, applied to the satellite [57]. It was not clear whether the
drag-free control can be engaged simultaneously with all the degrees-of-freedom
control of the Fabry—Pérot cavity. Moreover, a feedback system for precise con-
trol introduces additional noises through feedback loops. The additional noise
could disturb the gravitational wave observation. Therefore, the control system
has to be carefully designed especially in the observation frequency band [58,59].

*1 This wavelength is used for the gravitational wave observatory due to the technical reason.
There is a stable and powerful laser with a wavelength of ~ 1 ym, for example 1.064 pym.



In addition, for gravitational wave observation, a sensing method to measure
the length of cavity, i.e. an interferometer configuration, is also important. DE-
CIGO and B-DECIGO (and most of the other space detectors) adopt a triangular
shaped interferometer geometry for improving calibration precision, false alarm
ratio, and sensitivity to polarizations of gravitational waves [60,61]. These fea-
tures are important to improve the accuracy of the parameter estimation of the
gravitational wave sources from the observation and the reliability of the gravita-
tional wave detection. DECIGO and B-DECIGO utilize a dual-pass Fabry—Pérot
cavity to form the triangular shaped interferometer. One advantage of this con-
figuration is that the redundancy can be obtained with minimum number of the
test masses. This is a new interferometer configuration. In the dual-pass Fabry—
Pérot cavity, laser light is injected from both sides of one Fabry—Pérot cavity
and the relative frequency of the two lasers cannot be controlled independently.
In this interferometer configuration, since the Fabry—Pérot cavities are coupled
with each other, we need a new scheme to obtain the longitudinal signal of all the
interferometers while the Fabry—Pérot cavity is widely used in optics field, e.g.
spectroscopy, optical quantum computing, laser telecommunications. Therefore,
the operation of the dual-pass Fabry—Pérot cavity should be demonstrated for
DECIGO and B-DECIGO.

In this thesis, in order to realize the Fabry-Pérot type space gravitational
wave detectors, such as DECIGO and B-DECIGO, and expand the gravitational
wave physics and astronomy, the control scheme of the Fabry—Pérot type space
gravitational wave detectors is addressed. Specifically, we investigate the control
topology of the Fabry—Pérot type space gravitational wave detectors and experi-
mentally construct the dual-pass Fabry—Pérot interferometer for demonstration.

This thesis is organized as follows: Chapter 1 is this chapter. Chapter 2 in-
troduces features of the gravitational wave from general relativity, sources of
the gravitational wave, and scientific cases with the observation of the gravita-
tional waves. Chapter 3 shows a review of the laser interferometric gravitational
wave detectors and comparison among the ground-based detectors and space
detectors (LISA, the optical transponder type; DECIGO, Fabry-Pérot type).
Chapter 4 explains the scientific objectives and overall concept of DECIGO and
B-DECIGO. Chapter 5 describes the study of control scheme of DECIGO and
B-DECIGO. The result of the study includes the confirmation of the control sta-
bility and noise performance of feedback control. Chapter 6 provides the result
of the experimental demonstration of the dual-pass Fabry—-Pérot cavity. Chap-
ter 7 concludes the study of the control scheme of the Fabry—Pérot type space
gravitational wave detectors.



Chapter 2

Gravitational wave

Gravitational waves are ripples in space-time. They were predicted in general
relativity by Einstein [1]. Hulse and Taylor proved the existence of the gravita-
tional wave indirectly via a reduction in the revolution cycle of the binary pulsar,
PSR B1913+416 [18]. Their observation indicated that reduction in the energy
of the binary pulsar was able to be explained with general relativity. In other
words, the ripple in space-time was not detected in Hulse and Taylor observation.

Afterward, research toward the direct observation of the gravitational wave
was conducted. Subsequently, aLIGO detected the gravitational wave from a
binary black hole on Sep. 14, 2015 (UTC) for the first time [29]. This event
is called GW150914. After GW150914, more than 10 gravitational wave events
have been detected. Among them, a neutron star binary event, GW170817, was
also detected [33]. In GW170817, many electro-magnetic observatories detected
afterglow of the neutron binary coalescence [34]. These gravitational wave events
led to many scientific results, such as the test of general relativity [31,32], and
opening the gravitational wave physics and astronomy era.

In this chapter, we linearize Einstein equation for understanding the gravita-
tional waves. From the linearized Einstein equation, the gravitational wave is
derived. Then, we introduce a number of gravitational wave sources that can
be or is expected to be detected. Finally, expected sciences with gravitational
waves are reviewed.

2.1 Linearized Einstein Equation

In general relativity, time and space are represented in four dimensions (one time
coordinate and three space coordinates). In the four-dimensional space-time,
two very near events, z* *! and x* + dz*, have a gap, ds, which is expressed in

quadratic form as
ds® = g, dz"dz”, (2.1)

where g,,,, is a metric tensor, which is often abbreviated simply as a metric [62].*2
Equation (2.1) shows that, in general relativity, nature of space-time is repre-

*1 In this thesis, 29, and (x!,22,23) indicate time coordinate (ct) and space coordinate,
respectively. Also, Greek indices (Roman indexes) take the value of 0, 1, 2, 3 (1, 2, 3).
*2 In this thesis, we follow Einstein summation convention.



sented by the metric tensor. In addition, equation (2.1) indicates that g,, is a
symmetric tensor.
When matter exists, the metric tensors follow the Einstein equation,

Ry — %QWR = 87CT—4GT/W7 (2.2)
where R, is a Ricci tensor, R is scalar curvature, G is the gravitational constant,
c is the speed of light, T}, is an energy-momentum tensor. “* The left and right
hand side of Einstein equation (2.2) correspond to space-time and matter field,
respectively. In other words, Einstein equation indicates that matter makes
curvature of space-time, i.e. gravitational field. In addition, Einstein equation
shows that moving matter varies the gravitational field.

In the range well far from the source of the gravitational field, we can under-
stand the nature of the space-time considering the perturbation from the flat
space-time. When a Minkowski metric, 7,,, is expanded with small perturba-
tion, h,,,, and we drop the second order term of |h,, |, the metric, g,,,, under the
existence of matter is represented as

uv = Nuv + huzu (23)
-1 0 0 O
0 1 0 0

=109 o0 1 ol |huw| < 1. (2.4)
0O 0 0 1

This kind of treatment is known as the linearized theory.
From here, we drives Einstein equation in linearized theory. First, we define

h=n""h,, (2.5)
- 1
hyw = hyw — 577;wh- (2.6)
When we inversely define h = n“”i_zw = h — 2h = —h, the metric can be
represented as,
_ 1
hyw = hpuy — 577;wh- (2.7)

*3 In this thesis, Christoffel symbol, I'/,,,, Riemann tensor, R*,s,, Ricci tensor, R, scalar
curvature, R, are defined as follows [63]

1 0
Ffl,l/ = 7gpg(8,u90'l/ + 8l/go'/,L - 809;“/) (8 ) 3

2 “= Bk
RM Y se = 0p'E, — 80F5p + FZPFSJ - FZUFﬁp,
Ry = R jaw,
R=g""Ruv.



Ricci tensor, R, , and scaler curvature, R, is denoted as,
Lz o h 9 h 1 h
R’uy = —§<Dhuy —_— 8 8Mhpy - a 8yhpu - inlﬂjljh)’ (28)
1 _ _
R = —5(—Dh —20°0"h,,), (2.9)

where O = 7, 00" = 0,0". Consequently, Einstein equation (equation (2.2))
is expressed as,

1. _ _ - 81
5 (O + 000 by = 0Dk — 9" Dby) = = :4 T, (2.10)
Finally, when we apply Lorenz gauge,
9" h,, =0, (2.11)
equation (2.10) is denoted as
- 167G
Oy = —C—ZTW. (2.12)

This equation is the linearized Einstein equation. The linearized equation can
be used to understand gravitational field in linearized theory.

With equation (2.11), 10 degrees of freedom of symmetry tensor, h,,, is re-
duced to 6. In addition, with equations (2.11) and (2.12), the energy-momentum
tensor is represented as

0T, = 0. (2.13)

This equation corresponds to the law of conservation of the energy and momen-
tum.

As the end of this section, we show that Lorenz gauge can be applied anytime.
First, let’s consider coordinate transformation, x# — z'* = z# + £#(x), where
10,,£,| is the same order of magnitude as |h,,|. Then, h,, and its derivatives are
transformed as

By (2) = 1 (27) = By (2) = 08 () — 0uu() + 1 06" (). (2.14)
0" by () = (0" hyu)' (2") = 0"y () — D8 () (2.15)

Thus, if £, meeting the equation
O, (x) = 0" hy, () (2.16)

exists anytime, Lorenz gauge can be applied anytime. Since we can denote
0"hy(x) = fu(x) using a function f,(z), equation (2.16) is expressed as

D, (@) = fu(a). (2.17)

Then, the answer of equation (2.17) can be denoted with Green function G(x)
meeting

OG(z —y) = 6*(x — y), (2.18)



as

€u(x) = / d'y Gz — 1) fu(y). (2.19)

Since £, (x) in the left hand side of equation (2.19) formally exists always, there
is an answer of equation (2.16) anytime. It means that Lorenz gauge can be
applied anytime.

2.2 Derivation of gravitational waves and their nature

In vacuum, that is the region where T}, = 0, equation (2.12) is denoted as
Ohy, = 0. (2.20)

This is a wave equation for BW and shows that BW, which is perturbation from
the Minkowski metric, is propagated at the speed of light. This 7LW is a gravi-
tational wave.

From here, we investigate the nature of the gravitational wave. In the range far
enough from the gravitational wave source, Einstein equation can be represented
in a simple form using Lorenz gauge, equation (2.11). However, Lorenz gauge
does not decide the gauge form completely. In other words, even with Lorenz
gauge, we can still perform coordinate transformation. In fact, according to
equation (2.15), when we transform the coordinate, z*, meeting Lorenz gauge
as

ot — 't =k + M (2.21)

¢, =0, (2.22)

Lorenz gauge is invariant. When ¢, = 0, LJ¢,,, = 0, where

nv = augu + al/gu - nuuap§p7 (2'23)

is also valid since 00 and 0, can be commutated. Equation (2.14) indicates
that, under the coordinate transformation as equation (2.21), equation (2.20) is
invariant. Therefore, by using equation (2.22), degrees of freedom of h,,, can be
reduced by four. As a result, according to this symmetry and Lorenz gauge, the
degree of freedoms of Buv is two.

To denote h,, with two degrees of freedom, we deform equations (2.11) and

(2.22). First, €9 is chosen to make trace zero, that is h = 0. Notice that, when
h =0, hu, = hy,. Second £'(x) is chosen to make h%(x) = 0. Then, since
huy = hy,, from Lorenz gauge, equation (2.11), with p =0,

aohoo + 81}102 =0, (2.24)

and ho; = 0, 0%hgg is denoted as

hoo = 0. (2.25)



This indicates that hgg is temporally constant. From physical point of view, the
time independent term, hgg, represents static gravitational field, i.e. Newtonian
potential of the gravitational wave source. Since gravitational waves are time
dependent, 0°hgy = 0 means hgy = 0 when we consider gravitational waves.
Consequently, h%(z) = 0. Therefore, only spacial components, h;;, which meet
Lorenz gauge (07h;; = 0) and traceless condition (h’; = 0) are left. In summary,
h,. is donated as,

ho" =0, h'; =0, & hy =0, (2.26)

which are called a transverse-traceless gauge (TT gauge). Since equation (2.26)
is composed of eight formulas, 10 degrees of freedom of h,, are reduced to be
two. Hereafter, the metric in T'T gauge is written as h;l;-T.

Note that T'T gauge is not valid in gravitational wave sources since DBW # 0.
In the gravitational wave sources, once Lorenz gauge is applied, the degree of
freedom of J¢, = 0, i.e. ¢,, = 0, remains. However, we cannot make the
components of BW to meet DEW # 0, zero even by subtracting &, meeting
0, = 0.

Equation (2.20) has a plane wave solution, h ;" (z) = e;;(k)e’™, where kz =
ktz,, k" = (waw/c, k), waw/c = |k|, e;j(k) is a polarization tensor, and wow
is angular frequency of the gravitational wave. When a monochromatic plane
wave that is denoted with a wave-number vector, k, equation (2.26) indicates
that non-zero components of h;-ro is orthogonal to the propagation direction
vector of the gravitational wave, n = k/|k|. This is because in the plane wave,
d7h;; = 0 means n'h;; = 0, i.e. the transverse wave. When 7 is chosen along z
axis, because of equation (2.26) and the symmetry analysis of h;ro, the metric is
written as,

ikx

h_|_ hX 0
WE(t2) = | b —hy 0| cosloaw(t—z/al,  (227)
0 0 0

ij

or simply,

hx(t)  —he(t)

where h, (t) = hy coslwaw (t — 2/¢)], hx(t) = hy cos|waw (t — z/c)], and a,b =
1,2. hy(t) and hy(t) are called plus mode (+ mode) and cross mode (x mode),
respectively. By using them, a square of the infinitesimal world line, ds? is
denoted as

TT () ) — hi(t)  hx (1)
hap (T, 2) ( )ab, (2.28)

ds? = — Adt* +dz* + [1 + hy(t)]dz? + [1 — hy (t)]dy* + 2hy (t)dzdy.  (2.29)

Figure 2.1 shows time variation of the free particle swarm motion caused by plus-
and cross-mode gravitational waves.
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Figure 2.1: Time variation of the free particle swarm’s motion caused by plus-
and cross-mode gravitational waves. Here, gravitational waves are assumed to
propagate along z-axis.

2.3 Generation of gravitational waves and their sources

2.3.1 Generation of gravitational waves

Using the linearized Einstein equation (equation (2.12)), generation of the grav-
itational wave can be understood. When the source, i.e. the energy-momentum
tensor, generating gravitational waves is locally distributed, the solution of equa-
tion (2.12) is denoted as

- 4G [ TH(t — |l — x'|/c, '
e e e

dx’. (2.30)

|z — 2|

Moreover, if the size of the gravitational wave source is much smaller than the
wave length of the gravitational wave generated by the source and an observer
is in far from the source, equation (2.30) is written as

2G
hij(t, 113) = RQU(t — 7’0/0), (231)

where r, is a distance between the gravitational wave source and the observer,
and Q;; is a quadrupole momentum of the source, which is defined as

1 i i
Qij(t —To/c) = /P(t —ro/c, w,) (x; ; - gfsiﬂ?, 37”) 3z’ (2.32)
Equation (2.31) indicates that the lowest degree of the gravitational wave gen-

eration is quadrupole. Using equation (2.31), the amount of the gravitational
wave generated by its source is evaluated.
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2.3.2 Sources of the gravitational wave

Compact-binary coalescence

All gravitational waves detected by ground-based detectors by the end of 2017
are generated by compact-binary coalescences, known as CBC, [30]: binary
black holes, and binary neutron stars. Other compact-binary-coalescence can-
didates that have not been detected directly are a neutron-star-black-hole bi-
nary [64,65],*% a binary white dwarf [66], a white-dwarf-neutron-star [67] and
white-dwarf-black-hole binary [68], and so on. Strain equivalent amplitude,
hcpe(t), of gravitational waves from equal-mass compact-binary coalescences
during inspiral, i.e. the evolution phase of the compact binary of which orbital
radius decreases gradually before the merging, is written as [63], in the detector
frame,

GMCBC)5/3 (WfGW(T)

4 2/3
hewclt) = o (Grrens ) coserfow(n)e b oo, (233

C
1/ 5 1\** (GMopc\ ~™*
fow =1 (57 ) () C=twa-t 30

where Mcpc is the mass of the source object, dy, is the luminosity distance,
fow is the frequency of the gravitational wave, ¢g is a phase factor, and t.,o
is the time at coalescence. Equation (2.34) indicates that the frequency of the
gravitational wave is gradually increasing during the inspiral and is the largest
at coalescence. This characteristic signal of the gravitational wave is called a
chirp signal. Strain equivalent amplitude in frequency space, hcpe(f) [1/Hz], is
written as [63], in detector frame,

1/2 5/6
hepe(f) ~ oYY <ﬁ) o (W SR (2.35)
The inspiral is finished at the innermost stable circular orbit. The gravitational
wave frequency at the innermost stable circular orbit is given by

f B 1 c3
15C0 T 6 V/6(2m) GMope

(2.36)

Let us consider the amplitude of the gravitational wave during inspiral
from compact-binary coalescences, especially black-hole binaries. From

*4 There is a probable neutron-star-black-hole-binary event in Observational Run 3 of
aLIGO and AdVirgo, so called S190814bv, which is publicly alerted in GraceDB
(https://gracedb.ligo.org) while detailed parameters have not been published yet.
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equations (2.35) and (2.36),

M \*® /100 Gpc £\
h ~ 4 x 1072 (—) ( ) ( ) , 2.37

fisco =~ 0.2 <104#) [Hz]. (2.38)

Supernova

It is possible to detect gravitational waves from core collapse of supernovae if
there is a mass asymmetry in the core collapse [17]. By using numerical simu-
lation, amplitude and frequency of gravitational waves from supernova is esti-
mated. Typically the amplitude is h ~ 10722 — 1072! and the frequency is ~ 1
kHz in 10 kpc far from the supernova [69].

Isolated pulsar

A pulsar is an astronomical object emitting periodic electromagnetic pulse in
gamma ray, X-ray, radio wave, and visible light [70]. The pulsar is considered to
be spinning magnetized neutron star that is a supernova remnant [70]. If these
pulsars have a slight mountain or valley because of the deformation or the fluid
oscillation, they can generate continuous gravitational wave [71]. For example,
mili-second pulsars that have 1 ms or a few 10 ms duration emit gravitational
waves in the frequency range between 10 Hz and 1000 Hz. The amplitude of the
gravitational waves from the isolated pulsar is given by [63]

1672G 212
hpulsar =~ WEI, (239)

where f,ot is the rotation frequency of the pulsar, € is the ellipticity of the pulsar,
and [ is the momentum inertial along the rotation axis of the pulsar. If the Crab
Pulsar (PSR J0534+2200), which is 2 kpc away from the Earth, has ellipticity € ~
1072, the gravitational wave of which amplitude is estimated to be h ~ 10726 at
the Earth is considered to be generated [63]. Although this amplitude is relatively
small compared with the amplitude of the gravitational waves from compact-
binary coalescences, the gravitational waves from the pulsars can be amplified
by integrating the signal for long time since they are continuous. Therefore,
the pulsar is one of the promising astronomical objects generating detectable
gravitational waves.

Early Universe

During inflation in the early Universe, the quantum fluctuation of the space-
time, i.e. the tensor metric, can generate stochastic gravitational waves called
stochastic gravitational wave background [38,39]. Since the quantum fluctu-
ation is considered to be scale invariant, the generated gravitational wave is
also scale invariant. In other words, the power of the generated gravitational
wave is frequency independent. In addition to the space-time fluctuation, cosmic
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strings [72, 73], domain walls [74,75], and preheating of the Universe after infla-
tion [76] in the early Universe are considered to be the sources of the stochastic
gravitational wave background. The stochastic gravitational wave background is
characterized with its energy per unit logarithmic interval of frequency, Qgyw(f),
and its power spectral density is written as

3H2

Ssews(f) = 12

Qew (), (2.40)

where Hy is the Hubble constant [63] (the definition of the power spectral density
is shown in Appendix B).

2.4 Gravitational wave physics and astronomy

So far, aLIGO and AdVirgo have been operated for two Observational Runs
and 10 black hole binaries and one neutron star binary have been detected [30].
Here, we review the scientific results of the two Observational Runs. Notice
that although the third Observational Run started from April, 2019, and many
gravitational waves were detected, the results are not explained here since the
detailed parameters of the events have not been published yet. In addition to the
current result, future prospect of the gravitational wave physics and astronomy
are shown, too.

2.4.1 Test of general relativity

One of the most important objectives of the gravitational wave physics is testing
general relativity [31,32]. The simplest way to do the test is comparing the wave-
form predicted from general relativity to that observed with the real detectors.
This method is called parameterized test [77,78]. Another way is comparing
the parameters of the gravitational wave source estimated from two durations,
for example, inspiral and ringdown modes [79]. Since gravity in the ringdown
modes is much stronger than that in the inspiral, the gravitational effect beyond
general relativity is considered to be visible in the ringdown modes. Although
contradiction of general relativity has not been found yet, many modified gravi-
tational theories are proposed [80-82]. One of the major predictions of modified
theories is gravitational wave of vector and/or scalar mode in addition to the
conventional tensor mode [83]. The additional mode affects the waveform of
the gravitational waves or the result of the parameter estimation. The number
of gravitational wave modes that can be tested is in principle equal to or less
than the effective number of the detectors. Thus, further observation with more
detectors is necessary [84,85].

2.4.2 Source of the gamma-ray burst

In the neutron star binary observation, GW170817, not only gravitational
wave but also electro-magnetic signals were observed [86]. Especially, the
short gamma-ray burst, GRB 170817A, is coincident to the gravitational wave
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event [35]. Although the gamma-ray burst is discovered in 1960s [87], its source
and mechanism are not fully concluded [88]. Joint observation of gravitational
wave and gamma-ray burst was considered to be promising method to address
the mechanism of the gamma-ray burst [89]. The observations of GW170817
and GRB 170817A indicate that the neutron star binary can be the source
of the short gamma-ray burst. However, there is an unresolved point in this
event: the observed gamma-ray bust is much weaker and closer than the typical
event. The observed luminosity distance and the flux of GW170817 and GRB
170817A is 42.9 Mpc and 2 x 10*7 erg, respectively, while the nearest and
weakest gamma-ray burst except for GRB 170817A is about 400 Mpc away
from the Earth and 2 x 104 erg [35]. Thus, it has not been concluded if GRB
170817A is the same type of gamma-ray burst as the other events or not and
further observations are still necessary for the final conclusion.

2.4.3 Synthesis of heavy nuclei

Multi-messenger astronomy related with GW170817 provided important infor-
mation about the synthesis of heavy nuclei. In the follow-up electro-magnetic
observation, a kilonova was found [86]. The spectra of the kilonova afterglow
observed by various observatories with electro-magnetic waves, such as infra red,
visible, ultra violet, and X-rays, indicate that the r-process occurred in the neu-
tron star binary merger and heavy nuclei were generated [90]. However, it has
not been qualitatively concluded that the amount of heavy nuclei is enough to
explain the current amount of that in the Universe. If more events are observed,
we can investigate the synthesis of heavy nuclei in more quantitative way.

2.4.4 Verifying inflation

If the gravitational wave from the early Universe is observed, its nature, for ex-
ample, inflation mechanism [91,92], can be directly investigated. Gravitational
waves from the early Universe is expanded by the inflation. Since spectra of the
stochastic gravitational wave background is frequency invariant, there are wide
frequency range observation and measurement. In very low frequency (10718-
10716 Hz), manifold microwave telescopes are trying to detect B mode of cosmic
microwave background that is characteristic signal generated by the stochastic
gravitational wave background [93,94]. Observations in the frequency range be-
tween 107° Hz and 1073 Hz were performed pulsar timing array [95-97] and
doppler tracking using Cassini [98]. Between 1 Hz and 103 Hz, the ground-based
interferometric gravitational wave detectors provided the upper limits [99-101].
The gravitational waves at very high frequency (100 MHz-1 GHz) were searched
for with a special laser interferometer, called synchronous recycling interferome-
ter [102,103], and magnon detectors [104]. Although no observation has detected
stochastic gravitational wave background, cosmic microwave background obser-
vation gave the most strict upper limit to Qg (0.2 Hz) of ~ 10716 [105].
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2.5 Multi-band gravitational wave physics and astronomy

It is worth noting that there are advantages of the multi-band gravitational wave
physics and astronomy.

2.5.1 Precise Characterization of the compact binary

As shown in equations (2.33) and (2.34), the frequency of the gravitational wave
increases with time. If the gravitational wave is observed from the low fre-
quency, we can observe the gravitational wave event from the early phase. Thus,
the multi-frequency band observation of the compact binaries leads to the long
observation duration. For example, the 30-30 Mg binary black hole can be ob-
served for ~ 2 years if the observation band is between 0.01 and 1000 Hz. Such a
long observation provides the high signal-to-noise ratio observation. As a result,
the compact binary can be precisely characterized. Consequently, early alerts
before the coalescence for the electromagnetic observatories and the precise test
of general relativity can be conducted [106-108]. For example, if there is an
observatory with the strain sensitivity of ~ 10722 /v/Hz between 0.1 Hz and 10
Hz (this corresponds to the B-DECIGO sensitivity explained later), the coales-
cence time can be estimated with statistic error with in 5 s in six days before
the coalescence [108].

2.5.2 Mass distribution of the black hole

One of the astrophysically important questions is the way the super-massive
black hole (~ 10% M) in the galactic center is formed. There are a number of
scenarios proposed to the formation mechanism. One scenario is so-called hierar-
chical scenario [36]. In this scenario, a lot of seed black holes of which masses are
~ 10® M merge and form relatively heavy black holes (~ 10% Mg). These black
holes having masses between ~ 103 My and ~ 10 M, are called intermediate-
mass black holes. Subsequently, the coalescences of the intermediate-mass black
holes produce the super-massive black hole. This formation scenario predicts the
existence of the black holes with wide mass range. In order to distinguish the
formation scenario, we need to investigate the mass distribution of the black hole
in the Universe. As shown in equation (2.36), the frequency of the gravitational
wave from the black hole binary varies depending on the black hole mass. There-
fore, the multi-band observation is necessary to obtain the mass distribution of
the black hole.

2.5.3 Observing the structure of the stochastic gravitational wave
background

Another important target of the multi-band gravitational wave observation is
the examination of the stochastic gravitational wave background. It is a main
target of multi-band gravitational wave observation since the energy of stochastic
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gravitational wave background from the inflation is considered to be frequency
independent as explained in Subsection 2.3.2. Actually, the multi-band obser-
vation of the stochastic gravitational wave background is important even more
as described below. In addition to the energy of stochastic gravitational wave
background, its spectrum shape is used to probe the evolution of the early Uni-
verse [109]. For example, after the inflation, the Universe was considered to be
reheated [110]. The reheating makes a cut-off frequency in the spectrum of the
stochastic gravitational wave background depending on the duration of reheat-
ing. This is because the expansion law of the Universe during the reheating is
the same as that during the matter-dominant phase where Qg (f) is reduced.
The observation of cut-off frequency provides a direct evidence of the reheat-
ing [111,112]. Moreover, there are other proposed models predicting different
spectra of the stochastic gravitational wave background [113,114]. Therefore,
by observing the stochastic gravitational wave background in the wide frequency
range, the proposed models can be tested.
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Chapter 3

Interferometric gravitational wave
detector

In this chapter, we summarize the feature of laser interferometers: a Michel-
son interferometer and a Fabry—Pérot cavity. Then the designed sensitivity of
ground-based and space gravitational wave detectors are shown. In the end, two
space gravitational wave detectors, LISA and DECIGO, are compared.

3.1 Overview of interferometric gravitational wave

detectors

For direct detection of gravitational waves, it is necessary to measure the strain
between two free masses, at least, of h ~ 1072! caused by gravitational waves.
This tiny space-time ripple was detected with aLLIGO for the first time. aLIGO is
a laser interferometric gravitational wave detector [22]. Most of the gravitational
wave detectors that are under operation, such as AdVirgo [23], KAGRA [27,28],
and GEOG600 [24-26] are also laser interferometers. Moreover, future space grav-
itational wave detectors, such as DECIGO [54], LISA [49], BBO [50], Tian-
Qin [51], Taiji [52], and TianGO [53] are interferometric detectors.

Laser interferometric gravitational wave detectors are based on a Michelson
interferometer [19]. The Michelson interferometer converts the variation of two
arms length, i.e. phase variation, to the variation of intensity. Since a wavelength
of laser light (~ 1 pm) is used as a reference of the arm length, length change
can be measured precisely. However, if we use a simple Michelson interferome-
ter, optimal arm length of the response to the gravitational waves at 100 Hz (0.1
Hz) is 750 km (750 Mm). Such long interferometer cannot be constructed on
the Earth. Therefore, the Fabry—Pérot cavity is used as a base-line of the inter-
ferometer to obtain an effective long arm by circulating the laser in the cavity
as shown in figure 3.1 [21]. Another way to obtain long arm interferometer is
constructing the interferometer in space. For example, LISA will have 2.5 x 10°-
m arms without cavities to detect 1-mHz gravitational waves [49]. DECIGO
will have 1000-km-long Fabry-Pérot cavity with finesse, i.e. the number of the
roundtrips of laser in the cavity (defined in equation (3.35) later), of 10 to detect
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gravitational waves in 0.1-10 Hz [54].

Laser interferometers are prevented from detecting gravitational waves by var-
ious noise sources, such as quantum noise caused by the quantum mechanics of
laser [115,116], thermal noise due to the brownian motion of the mirror and
suspension systems [117-122], a noise caused by seismic motion [123,124], New-
tonian force applied to the mirror [55,125,126], and so on. We need to reduce the
effect of all noise sources below that of the gravitational waves to detect them.

ETMY
Laser ITMY ITMX ETMX
BS
E & | ]
Y |
1

'aL—*w 1i7PD

Figure 3.1: Schematic of the Michelson interferometer with the Fabry—Pérot
arm cavity, called a Fabry—Pérot Michelson interferometer. BS is beam splitter,
ITMX(Y) and ETMX(Y) are input and end test masses, and PD is a photode-
tector.

3.2 Michelson interferometer

3.2.1 Electric field response of Michelson interferometer

Schematic view of a Michelson interferometer is shown in figure 3.2. Laser light
is emitted from the source and the electric field injected to the beam splitter,
Eipc, is expressed as [127]

Eine = Epe™, (3.1)

where FEy is amplitude of the electric field, and w; is angular frequency of the
laser light. When amplitude reflectivity and transmissivity of the beam splitter
is \/Li’ and that of the two end mirrors is unity, the electric field of the laser light

received by the photodetector, Fpp, is written as

1 ) . .
Epp = 5 Foe™"! (e720x — 720, (3.2)
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where 2¢x and 2¢y are phase shifts due to the round trip in arm along z- and
y-axis, respectively.*!
Laser power, P(x), at © can be expressed by the following relation:

P(x) = a|B(x)|*, a=e¢Ac, (3.3)

where E(x) is the electric field at that place, € is vacuum permittivity, and A is
an effective cross section of the laser light along its propagation direction. Thus,
laser power received by the photodetector, Ppp, is

1
Ppp = a|Epp|* = §Pinc(1 —cos2¢_), (3.4)

where ¢_ = ¢x — ¢y, and Py (= |Einc|> = a|Ep|?) is a laser power injected
to the beam splitter. Equation (3.4) indicates that the Michelson interferometer
transforms the phase difference between the two arms to the laser power on the
photodetector.

3.2.2 Michelson interferometer response to gravitational waves

To understand the response of the Michelson interferometer shown in figure 3.2,
let’s consider a plus-mode gravitational wave comes from z-axis (z > 0), i.e.
gravitational wave expressed in equation (2.29) with hy(t) = h(t) and hy(t) =
0. In this condition, the response of photon in the Michelson interferometer is
considered [128]. The square of the infinitesimal world line ds? meets

ds* = —c*dt* + [1 + h(t)]dz* = 0. (3.5)

If |h(t)| < 1 and % > 0, it is denoted as
1
[1 - éh(t)] cdt = dx. (3.6)
When we integrate both sides of equation (3.6) with time from ¢t — Atx to ¢,

2 1 [t
mX:£Z+—/‘ h(t")dt' (3.7)
c 2 t—Atx

where Atx is the time for round trip of photon between the beamsplitter and
the end test mass, and £x is a length of the z-arm. By recursively substituting
equation (3.7) for the Atx in the right-hand side of equation (3.7), we obtain
the following equation:

2 1 [t
Atx = Xx + —/ h(t")dt'. (3.8)
¢ 2 t—2¢x/c

*1 There is a phase shift occurring during traveling from the beamsplitter to the photode-
tector and the factor should be in the right-hand side of equation (3.2). However, we can
set the factor to be unity without losing generality.
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Figure 3.2: Schematic of a Michelson interferometer. Base lines along x-axis and
y-axis are called x-arm and y-arm, respectively. TMX and TMY are end test
masses (mirrors). In the panel on top right, transformation of the electric field,
FE, when it is reflected and transmitted by the beamsplitter, is shown. Note that
the phase of the electric field is flipped when it is injected from the substrate
side of the beamsplitter.

Therefore, the phase shift of that photon receives during round trip in the z-arm,
20 x (t), is expressed as

2¢X(t) = wlAtX (39)
2
_ Zxwr @ h(t))dt'. (3.10)
c 2 t—2¢x /c

In the same manner, we obtained the formula about the phase shift of which
photon receives during round trip in the y-arm, 2¢y (t), as

2oy (t) = 29 @ [T (3.11)

c 2 t—2&y /e

where £y is a length of the y-arm. When both arms are almost the same but
have a bit different length, i.e. £x ~ &y ~land [ = £x — &y # 0, the difference
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of the phase shift that occurs in both arms, 2¢_(t), is written as,

. 2l_w1

2¢_(t) + wy /t;l/ h(t")dt' (3.12)

2Lw1

+ 0paw (). (3.13)

The first and second terms of equation (3.13) indicate the static phase shift just
due to the length difference between the beamsplitter and two end mirrors and
the dynamical phase variation due to the gravitational waves, respectively.

From here, we consider the frequency response of the Michelson interferometer.
When we perform Fourier transform of h(t),

h(t) :/ h(w)e™dw, (3.14)
from equation (3.13), dpaw (t) is written as

t

5¢Gw(t) = wl/ h(t/)dt/

t—2l/c
= / Hyi(w)h(w)e™'dw, (3.15)
where we define 5 l
Wy . w _jwl
H = — PR 7 . 3].6
Mr(w) —sin ( . ) e (3.16)
On the other hand, Fourier transform of dogw (t) is
dpaw (t) :/ Sopaw(w)e™tdw. (3.17)

By comparing equations (3.15) and (3.17), we obtain the following relationship:

dpaw(w) = Hyr(w)h(w). (3.18)

This equation indicates that Hy(w) is the (angular) frequency response of the
Michelson interferometer to the gravitational wave at angular frequency of w.
The gain of the frequency response of the Michelson interferometer, |Hy(w)],

is maximized at
TC

w=—-.

21
This means that the sensitivity of the Michelson interferometer cannot be im-
proved by making long arm length at high frequency region. This is because
the phase variation caused by gravitational waves is cancelled while the photon
travels in the arm of the Michelson interferometer. For example, the optimal
arm length for the gravitational wave at 100 Hz (0.1 Hz) is 750 km (750 Mm).
Such long interferometers cannot be constructed on the Earth. In space, very
long arm interferometers are planned, such as LISA, which has 2.5 x 10°-m-long
arms to detect gravitational wave below 0.01 Hz [49].

(3.19)
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3.3 Fabry—Pérot cavity

As explained in the previous section, the response of the simple Michelson in-
terferometer on the Earth to gravitational waves at 0.1 Hz or 100 Hz is not
optimized for its length limit. To solve this problem, the Fabry—Pérot cavity as
shown in figure 3.3 is used to obtain an effective long arm interferometer, i.e.
large response to the gravitational waves [21]. The current ground-based obser-
vatories have a few kilometer-long cavities that make effectively about 1000 km
arms.*? Also, FabryPérot type space gravitational wave antennas are planned,
such as DECIGO and B-DECIGO. The detail of these detector is explained later.
In this section, the feature of the Fabry—Pérot cavity is reviewed.

Laser oC Fie E. B,
R —

Figure 3.3: Schematic of the Fabry—Pérot cavity. OC is an optical circulator,
ITM and ETM are input and end test masses (mirrors), respectively. When
the light coming from the substrate side is reflected by the mirror, the phase of
electric field is sign flipped.

3.3.1 Electric field response of the Fabry—Pérot cavity

Schematic of the Fabry—Pérot cavity is shown in figure 3.3. From here, we discuss
electric fields in the cavity, F, and E}, incident electric field, Ej,., reflected and
transmitted electric fields, F, and E;. Without losing generality, the incident
electric field is written as

FEine = Ege™, (3.20)

The amplitude reflectivity and transmissivity of ITM (ETM) are defined as ;
and t; (1. and t.), respectively. We assume that there is no optical loss in the
cavity, unless otherwise stated. The intracavity electric field is expressed as

Ea = Eincti Z(rire)ne_%dm, (321)
n=0
By = toEye %9, (3.22)

*2 GEO600 utilizes a folded Michelson configuration.
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where 2¢ is the phase shift that photon receives during one round trip. By taking
summation, these equations are denoted as

. t:
E, = Ege"™t ——— 1 3.23
a Oe 1 o riree_Qld)? ( )
, tiree 29
By = Epe™'t —— | 3.24
b 0 1 — riree—2i¢ (3:24)
Consequently, the reflected and transmitted electric fields are written as

e (7“12 + ti2)7“e6_2i¢
E, = Ege"! . , 3.25
0¢ 1 —riree—2i¢ ( )

: titee ™1

By = Eyeirt —1ieC (3.26)

1 — riree=2i¢"

Using equations (3.23), (3.25), and (3.26), the intracavity power, P,, reflected
power, P,, and transmitted power, P, are written as,

t;2
P, =a|E,|* = - P, 3.27
o| Bl 1+ (ri7e)? — 2170 COS 200 ( )
P = alBf? = 2 4+ [(ri% + t2)7re)? — 2(ri2 + %) rire cos 2¢P (3.28)
t ' 1+ (ri76)? — 27ire cOS 2¢ me ’
tite)?
P, = o|E|* = (tite) Pinc. (3.29)

1+ (rire)? — 21i7re cOS 200

The example of the transmitted power, P, is illustrated in figure 3.4.

—Trans.

Power [a.u.]
o
o

0
@[x mrad]

Figure 3.4: Example of the transmitted power of the Fabry—Pérot cavity. In this
figure, the case of the cavity with finesse, F, of 15 is shown.

The intracavity power is maximized at 2¢ = 27n (n € N, N is a set of natural
numbers). This condition is called resonance. The resonance condition is denoted

as
2Lw1

C

= 2mn, (3.30)
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where L is the cavity length. The resonance frequency, i.e. resonance condition
in terms of frequency, is written as
c (3.31)
Vres = N—— = NUFSR, :
es 27, FSR

where vpgR is called the free spectral range.

When the cavity is composed of high reflectivity (= 0.9) mirrors, the cav-
ity has the peak of the intracavity power around resonance frequency. Using
equation (3.27), the full width at half maximum of the peak, 2¢1/,, meets

—1+4rire — (ri7re)?

2 )y = 3.32
cos 2¢1 oo (3.32)
If % < 1, 2¢1, is denoted as
1 —rire

1y = . 3.33

The half width at half maximum is also written in terms of frequency as

1- il'e

Vi = e © (3.34)

2./rire 2wL°
V1, is called the cavity pole frequency. Here, the ratio of the free spectral range
(vrsr) to the full width at half maximum of the peak (2v14,) is finesse, which
represents the sharpness of the resonance peak. Specifically, the finesse, F, is
written as
v USVARYE
F=_—08_ Le (3.35)

211, 1l =i

With equation (3.25), the complex reflectivity of the Fabry—Pérot cavity, rgp,
is denoted as ,
-1 + (7“12 + t12)T68_2Z¢
1 — riree—2i¢ '

TFpP = (336)

Figure 3.5 shows that absolute value and phase of rgp.

3.3.2 Response of the Fabry—Pérot cavity to the mirror motion

We will consider the response of the Fabry-Pérot cavity to the mirror mo-
tion [128]. The time for laser to make n-times round trips, which is At,, is
denoted as,
At,, ~ %n + 2 i SL(t —(2m —1)L/c), (3.37)
c c —~
where §L(t) (|[0L(t)| < L) is the cavity length variation, i.e. mirror motion. By
performing Fourier transformation of §L(t),

IL(t) = /00 SL(w)e™tdw, (3.38)
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Figure 3.5: Complex reflectivity of the Fabry—Pérot cavity. Here, we adopt

r; = 0.998, t; = 0.063, and r, = 0.999995.

At,, is written as

Atp, ~ —n+ — dL(w) e™“tdw, (3.39)

c € J_ oo eiv(w) — g—iv(w)

2L 2 /OO 1— e 2n(Wn

where v(w) = 2.
In the same way as equation (3.21), when the cavity length is fluctuating, the

intracavity electric field of the cavity, E;g,L), is written as

E‘,SLL) = Eincti Z(Tire)"*le*%m"wl. (3.40)

n=1

By substituting equation (3.39) for equation (3.40) and using |[0L| < L, we
obtain the intracavity electric field as,

Ef'gL) ti . t; o0 2w e—i’Y(w) it
Eme  L—riree 20 1 ree 29 /oo e 1 riree 210t (W) OL(w)e™ dw
(3.41)
— t; —3 t; /OO H(L) (CZS w)(SL(w)eiwtdw (3 42)
T l—rireem29 1 —pyreem2i0 [ TFPAT ’ '
wehre i
L le e—z*y w
Hip(6) = = (3.43)

c 1 —riree2i@+y(w)’

This Hé?(qﬁ,w) is the response of the Fabry—Pérot cavity to the mirror mo-
tion. When w/(27) < vpsr and 2¢ = 2mn, the response can be approximately
presented as

. 2w1 2F 1

. 44
c m 1+4iw/(2mv) (344)

L
HIE“P) (W)
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In the same manner as the intracavity case, the formula of the reflected electric
field, Er(L), is obtained as

B = —pi By + tire B e =29, (3.45)

As a result, the response of the reflected electric field is denoted as

Eine 1 — riree—21¢ 1 — riree—2i®

Er(L) —r e 2i¢ t.2p e~ 2i® 00 _
it TeC 1 TeC / Hé?(qb,wﬁL(w)eWtdw. (3.46)

Equations (3.42) and (3.46) indicate that, in addition to the electric field
at angular frequency of wj, the electric field at angular frequency of w; + w is
generated by the mirror motion at angular frequency of w. The electric field at
angular frequency of w; and w; + w are called a carrier and a side-band light,
respectively.

In the end, we consider the amplification of the phase variation with the Fabry—
Pérot cavity. Here, we assume r; < r. to compare the response of the cavity
with that of just the end mirror (r; = 0). Note that the Fabry—Pérot cavity
is usually used on a condition that the end mirror is more reflective than the
input mirror (r; < e, over-coupled cavity) or the end mirror is as reflective as
the input mirror (r; = re, critically-coupled cavity). The response of the cavity
is different from when it is in resonance condition or anti-resonance condition.
Anti-resonance condition is given by

2p = 27 (n + %) . (3.47)

At anti resonance, the intracavity power is the weakest. When we consider the
frequency range meeting |y(w)| < 1 or |dL(w)| < 1, the reflected electric fields
at resonance and anti resonance are written as

Einc — 00 ™

(L,reso) o)
Ex , 2 2 ,
—=1- 22/ (—f) ﬂ(SL(cu)e“"tdw (resonance), (3.48)
c
Er(L,anti) oo T 1 2 '
= —1+ Zi/ <——> “—6L(w)e™'dw (anti resonance). (3.49)
inc — 0o C

The electric filed just reflected by the end mirror without the input mirror is
expressed as

EINO) > 2w .
rE— =1- 22'/ “—6L(w)e™'dw (no cavity). (3.50)
inc C

— 0o

Here, we compare the phase quadrature, i.e. imaginary part, of each case. They
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are denoted as

_ E(L,reso) 7 0o 9 2w1 |
R - 27 ) e dLwed 3.51
" Einc /_OO <7T ) c (w)e*“*dw (resonance), ( )
_ElgL,anti)' 00 1\ 9 |
tm " Fue | 2/—00 (g]_:) %51’(“)61”0100 (anti resonance),  (3.52)
(L,NC) T -
Ex 2 | ‘
tm T EBae | _2/ ﬂ‘SL(W)eu‘mC&«d (no cavity). (3.53)
inc oo C

These equations show the phase variation of the electric field reflected by the
cavity is 27 /= times larger at resonance than that of just the end mirror, while
27 /x times smaller at anti resonance. In other words, the photons in the Fabry—
Pérot cavity make 27 /x-times round trips on average in the resonance condition.
Therefore, to obtain the effective long interferometer, we need to keep the Fabry—
Pérot cavity at the resonance. For this purpose, Pound—Drever—Hall technique
is often used [129]. Notice that the right hand side of equations (3.51) and (3.52)
for the critically-coupled cavity is obtained by modifying %]—" — %.7—" .

3.3.3 Response of the Fabry—Pérot cavity to the gravitational waves

We consider the response of the Fabry-Pérot cavity to the gravitational
wave [128]. Here, gravitational wave, h(t), making space fluctuation along the
cavity axis. The time for laser to make n-times round trips is At%h), which is
denoted as,

2L ¢
At ~ 2 4 / h(t')dt'. (3.54)
c t—2Ln/c

By performing Fourier transformation of h(t) (equation (3.14)),

At ~ 2 4 =

2L 1 [ 1— ()
/ L @) dw. (3.55)
c 2 /s

—2Ln/c w

In the same manner as consideration of the response to the mirror motion, the
intracavity and reflected electric fields are written as

(h) N
Ea ti . ti A i

B 1—rir.e-2io - rroe—2i¢ / Hb(ﬂp)(gb,w)h(w)e tdw, (3.56)
EM iy pre? | 2 e 200

> h w
Eime 1 —rree2i% 1 riroe—2i% /_Oo HP(“ID)((bvw)h(w)e fdw,  (3.57)

where .
wp  sinfy(w)]e= )
w1 — riree=2i6+(w))”

H{P (6,w) = (3.58)

This H gf)) (¢, w) corresponds to the frequency response of the Fabry—Pérot cavity
to the gravitational wave.
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When Hg;) (¢,w) is compared with Hbgf))(gb, w), we obtain the relation, in the
frequency range of w < 1, as

3(6.0) = I b (3.59)
L
~ 2 Hip (6,w). (3.60)

Thus, the cavity response to the gravitational wave with amplitude of h is equiv-
alent to the response to the length fluctuation of Lh/2.

3.3.4 Pound-Drever—Hall technique

Here, Pound—Drever—Hall technique is reviewed [129]. Pound-Drever—Hall tech-
nique is used to obtain the phase fluctuation signal of the cavity by modulating
the phase of the incident laser as follows:

EPDH _ [ pilwit+Bsinwet) (3.61)

~ Eoe'' + gEoei(“”L“S)t - gEOei(wl_‘”S)t, (3.62)

where wy is the modulation frequency that is typically a few tens MHz and S is
the modulation index that is typically ~ 0.1. In the second equality of the above
equation, we assumed |#| < 1. Normally, wy is chosen for the second and third
terms of equation (3.62) to be off the resonance, i.e. to be just reflected by the
input mirror. Consequently, from equation (3.25), the reflected electric field is
written as

. —2i¢
EFDH T + Te€ E eiwlt . ﬁEoei(wl+wS)t + 6Eoei(wl_ws)t (363)

T 1= pyree2i 0 2 2

i e — 7i . 1- i 2 .
~ Fye't { LRl S ( - i?Aqﬁ + Bsmwst)} . (3.64)

1—rire 1—rre w

Here, we assume 2¢ = 27mn + 2A¢ and |A¢| < 1. The power of the reflected
electric field at angular frequency of wy is

2 1— Ti 2F .
1_—7% ?(2A¢)B S1n wst (365)
1—r; 2 .
= QRncl—Ti@Aqﬁ)ﬁ sin wgt. (3.66)
™

— lile

PPPH() = 20 | Ege™|

By demodulating this signal at the angular frequency of ws and applying a low
pass filter to the demodulated signal, we obtain the linear signal to A¢ as

17 2
pPDH o<2Pincl—T—]:(2Agb). (3.67)

r,demod . T
il'e

This can be used to measure the cavity phase signal and to keep resonance of
the cavity.
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3.3.5 Effect of the frequency and intensity fluctuation of the incident
beam to the Fabry—Pérot cavity

In the measurement with the Fabry—Pérot cavity, the frequency and intensity
fluctuation of the injected beams are noise sources.

First, how the frequency fluctuation of the incident laser affects the obtained
demodulated signal of the Pound-Drever—Hall technique is considered. The
phase variation, A¢, is decomposed to the cavity length and frequency fluc-
tuation into two terms,

o0Lw (AL A
NG = 22 ( n “”) . (3.68)
c L W

This equation indicates that, with the Pound-Drever—Hall technique, the differ-
ence of the normalized cavity length from the normalized laser frequency cannot
be distinguished. In other words, when we measure the cavity length, the fre-
quency fluctuation behaves as noise,

pAw

ALUred) — (3.69)

w1
and vice versa for frequency measurement.
Second, we will consider the effect of the laser power fluctuation, AP. Here,
we assume that there is some detuning of the cavity, i.e. A¢ — ¢g+ A¢. In this
case, the demodulated signal of the Pound—Drever—Hall technique is denoted as

Py emod % (Pinc + AP)(¢0 + A¢) = Pincto + PincAd + (AP)do.  (3.70)

In the second equality, the second order term, |[APA¢|, is ignored. In the right
hand side, the first term corresponds to the DC term that does not affect fluc-
tuation measurement, the second term is the signal term, and the third term is
the noise term due to the power fluctuation. This means that the noise due to
the power fluctuation increases depending on the detuning ¢y.

3.3.6 Alignment sensing with the Fabry—Pérot cavity

With the Fabry—Pérot cavity, not only the length (or frequency) fluctuation but
also alignment signal, e.g. the difference of the cavity axis from the injected axis
of laser, or miscentering from the center of mass of the mirrors, can be mea-
sured. The spatial translation or tilt of laser axis is expressed with higher-order
Hermite—-Gauss mode expansion as explained in Appendix F. If the translation
(tilt) of the laser axis is small, it is written with 10/01-modes of Hermite-Gauss
mode [130]. The cavity axis can be expressed in the same way as the laser axis
since the laser light in the cavity passes the centers of the curvature of the mir-
rors. Therefore, by measuring the 10/01-modes, we can perform the alignment
sensing and control of the cavity. For example, a number of methods of align-
ment sensing have been proposed, such as dither technique [131], transmission
beam monitoring [132], and wave front sensing method [133,134].
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Table 3.1: Summary of detector configuration and parameters. FPC, Fabry—
Pérot cavity; MI, Michelson interferometer.

Detector DECIGO LISA Advanced LIGO
Interferometer FPC M1 FPC + MI
(Transponder)
Location Space Space Ground
Flying Formation Constellation
. ; N/A
scheme flying flying
Baseline 1000 km 2.5 x 10 km 4 km
Frequency 10~ 1-10! Hz 10~%-10~! Hz 101-10% Hz
e Seismic
e Force (< 10" Hz)
Major noise | o Quatnum (< 1073 Hz) e Thermal
sources (101-10! Hz) | e Quantum (101-10% Hz)
(> 1073 Hz) e Quantum
(> 10% Hz)
Displacement
noise ~ 10718 m/v/Hz ~ 10~ m/v/Hz ~ 10729 m/v/Hz
requirement
Force noise ~ 1016 N/v/Hz ~ 10~ N/v/Hz ~ 1013 N/vHz
requirement

3.4 Sensitivity of various detectors

The interferometric gravitational wave detector can be understood by the com-
bination of the Michelson interferometer and the Fabry—Pérot cavity. Here, the
configurations of various detectors and their principal noises are summarized,
especially for DECIGO and LISA as examples of space detectors and aLLIGO
as an example of the ground-based detector. Table 3.1 shows the summary
of the detectors. alLIGO (and most of the other ground-based detectors) has
a combined interferometer of Michelson interferometer and Fabry—Péort cav-
ity [21,135]. Similarly, DECIGO uses the Fabry—Pérot cavity to enhance the
response to the gravitational waves. The configuration of LISA is a kind of
Michelson interferometer. The arm length of LISA is so long that diffraction
loss is large and just reflecting the laser by the mirror producing too much signal
loss. Thus, LISA measures the phase of the transmitted laser once and transmits
the laser with the same phase after amplifying the signal. This configuration is
called optical transponder configuration.

The designed sensitivity of DECIGO, LISA, and aLLIGO is shown in figure 3.6
(the detailed explanation of noise source is presented in Appendix C). The lower
frequency limit of aLIGO (and other ground-based detectors) is ~ 10 Hz due to
the seismic motion and Newtonian force noise. As explained in Section 2.3.2, in
order to observe heavier mass black holes, we have to go to lower frequency band
that can be achieved with space detectors.
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Figure 3.6: Sensitivity cases of interferometric gravitational wave detectors (solid
curves): DECIGO [54], LISA [136], and aLIGO [137]. Dashed lines indicate
inspiral signals from neutron star binary (1.4-1.4 M) and black hole binaries
(30-30 Mg, 103-10% M, and 105-10° M) at redshift = = 1. The upper frequency
of the inspiral signal is set at the innermost stable circular orbit frequency, fisco.

3.5 Comparison of space gravitational wave antennas

For now, most of the interferometric space gravitational wave antenna are clas-
sified into two types: a Fabry-Pérot type and an optical transponder type*3.
Fabry—Pérot type is represented by DECIGO and B-DECIGO, whereas optical
transponder type is represented by LISA, BBO, Taiji, and TianQin. Here, we
compare the two type configurations by taking DECIGO and LISA as examples.

DECIGO and LISA have satellites that include two test masses. The relative
position and angle of the satellite to the test mass are controlled with thrusters
of the satellite. This control is called a drag-free control [138,139]. The drag-free
control is an essential technique for space detectors for reducing noise introduced
by the satellite motion [140] that is caused by the thruster noise [141-143] or solar
radiation pressure fluctuation [142,144].

One of the major differences between DECIGO and LISA is the base-line

*3 TianGO [53] adopts a Michelson type configuration.

31



length. DECIGO has 1000-km-long arms while LISA has 2.5 x 10%-km-long arms.
The arm length corresponds to the observational frequency band. Although
longer arm makes the response to the gravitational wave better, the diffraction
loss becomes larger and signal becomes smaller. As a result, by changing the arm
length, we can change the frequency band depending on the scientific objectives
as shown in figure 3.6. The arm length also varies the noise requirement as shown
in table 3.1.

With the short arm length, i.e. the small diffraction loss, the Fabry—Pérot
cavity can be applied to enhance the highest sensitivity by enlarging the response
to the gravitational waves. DECIGO utilizes Fabry—Pérot type interferometer
configuration that is another difference from LISA. LISA uses optical transponder
configuration because of its large diffraction loss. This difference leads to the
difference of the highest strain sensitivity as shown in figure 3.6.

One challenge with Fabry—Pérot type space gravitational wave antenna is ne-
cessity of the precise control. Specifically, the combined control of the laser
interferometer and the satellite including drag-free control and formation fly-
ing of the satellite is necessary. This is because the Fabry—Pérot cavity has a
small linear range that is shorter than the wavelength of the laser as explained
in Section 3.3.2. LISA does not require the formation flying and LISA style is
constellation flying, i.e. a kind of the flying with rough formation. Therefore,
for the Fabry—Pérot type space gravitational wave antenna, we need to develop
precise control scheme including sensing scheme and feedback topology.
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Chapter 4

Space gravitational wave antenna:

DECIGO and B-DECIGO

DECIGO is a proposed space gravitational wave antenna using the Fabry-Pérot
arm cavities as shown in figure 4.1 [54]. B-DECIGO, which is a proposed pre-
cursor mission to DECIGO, is a relatively small detector while it has almost the
same system as DECIGO. B-DECIGO aims to observe the gravitational wave
in the same frequency band, i.e. 0.1-10 Hz, as DECIGO. Compared with the
other pursued space antennas, LISA, TianQin, Taiji, and TianGO, DECIGO
and B-DECIGO have better sensitivity in relatively high frequency range thanks
to the Fabry—Pérot arm cavity. BBO has somewhat similar design sensitivity to
DECIGO by increasing laser power and telescope size without the Fabry—Pérot
cavity. The arm cavity requires precise formation flight. Therefore, we need to
develop a new control scheme as explained in Chapter 5.

In this chapter, we review the science targets of DECIGO and B-DECIGO
first. Then, their designs are described.

4.1 Scientific objectives

The target sensitivity of DECIGO and B-DECIGO is shown in figure 4.2 (the
detailed parameters to obtain the sensitivity is explained later). Once this sen-
sitivity is achieved, fruitful scientific insights are obtained.

4.1.1 \Verifying and charactering inflation and thermal history after the
inflation

When DECIGO has a sensitivity of 10723 /v/Hz at 0.1 Hz, the stochastic grav-
itational wave background equivalent to Qgw ~ 1 x 10716 can be observed by
taking the correlation of the two clusters (see Section 4.3.4) with 3-year obser-
vation [63]. Qgw ~ 1 x 10716 is comparable to the current limit of the slow
roll model inflation [105]. A number of inflation models that predict this power
level of the stochastic gravitational wave background can be verified with the
observation with DECIGO [40,45,46]. Moreover, in certain parameters, the cut-
off frequency due to reheating of the Universe after inflation could be around
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Figure 4.1: Pre-conceptual concept of DECIGO and B-DECIGO.

0.1 Hz. If DECIGO observes the frequency structure of the gravitational wave
background spectrum, the thermal history of the Universe is characterized [145].

For the observation of the stochastic gravitational wave background, the com-
pact binary coalescences that cannot be resolved as a single event make the
stochastic gravitational wave foreground noise [146, 147]. Especially, galactic
white dwarfs [66] and extra-galactic white dwarfs [148] are considered to be
the sources of the foreground noise. Since their effect is expected to be small
above 0.1 Hz [148], the lower frequency band of DECIGO is 0.1 Hz although the
stochastic gravitational wave signal is larger in the lower frequency. One of the
objectives of B-DECIGO is characterization of the number of the white dwarf
to understand the feature of the foreground noise for the future DECIGO obser-
vation for the gravitational wave background. By understanding the foreground
noise, we can develop the technique to reduce the effect of the foreground noise.

4.1.2 Early alert to other electromagnetic and gravitational wave ob-
servatories

One of the most important abilities of B-DECIGO (and DECIGO) is to alert
other electromagnetic and gravitational wave observatories about the astrophys-
ical event well in advance. For example, B-DECIGO can typically detect the
neutron star binary at z = 0.1 in signal-to-noise ratio of ~ 30 about one week
before the merger [108]. Approximately, this leads to the sky localization of
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gets. Solid lines are B-DECIGO and DECIGO sensitivities. The blue dot-dashed
line is DECIGO sensitivity for stochastic gravitational wave with 3-year correla-
tion of two clusters. The dashed lines indicate inspiral signals from the neutron
star binary (1.4-1.4 Mg) and black hole binaries (30-30 My, 103-10®> M, and
10%-10* M) at redshift z = 1. The upper end of the frequency of the inspiral
signal is set at the innermost stable circular orbit frequency, fisco. The black
dot-dashed line is spectrum of the stochastic gravitational wave background with
Qaw = 1.5 x 1016,

~ 1 deg? and coalescence time prediction of ~ 10 s. Using these estimations,
B-DECIGO raises an alert. If the moment of the astrophysical transient is ob-
served, totally new information, such as the mechanism of the gamma-ray burst,
can be provided [149].

4.1.3 Hubble constant measurement

When the sensitivity shown in figure 4.2 is achieved, DECIGO and B-DECIGO
can observe inspiral of neutron star binaries in signal-to-noise ratio of ~ 300 and
~ 30 at redshift, z = 0.1, respectively [108]. As a result, the luminosity distance
of the source is estimated precisely. In addition, the source can be localized so
precisely that the host galaxies can be identified for many gravitational wave
events. Such a precise parameter estimation with the gravitational-wave ob-
servation provides enough information for the electro-magnetic observatories to
measure the redshift. Since the luminosity distance can be estimated from gen-
eral relativity and the redshift can be measured from the electro-magnetic wave
spectrum and its Doppler shift, the Hubble constant is expected to be mea-
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sured with small systematic error that will be determined by the instrumental
systematic error [150].

DECIGO has an ability to measure the Hubble constant in another way only
with the gravitational wave observation [151]. DECIGO can observe the neu-
tron star inspiral for several years if the inspiral is observed from 0.1 Hz to 10
Hz. During the observation, the phase of the inspiral signal is gradually shifted
from the waveform predicted without Universe expansion. The waveform of the
neutron star binary inspiral can be given by general relativity and the redshift
of the neutron star can be determined by investigating the discrepancy from
the predicted waveform. Thus, the Hubble constant can be measured from the
luminosity distance and the redshift measured with the gravitational wave obser-
vation. The precision of the waveform prediction is determined by the statistical
error of the parameter estimation of the observed neutron star binary. The pre-
cision is expected to be around the inverse of the signal-to-noise ratio of the
neutron star binary observation. The Hubble constant is expected to be mea-
sured in this precision. This measurement provides totally new information of
the Hubble constant even without conventional electro-magnetic observation.

4.1.4 Dark matter search

Primordial black holes are candidates of the cold dark matters. The primordial
black holes with masses of Mppy are generated in the very early Universe via
gravitational collapse if the quantum density fluctuation is larger than ~ 0 g{PPlH) 3,

where ¢H ! is the horizon scale [152]. Since the quantum fluctuation is consid-
ered to have a white spectrum, the primordial black hole masses can be widely
distributed between 10738 My and 10> M. When DECIGO and B-DECIGO
have the sensitivity shown in figure 4.2, the primordial black holes with masses
in the range between 10713 My and 107 M, can be observed [153]. Although
this mass region has been limited by the gravitational micro lensing effect [154],
the gravitational wave observation provides the independent information about
the primordial black hole dark matter.

DECIGO and B-DECIGO are sensitive instruments for another dark matter
candidate, axion dark matter. Axion is a pseudo-scalar field which is originally
proposed a half-century ago and high energy physics also predicts manifold of
axion-like particles. From cosmological point of view, axion or axion-like particle
is considered to be a candidate of dark matter. Axion dark matter varies the
velocities of the phase of the circular-polarized light. This phase velocity varia-
tion can be measured precisely with the Fabry—Pérot cavity [155]. DECIGO and
B-DECIGO can improve the current upper limit of the axion-photon coupling
constant provided by the haloscope observation by three orders or so. This new
scheme was proposed by the researchers including the author of this thesis as a
leading person and is explained in detail in Appendix A.
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4.1.5 Distinguish formation scenario of supermassive black holes

B-DEICGO (and DECIGO, of course) observes numerous black hole binary co-
alescences even at very high redshift that corresponds to the age of the Universe
of the first star formation. For example, when the strain sensitivity of 1022
/VHz is achieved with B-DECIGO, it can detect 30-30 Mg black hole binary
at z = 10, which corresponds to the age of the Universe of the first star for-
mation [156]. Also the intermediate-mass black hole binaries having mass of
~ 1000 Mg at z = 10 can be observed with signal-to-noise ratio of 100. These
various mass black hole observations allow us to distinguish formation scenario
of the supermassive black holes, which are observed in galactic centers [36, 37].

4.1.6 Testing the modified gravitational theory

Using DECIGO and B-DECIGO, the modified gravitational theories can be
tested precisely. Although only tensor modes of the gravitational waves are
allowed in general relativity, the other modes of vector and scalar can exist in
the alternative modified gravity theories [83]. For example, Brans—Dicke theory,
which is the simplest tensor-scalar theory, predicts the existence of scalar mode in
addition to tensor mode [80]. DECIGO and B-DECIGO have an ability to probe
Brans—Dicke theory with the observation of intermediate mass ratio inspiral, e.g.
neutron star and black hole binaries with 1.4-10 Mg, [44]. The inspiral evolution
in Brans—Dicke theory differs from that predicted by general relativity because of
the scalar dipole radiation. Since the observable number of inspiral cycle of the
neutron star and black hole binaries is large in DECIGO and B-DECIGO, the
Brans—Dicke parameter, wpp, which is the characteristic parameter of Brans—
Dicke theory, can be tested precisely. The current limit, wgp > 4 x 104, provided
by the doppler tracking with Cassini [157] can be improved by four orders with
DECIGO. In addition to the Brans—Dicke theory, other modified gravitational
theory can be tested with DECIGO and B-DECIGO [158-160)].

4.1.7 Probing for Type la supernova progenitor

Type Ia supernovae are considered to be related with the carbon-oxygen white
dwarfs although there is no direct observational evidence. Among the white
dwarf related events, white dwarf binary merging is one promising candidate of
the Type Ia supernova progenitor. White dwarf binary merges typically between
0.05 and 0.1 Hz, which is almost in the DECIGO and B-DECIGO band, i.e.
[161]. Given the event rate of the Type Ia supernovae, DECIGO (B-DECIGO)
can observe white dwarf binaries of ~ 20000 (~ 20) per one year. Since the
three-dimensional localization volume of the white dwarf binary is estimated to
be about 500 Mpc® with DECIGO, a host galaxy can be identified for many
events. Even with B-DECIGO, the nearby but rare event could be associated
with its host galaxy. If the coincidence of the white dwarf binary and Type Ia
supernova is observed with DECIGO or B-DECIGO, the progenitor of the Type
[a supernova may be able to be probed.
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4.2 Interferometer design

According to the scientific objectives explained above, the strain sensitivity of
DECIGO is required to be better than 10723 /v/Hz between 0.1 and 10 Hz.
B-DECIGO aims to achieve the strain sensitivity of 10722 /v/Hz in the same
frequency range. Here, we explain the interferometer design of DECIGO and
B-DECIGO to meet their sensitivity requirement, at least, in terms of the prin-
cipal noise discussed in Appendix C. The summary of this section is shown in
table 4.1. Notice that the design in this chapter is mainly considered just with
the longitudinal things and simple control scheme. For more detailed design, we
need to consider the control scheme of all degrees of freedom and control scheme
as shown in Chapter 5.

4.2.1 Interferometer configuration

DECIGO and B-DECIGO are Fabry—Pérot type gravitational wave antennas.
The pre-conceptual design is shown in figure 4.1. DECIGO and B-DECIGO are
constructed as a triangular shaped interferometer. DECIGO (B-DECIGO) has
a 1000-km-long (100-km-long) arm cavity of which finesse is 10 (100). DECIGO
and B-DECIGO have shorter arms than LISA. This is because of constructing
the cavity by reducing the optical loss due to the diffraction, i.e. divergence of
the laser light [127]. As a result, DECIGO and B-DECIGO have a better shot
noise level than LISA.

Compared with the L-shaped interferometer such as the current ground-based
detectors, the triangular shaped interferometer has the following advantages.
First, the calibration and false alarm ratio are improved by constructing null-
streams, which are time-series data where the gravitational wave signals are can-
celled, from the linear combination of each interferometer output [61]. Since the
instruments are limited in space detectors, in-situ calibration method is impor-
tant. Second advantage is the improvement of the sensitivity to the polarization
of gravitational waves [60,61]. As discussed above, detection of non-tensor grav-
itational waves leads to the test of the modified gravity theories. Third, the
triangular shaped interferometer provides the redundancy which is important
for space gravitational wave detectors.

In DECIGO and B-DECIGO, the laser lights from two satellites are injected
one arm cavity from both sides and its length can be measured with the two
lasers. This type of the interferometer is called dual-pass Fabry—Pérot inter-
ferometer. The dual-pass Fabry—Pérot interferometer leads to the redundancy
with minimum number of the main mirrors. However, since the dual-pass Fabry—
Pérot interferometer is new configuration for DECIGO and B-DECIGO, we need
to develop it.

In order to achieve the DECIGO and B-DECIGO interferometers, two-type
concepts as shown in figure 4.3 have been proposed up to now. Notice that
the Fabry—Pérot Michelson interferometer similar to the ground-based detector
is not effective in DECIGO and B-DEICGO since it is difficult to implement
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Table 4.1: Specification and requirement of DECIGO and B-DECIGO in dual-
pass differential Fabry—Pérot interferometer. Spectrum items are defined at 0.1

Hz.

Ttems

Specification/Requirement

DECIGO | B-DECIGO

Limiting factor

Arm cavity

Arm length L [km)] 103 102 Sensitivity
Finesse F 10 100 Diffraction loss
Wavelength A [nm] 515 515
Mirror mass m [kg] 100 30 Sensitivity
Mirror diameter [cm] 166 70 Diffraction loss
Mirror thickness [cm)] 2 4
Radius of curvature [km)] 607 60.7 Angular. optical
anti-spring
Pre stabilized laser
Output power Py [W] > 10 > 0.02 Sensitivity
Relative intensity noise
<2x107? <1078 Sensitivit
5P/Py |/ V| '
Frequency noise e
51 [Hz/ \/E] <1 <1 Sensitivity
Interferometer sensing
and actuation
Actuator noise 5w 10-17 0w 10-17 | Sensitivit
5Fact [N/\/E] <2 X <2X ensitivity
Actuator range -9 > 0.06 Depend on
Féé’zax) [uN] (> 6) orbit design
Satellite
Mass mgar [kg] 1000 1000
Cross section [m?]
. 2 2
(typical)
Coupling from sat. disp. . . e
to mirror acc. K [/s2] <5x10 <5x10 Sensitivity
Drag-free control
Local sensor noise 19 19 L.
Sans [m/v/E7] <10 <10 Sensitivity
Control gain e
of satellite at 0.1 Hz > 250 > 250 Sensitivity
Control gain _6 _6 e
of mass at 0.1 Hz < 10 < 10 Sensitivity
Thruster
Thruster noise/_ <1x1077 <1x1077 Sensitivit
X X
5Fthruster [N/ HZ] '
Thruster range < 100 > 100 Depend on
Ft(}iliger [uN] (> 200) orbit design
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so-called recycling techniques in space [21,135]. The left and right concepts in
figure 4.3 are called a single-source and a two-source concepts, respectively. The
advantages and disadvantages of these two concepts are summarized in table 4.2.
In the two-source concept, there is a major concern about the detection instru-
ment, i.e. phase meter [162,163]. To achieve the shot-noise-limited sensitivity,
a new low noise phase meter should be developed, especially for DECIGO sen-
sitivity. On the other hand, in the single-source concept, the shot-noise-limited
measurement can be achieved with Pound-Drever—Hall technique similarly to
the ground-based gravitational wave detectors [164,165]. Thus, we focus on the
single-source concept in this thesis and this concept is called a dual-pass differ-
ential Fabry—Pérot interferometer. Note that the two lasers confronting in the
cavity have orthogonal polarization for decoupling the dual-pass interferometer.

Drag-free satellite Drag-free satellite

Drag-free satellite Drag-free satellite Drag-free satellite Drag-free satellite

Figure 4.3: Two proposed concepts of the Fabry—Pérot type space gravitational
wave antennas. PM means phase meter.

The dual-pass differential Fabry—Pérot interferometer can be divided into three
arm-cavity pairs as shown in figure 4.4. In the interferometer (1), one cavity is
kept to resonate with the feedback control of the laser frequency and the res-
onance of the other cavity is kept by controlling the mass position. This kind
of interferometer is called a differential Fabry—Pérot interferometer (or locked
Fabry—Pérot interferometer), which was used in the ground-based gravitational
wave detectors [166, 167]. The interferometer (2) can be operated as another
differential Fabry—Pérot interferometer same as the interferometer (1). The in-
terferometer (3) is not simple. Since the length of Cavity b is determined by
the interferometer (1), the mass position cannot be controlled arbitrarily. In
addition, the laser frequencies are shifted for each other for decoupling the three
interferometers. Therefore, in order to resonate Cavity b for both lasers of in-
terferometer (1) and (3) simultaneously, we need to adjust the length of Cavity
a and b. They can be adjusted, for example, with auxiliary ranging instruments
explained in Section 4.3.5. For more detail, see Chapter 6 also.
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Table 4.2: Comparison of the two concepts of the proposed Fabry—Pérot type
space gravitational wave antennas.

Concept type Single source Two sources

e Three arms can be re-
garded independently,

e Mass control is not nec-
essary (in length control),
i.e. mass actuator noise
does not matter.

e Simple configuration,

e Shot noise limited sen-
Advantage sitivity can be achieved
with the state-of-the-art
interferometer technique.

e To obtain length sig-
nals of three arms, abso-
lute length should be ad-
justed,

e Low noise mass actuator
is necessary,

e Three arms should be
controlled in phase.

e To obtain shot noise lim-
ited sensing, new low
noise sensing technique
should be developed,

e Doubled space and elec-
tric power are necessary
for two laser sources.

Disadvantage

4.2.2 Arm cavity design

DECIGO has 1000-km-long arm cavities. The finesse of the cavity is 10 and
corresponds to the amplitude reflectivity of the mirrors of 0.84. The test masses
that float in the satellites are made of fused silica and each test mass weighs
100 kg. The geometry of the test mass is as follows: the diameter, 166 cm; the
thickness, 2 cm; the radius of curvature of high reflectivity surface, 607 km. The
diameter is designed to receive enough amount of light to reduce diffraction loss
in terms of optical power less than 6%. The radius of curvature is designed to
obtain stable cavity and to weaken the optical angular anti-spring effect, known
as Sidles—Sigg effect [168], as explained in Section 5.2.2. B-DECIGO cavity is 100
km and its finesse is 100. The mirror diameter is 70 cm to make diffraction loss
less than 0.6%. Above parameters and the others are summarized in table 4.1.

4.2.3 Pre stabilized laser

The seed laser source of DECIGO and B-DECIGO is the Yb-doped fiber dis-
tributed feedback laser of which wave length is 1030 nm [169]. The seed laser is
injected to a second harmonic generator and converted to the green light, 515
nm. The laser has to be stabilized and amplified in order to meet the require-
ment of DECIGO (Py = 10 W, 6P/Py = 2 x 107° /v/Hz, 6 f = 1 Hz/v/Hz) and
B-DECIGO (Py = 0.02 W, §P/Py = 10~% /v/Hz, f = 1 Hz/v/Hz), which are

summarized in table 4.1.
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Figure 4.4: Schematic of division of the DECIGO or B-DECIGO interferometer
into three pairs of the arm cavities.

For the power amplification to meet the B-DECIGO requirement, the seed
laser is amplified with Yb doped fiber amplifier in 1030 nm using master oscillator
power amplifier technique. Although the way to amplify the laser to 10 W has not
been decided, the coherent combing scheme, which is used in the ground-based
gravitational wave detector [170,171], is one candidate to meet the requirement
of DECIGO.

The laser intensity is stabilized with feedback control [169]. The amplified
laser is splitted into two paths. One beam goes to the main interferometer and
the other is received by the photodetector. The latter signal is fed back to the
current of the laser diode used as a pump laser for the above power amplification.
As a result, the intensity of the laser introduced to the main interferometer is
stabilized.

The frequency stabilization is performed with the iodine cell [169]. In general,
stable frequency reference is necessary for the frequency stabilization. In the
frequency stabilization with the iodine cell, the saturated absorption line is used
as frequency reference. The laser frequency fluctuation is stabilized better than 1
Hz/ vHz. Since this stability is not enough to detect gravitational wave, the laser
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is more stabilized with main arm cavity. For this purpose, as shown in figure 4.5,
the laser before the iodine cell is introduced to the acousto-optic modulator,
which can shift the laser frequency proportional to the applied voltage. With
this scheme, the laser frequency can be controlled with the main interferometer
signal [172]. Hereafter, we call the pre-stabilized laser just the laser source unless
otherwise noted.

To main Signal from main interferometer
interferometer (can control frequency of the laser
injected to the main inteferometer)

i
! Seed laser
'

Laser system

PBS Beam dump i
I i R |
FBS WP TS Aom st H
QWP
.

lodine cell PD

e
\I‘

Frequency stabilization

Figure 4.5: Schematic of the frequency stabilizing system with double-pass
acousto-optic modulator scheme. FBS is a fiber beam splitter; QWP is a quarter
wave plate.

It is important to note that the central frequencies of the three laser sources in
each satellite are shifted for each other by a few hundred MHz for decoupling the
dual-pass interferometers. Without the frequency shifting, the relative motion of
the laser source, i.e. the satellite, makes large phase noise due to Doppler shift.
However, this frequency shift requires the absolute cavity length adjustment to
operate the three dual-pass interferometers as explained in Chapter 6.

4.2.4 Sensing and actuation

In DECIGO and B-DECIGO, the same sensing method is planned to be used.
The longitudinal signal of the cavity is obtained with the Pound—Drever—Hall
method [129]. The absolute length of the cavity is measured with the beatnote
frequency of the two dual-pass laser resonating in the same cavity as shown in
figure 4.6. The absolute cavity length, L, and the beatnote frequency, Av, have

a relationship as
Nc

- 2AV’

where N is the number of the beatnote frequencies in terms of the free spec-
tral range. Since N can be determined from the independent measurement,
e.g. see [173], the absolute length of the cavity can be determined from equa-
tion (4.1) [174,175]. The precision is wavelength level, i.e. sub-ym or so. The
alignment signals are obtained with the wave front sensing method [133, 134]
and the dithering method [131]. In addition to these global sensings, in the
satellite, the local Michelson interferometer to measure differential optical path

(4.1)
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fluctuation is also implemented. The differential optical path fluctuation could
be a noise source due to the differential Doppler shift. In order to suppress the
Doppler noise, the local Michelson interferometer should have better sensitivity
than 2.4 x 1071%(0-1 Hz/¢) m /+/Hz for DECIGO and 2.4 x 10~4(0-1 Hz/¢) m/+/Hz
for B-DECIGO.

AV
For another
satellite PDpeat

‘oM

Laser |:II-|WP ﬂ H
N —
= &/ & PBS \/ Laser
V+AV L
| W
PD Satellitel Satellite 2

Figure 4.6: Schematic of measuring the beatnote, Av, of the lasers from two
satellites. PDpeat is the photodetector for the beatnote measurement. HWP is
the half wave plate, and PBS is the polarizing beam splitter. The half wave plate
is used to adjust the polarization and make interference between the lasers from
Satellite 1 and 2. Note that the two laser lights in the arm cavity are shifted in
the illustration while they are overlapped in fact.

The actuator for cavity control is the frequency actuator in the laser source
and the displacement actuator on the test mass. The frequency actuator in the
laser is the acousto-optic modulator and has to have lower noise than 1 Hz/v/Hz.
For the test mass actuator, electro-static actuator [176,177] is planned to be used
and its requirement of noise is better than 2 x 10~7 N/v/Hz for DECIGO and
B-DECIGO.

The actuator range is designed to have force enough to compensate relative
acceleration to the test masses. In the space detectors, the main causes of the
force generating the relative acceleration are the laser radiation pressure and the
gravity from the satellite and the Earth. The amount of the force varies by the
detector configurations. In DECIGO, the laser radiation pressure is dominant to
be 0.1 uN. When B-DECIGO is in heliocentric orbit, gravity from the satellite
causes dominant noise which is given by

Am)mTM

a! A (4.2)

where Am is the mass asymmetry and Ar is the distance between the test mass
and the mass asymmetry. Since we assume Am = 3 kg and Ar = 1 m, the
test mass of B-DECIGO feels the static force of about 6 x 1072 N. Note that
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the laser radiation pressure in B-DECIGO is about 2 nN which is subdominant
force. When B-DECIGO is in geocentric orbit, gravity from the Earth causes the
major force that is about 0.6 uN as discussed in Section 4.3.4. Consequently, the
requirements for the actuators of DECIGO and B-DECIGO in heliocentric orbit
is > 1 x 107% N and > 6 x 10~® N, respectively. We assume the safety factor
of 10 in terms of the maximum force range of the actuator. For B-DECIGO in
geocentric orbit, actuator range should be > 6 x 1075 N. Again, we assumed the
safety factor of 10. In order to achieve the dynamic range of the mass actuator
for DECIGO and B-DECIGO in geocentric orbit, we need to design frequency
dependent actuation efficiency: low gain and low noise in observation frequency
(0.1-10 Hz), high gain and large noise below observation frequency (< 0.1 Hz).
Actually, since actuators with these values are too weak to achieve the cavity
resonance at first moment, known as lock acquisition, stronger actuators (more
noisy) will be used during the lock acquisition stage. For alignment actuation,
steering mirrors are implemented in each optical path.

For the DECIGO and B-DECIGO operation, the control scheme, i.e. how to
use the sensed signal and actuators, is important. This will be discussed in detail
in Chapter 5.

4.2.5 Input and output optics

After the laser is output from the laser source, the laser is transferred to the
optical bench via optical fiber. During the transfer, phase modulation is applied
with an electro-optic modulator for the Pound-Drever—Hall method and the
wave front sensing method. In the optical bench, the light is divided into two
paths for two arm cavities and the polarization is adjusted for discrimination
of the dual-pass interferometer. Note that most of the optics are fixed on the
optical bench monolithically [178] except for a few steering mirrors, and so on.
Then, the light is expanded with telescope system before injected to the arm
cavity. The telescope system is one of the components that should be newly
developed since the very long cavity requires precise adjustment of the spacial
mode of the incident laser. The reflected light is contracted in reversing way.
The reflected light and the transmitted light coming from the other satellite are
distinguished with the polarization and frequency as explained in Section 4.2.1
and Section 4.2.3.

Using the laser distinguished with the polarization and frequency, the noise
caused by the other laser can be reduced. The noise due to the other laser is
mainly caused by the intensity fluctuation and is written as

b a\ dP(Av) 1
laser BL.F PO : ( )2 )

(4.3)

Av
Vi/2

where « is the amplitude of the non-desired polarized electric field normalized by
the amplitude of the desired polarized electric field, and ( is the modulation index
of the laser for the Pound—-Drever—Hall technique. When we design Av ~ 50
MHz, the typical intensity fluctuation is %ﬁ” ~ 1077 /v/Hz [179,180]. As
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a result, the noise caused by the other laser is estimated to be hjager ~ 10728
/VHz and is 10° (10%) times smaller than the target sensitivity of DECIGO (B-
DECIGO). Here, we assume a = 0.01 and 5 = 0.1. For A\, L, and F, the values
shown in table 4.1 are used. vy, can be calculated to be 7.5 Hz from L and F.

4.3 Satellite system design

4.3.1 Overview of satellite

Each satellite is equipped with two test masses, their actuators, a pre-stabilized
laser, and local input/output optics. In addition, local sensors around masses,
thrusters, auxiliary sensors, data acquisition/processing/transfer systems, and
power suppling system are also incorporated into the satellite. The latter two
are not discussed in this thesis.

The summary of the satellite parameters is shown in table 4.1. The mass of
satellite will be around 1000 kg and the typical cross section will be about 2
m?. To avoid generating mechanical vibration noise, movable components, e.g.
momentum wheel, are used as little as possible. Since the mast system can
weaken the structure of the satellite and enlarge a mechanical vibration noise,
the solar cell will be mounted on the body.

The test mass is stored in the satellite without any mechanical connection.
However, there is a small coupling from the satellite motion to the test mass
acceleration because of gravitational force or electromagnetic force. The coupling
factor, K [/s?], strongly depends on the geometry of the test mass and satellite
while it is estimated to be 1076 /s, at most [140]. In DECIGO and B-DECIGO,
K is designed to be less than 5 x 10~7 /s? with a geometry management.

4.3.2 Drag-free satellite

The drag-free control is the relative motion and angle control of the satellite
following the test mass [57]. The drag-free control minimizes the dragging force
effect to the test mass [139,140,181,182]. In DECIGO and B-DECIGO, main ob-
jective is reduction of solar radiation pressure fluctuation effect. In the drag-free
control, local sensor to measure the relative motion/angle between the satellite
and the mirror and low noise thrusters are used and their noise level and range
are important. The contribution from the satellite motion is written as

Sayy = KdxShr (4.4)
GDF 1 5Fthruster

=K || —=46 4.5

(1+GDF CELS+1+GDF mSATLuQ)’ (4.5)

where JaR¥; is the acceleration of the test mass due to the drag-free control,
Sx8kr is the displacement of the satellite, and GPY is the open loop transfer
function of the drag-free control (about the open loop transfer function, see
Appendix B).

As the local sensor, interferometric sensors are planned to be used for DE-
CIGO and B-DECIGO while LISA will use electro static sensors [177,183]. The
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ultimate specification of drag-free control is limited by the sensor noise. The re-
quirement for drag-free control is more strict in DECIGO and B-DECIGO than
that of LISA because of the force noise requirement difference. Interferometric
sensor has low noise level, ~ 1072 m/v/Hz, which meets the DECIGO and B-
DECIGO requirement [184,185]. About the range, orthogonal quadratures type
interferometer has a wide range [185].

The thruster for the drag-free control should have low noise although its noise
can be suppressed by the drag-free control. Lower noise thrusters make the
lower requirement for the control gain of the drag-free control. In addition,
the thruster should be continuously variable for the precise drag-free control.
Otherwise, quantization noise could be a problem. If the thruster noise is 1 x10~7
N/ VHz, the control gain should be larger than 250 at 0.1 Hz. There are various
thruster candidates which can meet the above features [186], e.g. cold-gas jet,
ion thruster, and field-emission electric propulsion. However, they have not been
fully characterized and some of them have not been tested in space. Therefore,
the design will be finalized after further study.

The largest force applied to the satellite is solar radiation pressure in helio-
centric orbit and gravity of the Earth in geocentric orbit. Since the typical solar
radiation power density is 1360 W/m? [140, 144], the solar radiation pressure
force is estimated to be ~ 10 uN. Here, we assume that the typical satellite
cross section is 2 m?. To compensate this amount of force, the low noise thruster
should have maximum force larger than 100 uN in heliocentric orbit when we use
safety factor of 10. The gravity from the Earth in geocentric orbit is about 20
1N as discussed in Section 4.3.4. This leads to the requirement for the thruster
range in geocentric to be larger than 200 uN with safety factor of 10.

Considering that the three-dimensional mechanical degree of freedom of the
satellite is six and that of the two test masses is 12 in total,”* we cannot control all
the relative motions and angles between the satellite and the two test masses only
with the drag-free control. Thus, one test mass should be controlled to follow the
satellite with the test mass actuators, i.e. electro static actuators.*?> However,
if the control band width is as high as the observation band, the sensitivity can
be easily contaminated. To avoid it, the test mass control gain is designed to be
less than 107% at 0.1 Hz. The detailed discussion is described in Chapter 5.

4.3.3 Test mass housing

The test mass is placed in the housing in the satellite. The housing includes
electrostatic actuators, interferometric local sensors, vacuum system, discharging
system [187], and launch locking system. Here, they are explained briefly. The
former two are mentioned above. The vacuum system is necessary in DECIGO
and B-DECIGO to reduce noise caused by the molecular gas around the test
mass. The molecules stochastically hit the test mass and make the test mass
fluctuate. This noise is called residual gas thermal noise. To obtain enough small

*1 The satellite and the mirror are each considered to be a rigid body.
*2 There is other choice of which degrees of freedoms are used for the drag-free control. For
example, the motion of two test masses (3 + 3) can be followed by the satellite [139,182].
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residual gas thermal noise, the vacuum level should be better than 10~!% Pa. The
discharging system is practically important to operate the interferometer stably.
Since the test mass does not touch anywhere mechanically, it is gradually charged
by the cosmic rays. When the charge of the test mass is large, its coupling
to the electrostatic actuator gets strange. Therefore, the test mass should be
discharged occasionally with, e.g., ultraviolet light and so on. The launch lock
system protects the test mass from the large vibration during launch. The test
mass will be softly released after the satellite arrives proper position.

434 Orbit

DECIGO is planned to be in the heliocentric orbit as shown in figure 4.7. DE-
CIGO is composed of the four clusters, i.e. 12 satellites [188]. Two of four
clusters are overlapped in opposite shape to take correlation for the stochastic
gravitational wave background. Using the four clusters, we can observe the multi-
mode gravitational waves, i.e. not only tensor mode gravitational wavs but also
vector /scalar mode gravitational waves, for testing the modified gravitational
theories.

B-DECIGO orbit will be heliocentric orbit or geocentric orbit as shown in fig-
ure 4.7. In geocentric orbit a bit far or near orbit from geostationary orbit is
considered for now. In contrast to DECIGO, B-DECIGO will have one cluster.
Note that even with one cluster, we can localize gravitational wave events consid-
ering the time variation of the angular response of the detector, called antenna
pattern discussed in Appendix G, during the event. For example, it is expected
that one neutron star inspiral is typically in B-DECIGO observation band in ~ 1
year.

Heliocentric orbit Geocentric orbit

Figure 4.7: Schematic of the heliocentric and geocentric orbit.

In geocentric orbit, the gravity of the Earth, especially its J term, limits the
range of actuator and thruster. Js term is an ellipticity measure of the Earth
and makes a differential acceleration of the two masses, ajz, given by

42000 km

D

=82x107° ( )4 [m/s?], (4.6)

where, Jo(= 1.08263 x 1073) is the J2 constant, G is gravity constant, Mg is
the mass of the Earth, rg is the radius of the Earth, and rp is orbital radius of
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B-DECIGO. The differential acceleration between two masses in distance of L is
written as

5
100 ) [m/sﬂ : (4.7)

L L 42000 k
Aay, = —ay, =19 x 1078 ( ) ( o
D

D

4.3.5 Auxiliary sensors and thrusters

Auxiliary sensors

In addition to the main interferometer, DECIGO and B-DECIGO have various
auxiliary sensors. For example, star trackers, beam scanning systems with an
acousto-optic deflector, sun sensors, global positioning systems, microwave rang-
ing systems [189], and so on. They are used for rough ranging in orbit before
interferometer lock acquisition [190]. During observation, their signals are used
for the calibration of satellite position and orientation. The calibration precision
affects the systematic error of the gravitational wave localization. For example,
typical star tracker has the angular resolution ~ 10 arcsec and it corresponds
to ~ 1075 deg?, which is much better than the statistic localization error while
relative calibration of the star tracker and interferometer axis is necessary.

Thrusters

In addition to the low noise thruster, two types of auxiliary strong thrusters
will be incorporated. The first one is bipropellant catalytic hydrazine thruster
(N2O4/NoHy) for apogee kick. The thruster has typically 500-N thrust force.
The second one is 1-N-class cold gas jets. They are used for orbital control
which will be performed when we need to move the satellite a lot, e.g. during
interferometer lock acquisition. These two strong thrusters are turned off during
observation for avoiding causing the vibration noise.
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Chapter 5

Control scheme of DECIGO and
B-DECIGO

DECIGO and B-DECIGO are currently designed to be unique space gravitational
wave antennas with Fabry—Pérot arm cavities and drag-free satellites. Each
technique has been independently demonstrated, e.g. the former in ground-based
detectors, and the latter in LISA path finder [139,182], while the combination of
them has been neither demonstrated nor considered. Actually, although the two
controls can be regarded almost independently in LISA configuration [191], they
are strongly related to DECIGO and B-DECIGO configurations. Therefore,
the control topology in which the interferometer and drag-free control should
be developed for DECIGO and B-DECIGO. Moreover, feedback control system
introduces additional noise through the feedback loop. The additional noise could
disturb the gravitational wave observation. Therefore, control system should be
carefully designed especially in observation frequency band [58,59].

In this chapter, we study on the control topology of DECIGO type space detec-
tor and construct the numerical control model. Moreover, using the model, the
detailed requirements including control design, the stability, and the sensitivity
of DECIGO and B-DECIGO are considered.

This chapter is organized as follows: In Section 5.1, we show the setup and
basis definition used in this chapter. From Section 5.2 to Section 5.4, as a prepa-
ration of the numerical model construction, we newly modeled the mechanical
and opto-mechanical response, and sensing and actuation scheme in DECIGO
and B-DECIGO. This modeling clarifies which degrees of freedom should be
controlled in the interferometer control or the drag-free control. In Section 5.5,
dominant sources of noise and instability are shown. In Section 5.6, using the
result prepared in the above sections, we design the control topology of DECIGO
and B-DECIGO. After that, in Section 5.7, the numerical control model of DE-
CIGO and B-DECIGO is constructed with the designed control topology. The
model is the new model including full responses of the Fabry—Pérot type space
antenna and is named a full DECIGO interferometer model. Subsequently, in
Section 5.8, using the full DECIGO interferometer model, we consider the de-
tailed requirement including control design for DECIGO and B-DECIGO, and
investigate the performance of the design control scheme. Especially, the sta-
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bility of the control and the interferometer operation, and noise performance of
DECIGO and B-DECIGO are investigated. Finally in Section 5.9, the obtained
results are discussed.

5.1 Setup and basis definition

The setup that we consider is shown in figure 5.1. Note that not all components
of DECIGO and B-DECIGO are shown here. For example, the electro-optic
modulator is not shown. All components except for the test masses are fixed
on the satellite. Hereafter, we assume all test masses have the same mass mry,
reflectivity r, and the radius of curvature R, and the optical loss of the cavity is
negligible. The length of each cavity is L, ) and they are macroscopically the
same (L ~ L,y ). Each laser frequency is represented as fi (2 3).

The basis with which we consider the interferometer and satellite motion and
angle is shown in figure 5.1-(b). Hereafter, we assume that the center of mass
and geometry of the satellite are located at the same position, and the satellites
and the test masses are rigid bodies when we consider the control topology. The
origin of each basis is defined at initial position of the center of satellite mass for
the satellites, and the center of mass for the test mass. The optical basis origin
is defined at the initial waist position that is located at the center of the cavity
since the cavity is composed of the mirror having the same radius of curvature.

The mechanical position and angle vector of Test Mass ia and Satel-
lite ¢ are represented as Tin = (Tia,Yia, Zias Orol ia, Opit.ias anw,m)T and
TsaTi = (TSATi» YSATi» ZSATS, Orol SATS, Opit, SATi, Oyaw,saTi) | (i =1,2,3, and o =
a,b,c). The optical alignment of Cavity « and incident beam from Satellite 4
are expressed as xrSve = ( cava,ycava cava,ecava geava ecavoz) and gitcie =

2 rol »VYpit » Vyaw

yincie, gincie gincia gincia gincie)T I terms of Satellites 1(2,3) basis, test

mass TM1b(2c,3a) is at (a cos(7/6), asin(7/6),0) " and test mass TM1c(2a,3b) is
at (acos(m/6), —asin(n/6),0) ". The force and torque applied to the Test mass ic

( incia

R T

and Satellite i are expressed as Fio = (Fi,., Fyios Frins Toro1 i00 Topic.ios 10yaw.ia)
— T .

and Fsar; = (FISATi ) FySATi s Fagamin Terol,SATi ) Tepit,SATi ) Teyaw,SATi) , respectively.

5.2 Cavity and satellite

5.2.1 Mechanical property

Table 5.1 shows the mechanical property of the test masses and satellites. They
are regarded as rigid bodies in the consideration of control. The satellite is
assumed to be cylindrical shaped along z-axis and to have uniform density. In
addition, we assume that they are damped with the surrounding gas of which
pressure is 107!° Pa and damping ratio is the same for all degrees of freedom as
10! Hz. As a result, the equations of motion of the test mass and the satellite
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Figure 5.1: (a) Setup for control topology consideration. PD is photodetector,
LAS is laser, SAT is satellite, TM is test mass, and BD is beam dump. The
photodetector is composed of the photodetector and quadrant photodetectors
that are used for length and alignment sensing although the quadrant photode-
tectors are not explicitly shown in the figure. The mirrors located between the
beamsplitter just in front of the laser source and each test mass are used as
steering mirrors. The black boxes around the test masses are each their housing
including actuators and local sensors. Note that not all components on DECIGO
and B-DECIGO are shown here. (b) Basis of each component. Black and blue
colors indicate the bases for satellites and test masses, respectively. Green color
indicates the basis for the optical axis for cavity and injected beam. The top
right subpanel shows the definition of six degrees of freedom of the basis.

are given by

Moy (£ia + YrMEia) = Fias (5.1)

Mgsar(EsaTi + Ysar®sari) = Fsari,

where M;, = diag(mrm, MM, MM, ITM rol, ITM pit, ITM yaw) and Mgar =
diag(msat, MsaT, MSAT, ISAT rol, ISAT pit, [SAT yaw) are the mass matrices
(mrmsaT) is the mass of the test mass (satellite) and Ira[gAT) rol(pit,yaw) 1S
the moment of inertia along z(y, z)-axis) of the test mass and the satellite,
respectively, and yrv = yrmle and ysar = vsarls (Is is a 6-by-6 identity
matrix) are the damping matrices of the test mass and the satellite, respectively.
YTM(SAT) 1S a damping ratio of the test mass (satellite). By performing Laplace
transformation (for detail, see Appendix B), equations (5.1) and (5.2) are
denoted as

MTM(_szG + Z'CU’)’TM).’IZZ'Q = M'/fl\/[iia = Fia7 (53)
Mgar(—w?Is + iwysar)Esati = Miap@sari = Fsari, (5.4)

where the tilde indicates the frequency domain parameters.
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Table 5.1: Mechanical property of test masses and satellites. In the parentheses,

B-DECIGO parameters are shown if they are different from DECIGO one.

Test mass | Satellite
Mass [kg] 100 (30) 1000
Diameter [m]| 1.66 (0.70) 1.6
Thickness [m] 0.02 (0.04) 2.0
Moment of inertia [kg-m?]

along z-axis (Roll) 36 (1.8) 490
along y-axis (Pitch) 18 (0.90) 490
along z-axis (Yaw) 18 (0.90) 320

Damping ratio [Hz] 10~ 10~

The satellite motion is coupled to the acceleration of the test mass.

relationship is given by

Z1b(2¢,3a) = K RSAT M1TSAT1(2,3),

Z1c(2a,3b) = K RSAT,,M2TSAT1(2,3)5

where
cos (1) sin (%) 0
—sin %) cos (%) 0
Rgar, M1 = 8 8 [1)
0 0 0
0 0 0
cos (—%) sin (—%) 0
—sin (—%) cos (—%) 0
1
Rsar, M2 = 8 8 0
0 0 0
0 0 0

0 0
0 a
—acos(%) 0
sin(%) 01’
COS(%) 0
0 1
0
0
—acos (—%
iy
cos ()
0

_ o O O O

The

(5.7)

(5.8)

are rotation matrices from the satellite position and angle to the mass position

and angle.

5.2.2 Opto-mechanical property

The test masses for the Fabry—Pérot cavity are coupled via radiation pressure of
the laser. This coupling is called opto-mechanical coupling. The angular opto-
mechanical coupling, known as Sidles—Sigg effect [168], affects the cavity stability
since one opto-mechanical mode behaves as an anti-spring. Also, translational
opto-mechanical couplings are considered [192]. These couplings are represented
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as

2Pcav 2Pcav
Fy7 1 B ¢ 2gcav CRC QP(?:av eyaw 1
o I I e (5.9)
v mc 9 .
Teyaw 1 O O 2Pc O yl
cav mc
Toyan, 0 0 0o 2= Y
2Pcav 2Pcav
FZ’ 1 cav CRC 0cav Hpit 1
F. 2 0 2Pc 0 25}% Opit,2
- 2PCELV ¢ mc 9 (5 . 10)
T9pit 1 0 0 — 0 21
cav mec
T, 0 0 0 2P 3

where P is intracavity power,
(Fy().0 Fy(2).2) = By Fy@ran)s (Fy)aer Fyie)s (Fy2ses Fy(2)20);

(Teyaw(pit),l ) Tgyaw(pit),Q) yaw(pit),lb’ yaw(pxt) 3b /) ( yaw(pit),Qc’ Tgyaw(pit),lc

i

(anw(pit),la 0yaw(pit),2) = eyaw(plt 1b> yaw(plt) 3b/s ( yaw(pit),2c» gyaw(plt) lc

= (
(
(
(

)
Hyaw(plt) 3a» yaw(plt) 2a /s

(

) )

yaW(pit)ﬁa’ Oyaw(pit), Qw)’ (
) )

) (

)5

and y(2)7(5, is the mis-centering on the test mass and defined as (y(2)1", y(2)3") =

(y(’z)lb 7y(z)3b )7 (y( )2c 7y( ) 1c )7 (y( )3& 73/( )mc) The mis- Centerlng on eaCh
test mass is denoted as

y?ll)c(2c73a,) 2 H;Z\élb(c ,a) + ycavb(c a), y:r;gz(lcga) 2 e}clgzvb(c a) ycavb(c,a)’
L cav v
Zir[l)C(QC’;}a) :Eegi b(c,a) + zcavb(c,a), Zgi)c(lc’za) _ _50}(;511 b(c,a) 4+ anvb(c,a).
(5.14)

5.3 Sensing method

Hereafter, for simplicity, we use sensing efficiency normalized with its DC value.
This treatment does not lose generality.

5.3.1 Interferometer longitudinal sensing

In each cavity, its longitudinal fluctuation signal is taken with the Pound—Drever—
Hall technique. As discussed in Section 3.3.4, each photodetector measures the
phase fluctuation of the cavity. When we measure the phase in terms of length,
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the measured signals at photodetectors are each written as

(w) df1
SPDyp(1e) = m —0T3h(20) — 0T 1p(1c) + L—— i
gD 5
SPDoc(2a) — %(w) <—5$1c(3a) 6:172C(2a) + L f2)
Hgp (0) P
Hip (w) 5fs
SPDsa(gc) = Hll:g};) (0) ( 5x2a(1c) - 5w3a(30) + L—— f3 ) (515)

Moreover, the absolute length of each cavity can be measured as

SPD1y, (s1y,) — Ly,
SPDar e = Lo
SPD:«}La(zLa) = La. (516)

5.3.2 Alignment sensing

In the alignment sensing of DECIGO and B-DECIGO, the wavefront sensing and
the dithering method are used. Using the wavefront sensing method [133,134], we
can measure the difference between the alignment of the incident beam (y(z)™¢
and 0n° )) and the cavity axis (y(z) and 0337 ;)). The signal is expressed

yaw(pit yaw (pit)
as
SQPD1p,y(z) — y(z)caVb y(z)imlba SQPD1p,yaw(pit) = eyaw(plt) Hlylzw%vl&it)’
SQPD1.,y(2) = Y(2)°° y(z)indC, SQPDyc,yaw(pit) = eyaw(plt) H;I;Cv&(cpity
SQPDac.y(z) = Y(2)C = y(2)%, sqpDyeyaw(pit) = Oaw(pit) — Oymctpit)s
SQPD,y(z) = Y(2)™ = y(2)%, 5QPDy. yaw(pit) = Oymmipit) — Oymeit):
SQPD3.,y(z) — y(z)cava y(Z)imga, SQPD3.,yaw(pit) — anw(plt) 9;1;33’&1@,
SQPDay,y(x) = Y(2)" = y(2)™", SQPDyy.yaw(pit) = Cymipit) — giygcvf&i(tg’m

where the cavity axis can be written with the position and angle of the test mass
as

0yaw,1b(2c,3a) - 9yaw,3b(1c,2a)

ycavb(c,a) _ Y1b(2¢,3a) — Y3b(ic,2a) YR, ,
2 2
peavb(e.a) _ 1 Yib(2¢,3a) + Ysb(ic,2a) R.  Oyaw,1b(2¢,3a) T Oyaw,3b(1c,2a)
yaw L L 9
RC - 5 2 RC - 5 2
Lcavb(c,a) _ Z1b(2¢,3a) T Z3b(1c,2a) R Opit,1b(2¢,32) T Opit,3b(1c,2a)
B 2 ¢ 5 ,
Qcavb(c,a) _ 1 21b(2c,3a) — <3b(1c,2a) + Rc 9pit,1b(2c,3a) - 9pit,3b(1c,2a)
pit Rc o % 2 RC . é 2 .

(5.18)
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Here, we assume % < R. < L. Note that the quadrant photodetectors are
located in the photodetector that has the same index.

With the dither sensing method [131], we can measure the mis-centering of
the beam spot on each test mass in the longitudinal signal. Note that the beam
mis-centering is denoted with the same basis as each test mass. The beam mis-
centering on each test mass can be distinguished with the dithering frequency.
For example, when we dither TM1b and TM3b at 1.03 Hz and 1.39 Hz, the mis-
centering signals on TM1b and TM3b appear at 1.03 Hz and 1.39 Hz, respectively.

The signals that we can measure are expressed as

SPD 0] 4 an — Y1b(3b) — YIb(3b)s  SPDiypa) 2y, = Zb(3b) — £1b(3b)s
SPDaci1e w10, = Yoe(1e) ~ Y2e(le)s  SPDacpa sy, = Zae(1c) — 22c(lc)
SPDgafoa U, = YBh(2a) — Y3a(2a))  SPDaapaay. 2%, = ZBa(2a) — Z3a(2a)-  (5:19)
In addition to the above single cavity alignment signal, the difference of the

two cavity axes can be measured with QPD1bc(2ca, 3ab) similarly to the wave
front sensing as

__ ,,cavb(c,a) cavc(a,b)
SQPlec(Qca,Sab)vy - y + y )

__ pcavb(c,a) _ pcavc(a,b)
SQPlec(Qca,Bab)»yaW - anW eyaw )
_ cavb(c,a) _ _cavc(a,b)
SQPleC(an,Sab)7Z =z z )
__ pcavb(c,a) cavc(a,b)

S(QP]D1bc(2ca,3ab)7pit - gplt + gplt . (520)

5.3.3 Local sensing

Using local sensors, i.e. interferometric sensors, the test mass positions from the
satellite can be measured. The obtained signal is written as

S1.S,1b(2¢,3a) = L1b(2c,3a) — RSATtOMleAT1(2,3)7

8L3,1¢(2a,3b) = T1c(2a,3b) — FRSAT o M2TSAT1(2,3)> (5.21)

_ T :
Where SLS,ZQ = (SLSaxia7 SLS7yia7 SLS70rol,ia7 SLS70pit,ia ? SLSaeyaw,ia) 18 the Obtalned
signal.

5.4 Actuation method

Hereafter, for simplicity, we use actuation efficiency normalized with its DC
value. This treatment does not lose generality. Note that we assume that the test
masses and the satellites float in free space though they rotate around the center
object (Sun or Earth) in reality. In other words, we neglect the centrifugal force
applied to the test mass and the satellite due to the actuation. In heliocentric
orbit, the additional centrifugal force applied to the test mass (satellite) due
to the actuation is ~ 0.1 (1) nN and it is much smaller than the other forces.
In geocentric orbit, the additional centrifugal force applied to the test mass
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(satellite) due to the actuation is ~ 30 (1000) uN. Although these values are
comparable with the other forces that should be compensated, this is just a
problem of the actuator diagonalization.

5.4.1 Frequency actuation

The laser frequency can be actuated by applying the voltage to the laser source.
When the voltage, vy, , , , is applied to the laser source, the frequency is varied
as

0f1(2,3) = Vfy (03 - (5.22)

5.4.2 Test mass actuation

The test mass position and angle are actuated with the test mass actuator, i.e.
electro-static drive. By applying the voltage, v;,, we can apply the force and
torque dFj, to the test mass as

OF;, = viq, (5.23)
where
Via = (Vaias Vyia s Vzia> Vororia s Vopic.ia s Voya. i )T, (5.24)
6Fio = (6Fy,,,6Fy,.,6F.,., 6T, .., 6T0, s0s 0Tt i) | - (5.25)
Here, 0F(y 2),, and 0T, .. ... .. are the force along z(y, z)-axis and the torque

along roll (pitch, yaw) angle applied to the test mass.
Notice that when the force and torque are applied to the test mass, its back
reaction, 6FSb1§T1 (2,3) is applied to the satellite as

0F§hm(2.3) = —Ru1,,8aT0 Fib (20 3a) (5.26)
0F§hm(2.3) = —Ru2,,8a10 Fic(2a,30), (5.27)
where
cos (%) —sin E) 0 0 0 0
sin (%) cos (%3 0 0 0 0
R _ 0 0 1 0 0 0
M1eoSAT = 0 0 a sin (E) cos (%) —sin (E) 01’
0 0 —a cos E%) sin (%) cos (%6) 0
0 a 0 0 0 1
(5.28)
cos (—%) —sin —E) 0 0 0 0
sin (—%) cos (—% 0 0 0 0
R 0 0 1 0 0 0
M2 SAT = 0 0 a sin (—%) coS (—%) —sin —E) 0
0 0 —a cos —%) sin (—%) cos (—%3 0
0 a 0 0 0 1

—~
e
DN
=)

—

o8



are rotation matrices from the satellite position and angle to the test mass posi-
tion and angle.

5.4.3 Satellite actuation

The satellite is actuated with low noise thrusters. With the applying voltage,
vsaTi, the force and torque applied to the satellite are expressed as

O FsATi = VSAT, (5.30)

where
VSAT: = (ULL‘SATN Vysaris Vzsaris Ubror,sami s VOpit,sari s Vbyaw,saTi )Ta (5'31)
5FSAT1‘ = (5FmSAT¢ ’ 5FySATi ’ 5FZSAT1’ ) 5T9rol,SATi ) 5T9pit,SATi ’ 6T9yaw,SATi )T' (5'32)

5.4.4 Incident beam alignment

The incident beam to the cavity is aligned with the satellite and steering mirrors
on the satellite. The incident beam is given by

inclb(2c,3a) _

STMyp(2e 50
x RsAT, Inc1TsAT(2,3) + T~ 1P (5.33)

inclc(2a,3b) __ STMic(2a
p'e1e230) = Roam meaTsari(as) + S ie@asn) (5.34)
STMia — STMZ‘& STMZ'Q STMia STMia STMia STMZ‘Q T
where x = (z Y V2 O 0 Oy ) denotes the
steering mirror position and angle, which are defined in the basis of the incident
beam, and

coS (% sin (%) 0 0 0 0
—sin %) cos (%) 0 0 0 %
- 0 0 1 ZLsgin 1) —L cos (1) 0
RsAT, Inc1 = 0 0 0 QCOS (x éin (%)6 ol (5.35)
0 0 0 —sin %) cos (%) 0
0 0 0 0 0 1
cos (%) sin (%”) 0 0 0 0
—sin (%’r) CoS (%’r) 0 0 0 —%
. 0 0 1 —Lsin 5—”) L cos (5—“) 0
RgsaT, Inc2 = 0 0 0 (?os (5_7r6 2sin (55%6) 0 )
0 0 0 —sin (%) cos (%) 0
0 0 0 0 0 1

(5.36)
are rotation matrices from the satellite position and angle to the incident beam
position and angle.

29



5.5 Sources of the noise

In order to estimate the noise level, the sources of noise in DECIGO and B-
DECIGO are listed here. The listed noise sources are also used to estimate the
actuator loading. Noises not shown here are discussed in Appendix C and they
are negligible for the investigation of the control.

5.5.1 Interferometer noise

Quantum noise

As discussed in Appendix C, the most fundamental limit of the laser interfer-
ometer is determined by quantum noise due to the quantumness of photon. The
quantum noise is divided into two components: shot noise and radiation pressure
noise. They are given by [115]

1 | 7whed f\?
xshot(f) = E 2P + (7/1/ ) ]7 (537)
16.F 2mh Py 1
Tra = , 9.38
e R S, ) (5.38)
Vi

where m is the mass of the test mass, A is reduced Planck constant, and X is
the wavelength of the laser. Note that this is equivalent to the differential cavity
length fluctuation, i.e. not to one test mass fluctuation.

Frequency noise

Equation (3.69) indicates that the laser frequency fluctuation is a noise source
of the laser interferometer. The frequency noise of the laser source in DECIGO
and B-DECIGO is given by

5f1(2,3) =1 HZ/\/ Hz (539)

Intensity noise

According to equation (3.70), there is a kind of sensing noise due to the intensity
fluctuation coupled with the cavity detuning, which is written as

oP
Tint = AIFO, (540)

where Az is the cavity detuning in terms of length.
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Alignment sensing noise

The noises of the wave front sensing for shift and tilt of the optical axis are given
by [193]

(DECIGO)  (5.41)

5ywps = dzwFs ~ 2 X 1010 m/\/ HZ,
60pit,WFs = 00yaw wrs ~ 8 x 10716 rad/v/Hz,

. ~ -9
{6yWFs = dzwrs ~ 1 x 107 m/VHz, (B-DECIGO)  (5.42)

69pit,WFS = 59yaw,wps ~5x 10714 rad/\/ Hz.

For the global attitude sensing, we assume the same noise level as the wave front
sensing.

The noises for the dithering method for beam spot shift measurement are given
by [194]
3 x 1078 m/v/Hz, (DECIGO)

5.43
5x 1072 m/vHz. (B-DECIGO) (5.43)

5ydith = 02dith {

Here, we assume that dithering frequency is 1 Hz and applied force is 0.06 uN.
This leads to the root-mean-square of the beam spot fluctuation of about 0.1
mm.

Test mass tilt coupling

The tilt motion of the test mass causes length noise through the beam spot

mis-centering on the test mass. This tilt coupling noise is approximately given
by [195]
0Tttt = 0Oyaw(pit) AY(2)RMS, (5.44)

where 00,y (pit) i yaw (pitch) motion of the test mass and Ay(z)rums is the
root-mean-square of the beam mis-centering along y(z)-axis.

Absolute length sensing noise

The absolute length sensing is more noisy than sensing with the Pound-Drever—
Hall technique. We assume the absolute length sensing noise is to be

Sxaps, = 1 x 107 m/vHz. (5.45)

5.5.2 Force noise on test masses

The major force noise on the test mass is caused by electrostatic actuator, ther-
mal radiation pressure, and the gravity. To investigate the force noise effect
on the control scheme, it is enough to consider these noises since they are the
dominant noise sources.
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Actuator noise

The actuator noise is important above 0.001 Hz. The actuator of DECIGO and
B-DECIGO is planned to be electrostatic actuator. The force noise is assumed
to be

6Fe ~ 2 x 10717 N/vHg, (5.46)
6T net ~ 2 x 10717 Nm/vHz. (5.47)

Note that the force noise level depends on the required actuator range [176].

Thermal radiation pressure

When temperature of the housing around test mass fluctuates, the thermal radi-
ation pressure applied to the test mass causes force noise. The thermal radiation
pressure force fluctuation, 0 Frryaq, is given by [140]

4 StomT36T
5FTrad = €Trad 7SE TCM y (548)

where ogp is Stefan—Boltzmann constant, Sty is the cross section of the test
mass, 07 is temperature fluctuation of housing, and ery,q is common mode re-
jection ratio. When the temperature fluctuations in front and back of the test
mass are correlated, the thermal radiation pressure is reduced. When we assume
€trad = 0.1, St = 2 m?, T = 300 K, 67 = 10-8(0.1 Hz/f)'/® K/vHz, and
typical scale of temperature fluctuation is 0.5 m, the force and torque noises due
to the thermal radiation pressure are written as

1 Hz\?

§Frraq ~ 4 x 10717 (%) N/VHz, (5.49)
1 1/3

T rraq ~ 2 x 10717 (OTHZ> Nm/v/Hz. (5.50)

Gravity

The gravity force is significant in the low frequency. In heliocentric orbit, the
gravity field caused by the satellite applies static force of 20 nN according to
equation (4.2). In geocentric orbit, the gravity of the Earth J5 term is ~ 0.6 uN
at ~ 107° Hz (~ /1 day). We need to confirm that this force is successfully
suppressed with the feedback control. This point is discussed in the end of
Section 5.8.2

5.5.3 Force noise on satellites

About the force noise on the satellite, solar radiation force and thruster noise
should be considered. In the geocentric orbit, we also need to consider gravity
from the Earth.
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Solar radiation pressure

The solar radiation pressure and its fluctuation are given by [140, 142, 144]

Fsrad = m =9x107° N, (5.51)
1
5 un _ .1 H 3

SFspa = DT _ g 40 (0 ; Z) NNV, (552)

where Wgu, = 1360 W/m? and 6Wgy, = 0.2 (%) : W /m?/v/Hz are the solar

radiation power density and its fluctuation, respectively. The solar radiation
pressure torque depends on the satellite shape. When we assume the typical
scale of the satellite of 1 m and 10% coupling from the force to torque, the solar
radiation torque is denoted as

1
Tsraa = EFSrad =9 x 10_7 Nm, (553)

1 0.1 Hz\ 3
0T sraa = E(SFSrad =3x107® ( 7 Z) Nm/vHz. (5.54)

Thruster noise

In DECIGO and B-DECIGO, 100-uN class thrusters are planned to be used.
Their force and torque noises are approximately given by [177]

6Fe =1 x 1077 N/VHz, (5.55)
6Ty =1 x 1077 Nm/vHz. (5.56)

Here, we assumed that the two thrusters are placed at a distance of 1 m.

Gravity of the Earth
In B-DECIGO with the geocentric orbit, the gravity of the Earth makes some
amount of force and torque at ~ 107° Hz in the same manner as the gravity on
the test masses. They are written as
Fap ~2x107° N, (5.57)
Tare ~ 3 x 1077 Nm. (5.58)

5.5.4 Sensing noise of local sensors

As a local sensor, interferometric sensors are planned to be used. The sensitivity
is given by [185]
Sxrg =1 x 10712 m/vHz. (5.59)
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By putting six local sensors to measure the six mechanical degrees of freedom
of the test mass, we measure the tilt of the test mass. Approximately, the tilt
sensing sensitivity is written as

60rLs = 3 x 10~ '? rad/vHaz. (5.60)

Here, the distance of the local sensors are assumed to be ~ 0.5 m.
The noise of the star tracker is assumed to be

§0stt = 2 x 107° rad/VHz. (5.61)

5.6 Control topology

Here, we show the basic control topology of length, alignment, drag-free, and
local control of DECIGO and B-DECIGO. In this section, the coupling between
the satellite and the test mass, back reaction, and opto-mechanical coupling are
not considered for simplicity. The effects of these couplings can be suppressed
when the control gain is enough. Note that they considered in the constructed
model shown in Section 5.7 to quantitatively evaluate the effects of the couplings.
For more description about the feedback control, such as Laplace transformation,
the block diagram, and stability analysis, see Appendix B. Note also that there
is no inter-satellite communication in terms of the data processing in the fol-
lowing design since the precise control with the inter-satellite communication is
challenging.

5.6.1 Length control

The block diagram of the length control is shown in figure 5.2. The signals
obtained from Cavity ¢ with PDlc and PD2c, i.e. spp,, and spp,. are fed
back to Laser 1 and Laser 2, respectively. The output of PD3a, i.e. spp,, is
fed back to Laser 3. Signals from PD1b and PD2a are fed back to TM1b and
TM2a (longitudinal motion), respectively. The longitudinal motion of TMlc is
controlled with the absolute length measurement of Cavity c, i.e. spp,,_ . The
gravitational wave signal is taken from PD1b, PD2a, and PD3b.

It is worth noting that PD3b can measure the signal of Cavity b even without
the feedback of any signal. This is achieved by adjusting the length of Cavity a
and Cavity b in the dual-pass differential Fabry—Pérot interferometer as shown
in Chapter 6.

5.6.2 Alignment control

Since the alignment control having the same topology is implemented to all the
cavities, we focus on one cavity, Cavity b, first. In the alignment control, the
position of the test mass is set as a reference of the alignment control. In other
words, these two parameters are regarded as parameters external to the control
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SpD
1b
Gip

Figure 5.2: Block diagram of length control. We define Hrp = Hﬁ)) (w)/HPQL) (0).
Gty (25 and Gip(2a) are the control gains of each control loop.

loop. From this point of view, the alignment sensing vector is denoted as

SQPD1y(31),¥ anw,lb
_ | 5QPD1uzb),yaw ‘9yaw,3b ¢ [ Y1b 1 [ TSAT1
SASC1b(3b)y = | = Ry ST an) + R, + Ry . ,
Ple(Sb)aylb y3b SAT3
s e HSTMlb(Bb)
PD1b<3b),ygb‘ yaw
(5.62)
SQPD1y(sn) .2 Opit,1b
_ | 5QPD1su Opit, 30 , (711 i (TsaT1
SASC1b(3b),z = et = R, #STMip(3b) + R, + R; )
SPD1b(3b),215° <3b LSAT3
HSTM1b(3b>
SPD1p(3b),251° pit
(5.63)
where R, (., R’y (2) and R’y’ () re the transfer matrices from each component

to the measured signals. Among these matrices, R, and R, are important to
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design the control topology and written as

R, R,
"l 2 -1 0
R | N R o (5.64)
Y — QERC_%C) _2(Rci%) 0 0 9 .
_ 2 R.(L—R.)
2(Re—%) 2(Rc—%) 0 0
C RC
e iyl
2(Rci§) 2(R.— L) 0 -1
R.,=| R(L—R.) _ _ RZ o o |- (5.65)
2(Re—%) 2(R.—%)
R? R.(L—R.) 0 0

The processed signals are fed back to the test mass angles and incident beam
alignments. The relation between them and the feedback voltages is written as

gyaw, 1b
0yaw,3b

1 1
= di ) ]-a 1
ySTMibb) 18 (ITM,yaW(—uﬂ +ivw) " Irn yaw (—w? + iYw) )
QSTMlb(Sb)
yaw

-
| Y0y, 109 V0yaw 315 Uy STMin(3b) s U, STM 11, (31)
: Yy Oyaw

= (MASCy)il'UASCy,lb(:Sb)a (5.66)

epit,lb
‘9pit 3b 1 1
! = dia, 3 - ) ]'7 1
ZSTMlb(?’b) & (ITM7pit(—w2 + Z’)/UJ) ITM,pit(_w2 + ’L")/(,U) >
GSTMlb(Bb)
pit

T
: (v%imba Vhpit,3b5 U,STM1p(3b) 5 UGS:Mlb@b) )
pi

= (Masc:) " "0asCz,1b(3b)» (5.67)

where Uy (z)inc1b(3b) and Upincib(sb) are the voltages fed back to the steering mirror

yaw(pit)
1b(3b).
Figure 5.3 shows the block diagram of alignment control of one cavity. Ac-
cording to the discussion in Appendix B, the control matrix needs to meet the
following condition:

(Masc,) 'G, R, = (diagonal matrix), (5.68)
(Masc.) 'G.R, = (diagonal matrix). (5.69)
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The simple choice of the control gain, G(.), is [57]

. —1
Gy = MASCydlag (Ggyaw,lb, Geyawgb, Gyinclb(3b) 5 Geilr;(;}b@b)) Ry y (570)
. —1
G, = Mjgc.diag (Gepit,1b7 Ggpity?,b, G Lincib(3p) Geag:lb(st))) R, (5.71)
pi
where Ggyaw(pit)ylb(gb), G y(zyineibesp), and G pineinsy) are the control open loop gains

yaw (pit)
of each loop. The above discussion in this section including equations (5.62)-

(5.71) is valid for Cavity b and Cavity a by replacing (1b, 3b, SAT1, SAT3) to
(2¢, 1c, SAT2, SAT1) and (3a, 2a, SAT3, SAT2) in equations (5.62)-(5.71).

Figure 5.3: Block diagram of alignement control. We de-
STM
fine YASC = (eyaw,lba eyaw,Sba ySTMlb(Sb) ’ eyaw b )Ta ZASC =

STM STMip(3b)\ T — T — T
(Opit, 16, Opit,3b, 27 10ED) 0 ) s yt™m = (Yib,¥sb) 5 2TM = (21b, 23D)

and y(2z)sat = (LsaT1, TsaTs) |

Y

5.6.3 Drag-free and local control

In the drag-free control, TM1lc, TM2a, and TM3a are used as references for
SAT1, SAT2, and SATS3, respectively. The obtained signals are fed back to
the thruster of the satellite. The block diagram for these controls is shown in
figure 5.4. With the similar discussion in the previous section, we choose the
gain matrix, Gpri(2,3), as

Gpr1 = (Rgar,om2) "

. /
: dlag(GCESAm ’ GySATl ’ GZSAT1 ) Gerol,SATl ’ G9pit,SAT17 Geyaw,SATl )MSAT7
(5.72)

Gpr2 = (RsaT,.M2) "

. /
’ dlag(GwSATza GySAT2 ’ GZSATZ’ GQrol,SATQ? Gepit,SAT27 GGyaw,SATz )MSATv
(5.73)

Gprs = (Rsat,M1)

. !
’ dlag(Gl’SAT37 GZJSAT37 GZSAT3= G9r01,SAT37 G9pit,SAT37 G9yaw,SAT3 )MSATv
(5.74)

where G GySAT1(2,3)7 GZSATI(Q,B)’ Gerol,SATuz,s)? Gepit,SAT(Q,B)l’ and
Oy sat1 (2,3 aT€ the open loop gains of each degree of freedom.
The test masses other than the reference of the drag-free control are locally

controlled with local sensors partially. Specifically, the positions and rolls of

TSAT1(2,3)"
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Satellite 1

XsaT1 :t@
4

Satellite 2

+
Xsat2—(
4

Figure 5.4: Block diagram of the drag-free control.

TM2c and TM3b are controlled and the positions only along y- and z-axes and
roll of TM1b are controlled. The block diagram of this control is shown in
figure 5.5. The control gain is designed as

Gis,ip = diag(0, GLsy,1b; GLSz,1b, GLS0,01,1b, 0, 0), (5.75)
G1s2c = diag(Grss 20, GLsy,2c, GLSz,2¢; GLS0,.11,2¢5 0, 0), (5.76)
G1s3b = diag(Grsz,3b, GLsy, 30, GLS2,3b, GLSO01,3b, 0, 0), (5.77)

where GLsz 2¢(3b), GLSy,1b(2¢,3b)s and GLs: 1b(2¢,3p) are the open loop gains of
each degree of freedom.

Satellite 1

le 0_
xSATl‘:> sLS,lb
Satellite 2 Satellite 3

@D O,
Xsar2—> Rspriom1 —— Sis,2c Xsat3=—> Rspttomz —— Sis,3b

Figure 5.5: Block diagram of the local control.

5.6.4 Global attitude control of satellite formation

In addition to the above control, global attitude of satellite formation needs to be
controlled. For this purpose, the cavity axis difference in yaw motion of Cavity
b and c is fed back to y-axis motion of TM1c. The cavity axis difference in pitch
motion of Cavity ¢ and a (a and b) is fed back to the z-axis motion of TM2a
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TM3a). The obtained signal, sopp ), is denoted as
Q 1bcay( )

SQPDipe,y = —mwc + f(Y1b, ¥3b, Y2¢; Oyaw, 16, Oyaw,3b, Oyaw,2¢, Oyaw,1c)
(5.78)
1 /
SQPDaca,z = _Q(Rc——é)zza + f'(22¢, Z1c, Z3a; Opit,2¢; Opit, 1c, Opit, 2a: Opit,3a),
(5.79)
S5QPDau,z = ﬁzsa + " (23b, 22, Z1b, Opit.3a, Opit,2a+ Opit.3b, Opit, 1b)-

(5.80)

In addition, the roll motion of the drag-free control reference masses, i.e.
TMlc, TM2a, and TM3a, is controlled with the star trackers.

5.6.5 Summary of control

In the end of this section, the summary of control topology is shown in table 5.2.
Note that = and the roll of incident beam alignment do not need to be controlled
and z- and y-axis motion of TM3a, y-axis motion of TM2a, and z-axis motion
of TM1c define the reference frame of the control. In other words, the attitude
of the triangular interferometer can be changed by actuating these test masses.
This topology is implemented in the model constructed in Section 5.7.

5.7 Control model construction

In order to analyze the control of DECIGO and B-DECIGO, we construct a
control model with Matlab and Simulink. In this model, mechanical and opto-
mechanical properties (Section 5.2), sensing and actuation method (Section 5.3
and 5.4), and control topology (Section 5.6) are implemented with graphically
coding using block diagrams of Simulink. The constructed model is shown in
Appendix H. We named this model a full DECIGO interferometer model. We
used the parameters that we considered in this chapter and shown in table 4.1.
With the model, we can calculate the transfer function from each excitation port
to each sensing port and noise spectrum based on the calculated transfer function
(for more details of the noise estimation method, see Appendix B). Therefore,
whether the controls of all degrees of freedom shown in table 5.2 are stable and
the requirements of noises and their root-mean-square for the sensitivity and
stability are met can be investigated.
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Table 5.2: Summary of control topology. Used signal name to control each degree
freedom is shown. Align, alignment control; Global, global attitude control; DF,

drag free control; STT, star tracker.

TM1b | TMlc | TM2c TM2a TM3a | TM3b
x Length | Length | Local | Length (Abs.) Ref Local
Y Local | Global | Local Ref Ref Local
z Local Ref Local Global Global | Local
Roll Local STT Local STT STT Local
Pitch | Align Align | Align Align Align | Align
Yaw Align Align | Align Align Align | Align
Inclb | Inclb | Inclb | Inclb | Inclb | Inclb
Y Align | Align | Align | Align | Align | Align
z Align | Align | Align | Align | Align | Align
Pitch | Align | Align | Align | Align | Align | Align
Yaw | Align | Align | Align | Align | Align | Align
SAT1 | SAT2 | SAT3
x DF DF DF
Y bi | DI | DF LAS1 | LAS2 | LAS3
Rf)ll 311:: BE‘ gg f | Length | Length | Length
Pitch | DF DF DF
Yaw DF DF DF

5.8 Investigation of the control system with the control

model

5.8.1 Open loop transfer function

Using the full DECIGO interferometer model, we designed the open loop gains
of each loop described in Section 5.6. Figures 5.6-5.12 show the designed open
loop gains for DECIGO. The figures indicate that all degrees of freedom of each
component are stably controlled (the stability can be checked with the phase at
the unity gain frequency as discussed in Appendix B). The peaks around 10~*
Hz, which appear in figures 5.7, 5.10, and 5.11, are caused by the coupling, K,
between the satellite and the test masses. Below the peak frequency, we cannot
increase the gain of the control loop. For B-DECIGO, the control gains are
designed in the same way and all controls are made to be stable.
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5.8.2 Noise suppression performance

We investigate the noise suppression performance of the designed control system.
Specifically, the residual motion between each mass and satellite and the resid-
ual cavity fluctuation are estimated. If the former is large, the actuator response
could be non-linear. If the latter is large, the intensity noise coupling could be
so large that the sensitivity can be degraded. Figures 5.13 and 5.14 show the
residual displacement and tilt between each test mass and the satellite for DE-
CIGO case, respectively. They meet the requirement for obtaining the linear
response of the electro-static actuator (displacement, 0.1 mm; tilt, 10~% rad). In
B-DECIGO case, it is confirmed that the requirement is met. Figures 5.15 and
5.16 show the residual cavity fluctuation of DECIGO and B-DECIGO, respec-
tively. In DECIGO and B-DECIGO, the root-mean-square values of the residual
fluctuation, i.e. cavity detuning, are 5 x 1071° m and 1 x 107!° m, respectively.
The intensity noise with this cavity detuning is estimated in the next subsection.
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For B-DECIGO in geocentric orbit, the largest fluctuation of the cavity is
caused by the gravity of the Earth. As mentioned in Section 5.5.2, we need
to confirm the fluctuation caused by the gravity of the Earth is suppressed by
the control system. In order to keep the longitudinal cavity fluctuation to be
less than 1071° m, i.e. not to make the gravity of the Earth affect the cavity
detuning, the transfer function from the force applied to the test mass to the
longitudinal cavity fluctuation should be less than 107°> m/N at around 10~° Hz
(~ /1 day). According to the estimation with the constructed full mode, the
transfer function is less than 107° m/N in each cavity requirement.

5.8.3 Actuator range

In Chapter 4, we estimate the required actuator range considering the external
force that should be compensated. However, the sensing noise also takes a part
of the actuator range through the feedback system. Thus, we investigate the
amount of the applied force and torque for control as shown in figures 5.17 and

5.18 for DECIGO and figures 5.19 and 5.20 for B-DECIGO. The range required
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to each actuator of the test mass is 2 x 107 N in DECIGO and 8 x 107 N in
DECIGO.
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5.8.4 Noise budget of DECIGO and B-DECIGO

Using the full DECIGO interferometer model with the designed control loop, we
estimate the expected noise budget of DECIGO and B-DECIGO. Figures 5.21-
5.23 show DECIGO cases and figures 5.24-5.26 show B-DECIGO cases. Note
that, in figures 5.21-5.26, L-shaped interferometer equivalent sensitivities are
shown. Here, we consider the noise sources described in Section 5.5. We assumed
the cavity detuning of 5 x 1071 m for DECIGO and 1 x 10~'° m for B-DECIGO
as shown in figures 5.15 and 5.16 and the root-mean-square of the beam spot
mis-centering of 0.1 mm. The latter is mainly caused by the dithering. In these
figures, the curves labeled ‘ASC’ and ‘Global ASC’ mean the noises equivalent to
the strain that issues from the sensing noise of the alignment control and global
attitude control, respectively. For the frequency noise of DECIGO, we assume
the noise cancellation by a factor of 10 with post processing.
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5.9 Discussion

5.9.1 Control filter in the real detector

In order to design the control filter, we should know the interferometer responses
while, in the constructed model, they are known in advance as described in
Section 5.2-5.4. In the real detector, the interferometer response should be di-
agonalized in orbit after launch. Similar investigation was performed in the
ground-based detectors, especially, for suspension systems after their construc-
tion. This kind of work is known as commissioning. By using the auxiliary
sensors including the local interferometric sensors, the commissioning can also
be performed in space.

As shown in figure 5.6, the unity gain frequency of the control loop for the
frequency control loop in DECIGO is about 2 kHz that is higher than the free
spectral range of the arm cavity, 150 Hz. Such a high unity gain frequency
is necessary to reduce the residual cavity fluctuation shown in figure 5.15. The
source of the residual motion is the laser frequency fluctuation. At the frequencies
of multiple of the free spectral range, the gain of the cavity response goes zero
and the phase is delayed by 90 deg. Therefore, compensation of the phase delay
is necessary to obtain the unity gain frequency above the free spectral range.

5.9.2 Actuator range

The required actuator range for the developed control system is 2 x 10=7 N
in DECIGO. This is within the range considered in terms of the external force
in Chapter 4. To obtain the dynamic range of the actuator in DECIGO, new
techniques, such as frequency-dependent actuators, are necessary. The required
actuator range for the control system in B-DECIGO is 8 x 10~" N, which is
mainly for the noise of the star tracker for the global attitude control. The
actuator range is larger than that of the heliocentric-orbit case mentioned in
Chapter 4. This result indicates that the frequency-dependent actuators or other
improved actuator are necessary for B-DECIGO even in the heliocentric orbit.
Another solution to save the actuator range is the development of the low noise
star tracker or compatible sensors.

5.9.3 Dominant technical noise source

Figures 5.21-5.26 indicate that the noise performance of the feedback control
meets the sensitivity requirement of DECIGO and B-DECIGO. As shown in
figures 5.21-5.26, the dominant noise sources are coupling noise from the sensing
noise of the local sensor in 0.1-0.2 Hz and the alignment sensing noise below 0.1
Hz. Local sensing noise is mainly coupled from the x-axis local control shown in
equations (5.76) and (5.77). As shown in figure 5.11, although the control gain
is rolled off at 0.1 Hz, we can improve the shape of control filters by considering
the measured open loop gain in actual operation. Notice that above 0.1 Hz,
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the sensitivity is limited by the residual motion of the satellites due to the local
sensing noise. Alignment sensing coupling is caused by the global attitude control
in equation (5.78). Cavity c¢ can be mis-aligned by the motion of TM1c and the
y-axis motion of TM1c can couple with the z-axis motion through the motion of
Satellite 1. Thus, the global attitude control can make a spurious large coupling
from the alignment sensing noise to the length of Cavity b which is included in
Interferometer 1 and 3. This coupling can be reduced by improving the shape
of the control filter shown in figure 5.12, if necessary. These discussions also
support the qualitative reliability of the full DECIGO interferometer model.

5.9.4 Effect of the technical noise source on the gravitational-wave
observation.

As shown in figures 5.21-5.26, the sensitivity of DECIGO and B-DECIGO is
limited not only by the fundamental noise, i.e. quantum noise, but also by the
technical noise. We investigate the effect of the sensitivity degradation from
that only with quantum noise that is considered in the pre-conceptual design
of DECIGO [54]. Here the detection range (sometimes called inspiral range) of
the compact binary coalescence is investigated. The detection range is a kind
of measure of the detectability of the compact binary coalescence and is defined
as the luminosity distance for the binary detected at a certain signal-to-noise
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Figure 5.27: Comparison of DECIGO detection ranges with all noises and only

with quantum noise. Note that the source mass is represented in the detector
frame.
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ratio, typically eight.*! Using the equations (2.35) and (B.4), we calculate the
detection range of the sensitivity with the full noise sources and that only with
quantum noise shown in figure 5.21. The result is shown in figure 5.27. Note
that the integration band is between 0.01 Hz and the frequency of the innermost
stable circular orbit (equation (2.36)). Figure 5.27 indicates that the detection
range is degraded by about 30% below 10* M and is decreased steeply above
10* M. The degradation below 10* M, is caused by the intensity noise. The
detection range above 10* My, is decreased since the heavy binary merges below
the sensitivity band, which is 0.06 Hz or so. In spite of the degradation of
the detection range due to the technical noises, most of the scientific targets
discussed in Chapter 4 are still within the reach of DECIGO and B-DECIGO.
Especially, the detection range longer than 200 Gpc is enough to observe the
compact binaries since the first star of the Universe is thought to be formed at a
luminosity distance of 200 Gpc [196]. Actually, the probability of the detection of
the light white-dwarf binaries, which are estimated to merge at around 0.05 Hz,
is relatively low. For investigating the wide mass range distribution of the black
holes (1-10% M), multi-band observation with the detectors that are sensitive
below 0.01 Hz, such as LISA, is important.

*1 The signal-to-noise ratio of eight is a kind of gravitational wave detection threshold in
the gravitational wave research field. The signal-to-noise ratio of eight corresponds to
the false detection probability of ~ 10715 [63].
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Chapter 6

Demonstration of the dual-pass
differential Fabry—Pérot
interferometer

In this chapter, we show the result of the demonstration of the dual-pass differ-
ential Fabry-Pérot interferometer in the ground laboratory.

6.1 Objective

The dual-pass differential Fabry—Pérot interferometer is a new interferometer
configuration for DECIGO and B-DECIGO. In the dual-pass differential Fabry—
Pérot interferometer, its longitudinal signals cannot be obtained with the same
way as the conventional differential Fabry—Pérot interferometer since, in general,
all the cavities cannot meet the resonance condition simultaneously as explained
in Section 6.2.1. In order to obtain the signal of the dual-pass differential Fabry—
Pérot interferometer, the length of each cavity has to be adjusted to be similarly
(quantitative discussion is in the next section). By adjusting the cavity lengths,
the offset of the laser frequency from the cavity resonant frequency, known as
cavity detuning, can be reduced. This is an essential feature of the dual-pass
differential Fabry—Pérot interferometer not only for signal extraction but also
for noise reduction to the gravitational wave observation. When there is cavity
detuning, intensity fluctuation of the laser couples with the detuning and can be
a dominant noise source of DECIGO and B-DECIGO. Therefore, we develop the
dual-pass differential Fabry—Pérot interferometer to demonstrate its operation
and to investigate its behavior. In particular, the dependence of the cavity
detuning on the cavity length is investigated. This time, in order to focus on
the operation of one dual-pass differential Fabry—Pérot interferometer, the setup
constructed in the ground loboratory has two arm cavities with two laser sources.
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6.2 Formulation and behavior of the dual-pass differential

Fabry—Pérot interferometer

6.2.1 Dependence of the cavity detuning on the cavity length difference

Here, we explain the behavior of the dual-pass differential Fabry—Pérot interfer-
ometer in DECIGO and B-DECIGO. In the dual-pass differential Fabry—Pérot
interferometer, one cavity is composed of two lasers, which have different fre-
quency in order to reduce interference effect of them. Even in this case, two of
the three arm cavities in DECIGO and B-DECIGO can be resonant for both
lasers with feedback control as shown in figure 6.1. Laser 1 and Laser 2 are
controlled to follow the resonant frequency of Cavity c. The length of Cavity
a and b are controlled to follow Laser 2 and 1, respectively. The frequency of
Laser 3 is controlled to use Cavity a as a reference. Thanks to these feedback
control, Cavity a (c) is resonant for Laser 2 and 3 (1 and 2) and Cavity b is
resonant for Laser 1. However, Cavity b cannot be resonant for Laser 3 using
feedback control in general. This is because, if there is the additional feedback
control loop, the feedback control is cancelled out due to the other control loops.
Therefore, without a new technique, we cannot obtain the longitudinal signal of
Cavity b with Laser 3.

Cavity a Cavity a

f3 Cavity b

S o
S

ﬂ
UUUNU

Cavity ¢

=)
IS

«103 Cavityc

= | f1\ | \l
B

Intracavity Power [a.u.]

Frequency [Hz]

Frequency [Hz]

A
feedback

feedback Thruster

Satellite 2 Satellite 3

Figure 6.1: (a) Schematic of the dual-pass differential Fabry-Pérot interferometer
length control topology. (b) Relation between the cavity resonant frequency and
laser frequency. f; (i =1,2,3) is the frequency of each laser. (c) Enlarged figure
of (b) around fs.

In order to make the cavity resonant for both lasers without feedback control,
it is found that we need to adjust the absolute cavity length. The frequency
difference of the frequency of Laser 3, f3, from the resonant frequency of Cavity
b, fy, is written as

C

Afngg—fb:fg—Nﬁ. (V eN)

(6.1)
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Since Laser 3 is controlled to resonate with Cavity a, the frequency of Laser 3 is
denoted as f3 = N'57 (N’ € N). Consequently, A fs is written as

C C

Afs = N’ -
Ts oL, oLy,

(6.2)

We can choose N’ in 0.995N < N’ < 1.005N. This range corresponds to the
actuation range of the laser source. Obviously, when N’ = N and L, = Ly, the
frequency difference A f3 is zero, i.e. Cavity a is resonant with Laser 3. When
N' =N+ AN (AN € N) and L, = Ly, + AL (|JAL|/Ly, < 1), Afs is denoted as

c AL
Af3_E (AN+NL—b>. (6.3)

When |AL|/Ly, < 0.005 (this level can be achieved with auxiliary sensors such
as microwave ranging system), we can choose AN to be the nearest integer to
—N %—f. As a result, the frequency difference A f3 is within,

c|AL|
2L%

|Afs| < (6.4)

The frequency difference corresponds to the cavity detuning. When the cavity
detuning is smaller than the resonant width of the cavity, i.e. 2v; /o, the longi-
tudinal and alignment signal of the cavity can be obtained in the same manner
as the conventional cavity. The stringent requirement for the cavity detuning is
determined by the intensity noise coupling (equation (3.70)) to be |Af3| < 0.6 Hz
for B-DECIGO (|Af3] < 0.3 Hz for DECIGO). This leads to the length adjust-
ment requirement of |[AL| < 40 m for B-DECIGO (JAL| < 2 km for DECIGO).
This precision can be achieved with the auxiliary ranging instruments such as
micro-wave ranging system [189]. The dependence of the cavity detuning on the
cavity length is a representative feature of the dual-pass differential Fabry—Pérot
interferometer and should be confirmed in the experiment.

6.2.2 Optical spring effect

Here, we discuss the effect of the optical spring due to the cavity detuning. When
there is detuning in a cavity, the circulating power of the cavity varies depending
on the mirror motion. As a result, the radiation pressure of the circulating laser
behaves as a spring. This effect is called the optical spring [197]. The spring
constant of the optical spring is given by [198]

K°Pt = EOPY 4 iy OPY (6.5)
4Pcircwl Af
koPt = , 6.6
Le  2n[(Af)? + V%/Q] (6.6)
o 8 Peircw vi2(Af)
7= - : 2 : 2 2 127 (6.7)
Le  Am?[(Af)? + 1/1/2]
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where P, is the circulating power in the cavity and Af is the cavity detuning
in terms of frequency. Equations (6.5)-(6.7) indicate that the optical spring
provides the positive and anti-damping spring (or the negative and damping
spring) depending on the detuning. In the dual-path differential Fabry—Pérot
interferometer shown in Chapter 5, the optical spring exists in Cavity c since
there is cavity detuning due to the different length of the cavity as discussed in
Section 6.2. In other words, TM1b and TM3b are considered to be connected
with the optical spring.

One way to deal with the optical spring effect due to the different length of
the cavity is detuning the resonance of Cavity ¢ from f;. When the resonance
of Cavity c is detuned from f;, the laser beam from Satellite 1 behaves as the
optical spring, too. When the amount of the detuning of the resonance of Cavity
¢ from f; is the same as that from f3 but the sign is reversed, the optical spring
effect is cancelled. Notice that the optical spring by detuning the cavity has
been demonstrated [199,200] and the amount of the detuning can be adjusted.
Therefore, the results in Chapter 5 are valid when the optical spring effect is
cancelled by adjusting the detuning of the resonance of Cavity ¢ from fi.

Actually, even without detuning the resonance of Cavity ¢ from f;, the optical
spring effect due to the different length of the cavity can be dealt with using the
control discussed in Chapter 5. If we assume Af = Af; = 0.3 Hz for DECIGO
and Af = Afs = 0.6 Hz for B-DECIGO, the spring constants of the optical
spring between TM1b and TM3b for DECIGO and B-DECIGO are given by,
according to equations (6.5)-(6.7),

opt _

k 0.63 N/m,i (DECIGO) (6.8)
Pt = —2.7 x 1072 N/(m/s),

opt _
kPt = 0.25 N/m, (B-DECIGO) (6.9)
4Pt = —1.1 x 1072 N/(m/s).

Here, we also use the parameters shown in table 4.1. Note that, in the dual-
path differential Fabry—Pérot interferometer, we can choose the positive and
anti-damping optical spring by adjusting fs;. In the condition with the positive
and anti-damping optical spring, we discuss the optical spring effect. The res-
onant frequency of the optical spring in Cavity c is 0.017 Hz for DECIGO and
0.020 Hz for B-DECIGO. These resonant frequencies are smaller than the unity
gain frequency of the control of the x-motion of TM1b according to figure 5.7.
Since the optical spring affects the control system below the resonant frequency,
the optical spring effect can be suppressed with the control system considered in
Chapter 5. We also confirmed the above discussion using the full DECIGO inter-
ferometer model including the optical spring effect, and could obtain the stable
control system and the sensitivity better than the target sensitivity between 0.1
Hz and 10 Hz.
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6.3 Experimental setup

Figure 6.2 shows the schematic of the dual-pass differential Fabry—Pérot inter-
ferometer experiment. A photograph of the main dual-pass Fabry—Pérot cavities
is shown in figure 6.3. We use single-frequency distributed-feedback fiber lasers
with a wavelength of 1550 nm (Laserl, Koheras AdjustiK C15; Laser 2, Koheras
BASIK X15). The powers of output of Laser 1 and Laser 2 are about 10 mW
and 30 mW, respectively. Each of their outputs is a polarization-maintaining
single-mode optical fiber. The single-mode optical fiber is the optical fiber that
is designed to transmit only the fundamental spacial mode of the laser beam [127]
(about the spacial mode of the laser beam, see Appdendix F'). The emitted lasers
go to the fiber coupled Faraday isolators (Thorlabs 10-G-1550-APC for both
lasers, not shown in figure 6.2) and electro-optic modulators (EO Space PM-
0K5-00-PFA-PFA-UL-S for Laser 1 and PM-0S5-00-PFA-PFA-NT for Laser 2).
The phase modulation frequencies for Laser 1 and Laser 2 are 14.7 MHz and 15.3
MHz, respectively. We use the different modulation frequencies for signal decou-
pling of the two lasers. After the electro-optic modulator, the laser is splitted
with the fiber coupled beam splitter: one goes to the main dual-pass interferome-
ter (main beam) and the other goes to the monitoring system for absolute cavity
length measurement as explained later. The main beams are introduced to free
space through collimators (Newport F-COL-9-15-FCAPC) and splitted with the
beam splitter for the two arm cavities. After adjusting the mode matching and
alignment, the beam is incident to the cavity from both sides. This is the main
dual-pass Fabry—Pérot cavity. The cavity is 55-cm-long and its finesse is designed
to be 210. The radius of curvature of the mirrors is 2 m and their amplitude
reflectivity is 0.992 (Lattice Electro Optics, Inc. BS-1550-R98.5-UF-MPC-0525-
2000). These cavity mirrors are placed on the two optical benches isolated with
rubber stacks. The reflected light and the transmitted light from the other side
are received by each photodetector. Note that the two beams have orthogonal
linear polarization to avoid interference effect. The cavity longitudinal signals
are obtained with the Pound-Drever—Hall technique.

The block diagram of the control in this experiment is shown in figure 6.4.
Signals from PD1a and PD2a are fed back to the frequencies of Laser 1 and Laser
2, respectively. With the signal from PD2b, the position of M2b is controlled
using a piezoelectric transducer. We defined open loop transfer functions of each
feedback loop as

Gla = SlaElaAlaa (610)
Goa = S2a b2 A2a, (6.11)
Gap = flLas Sab Eap Aap. (6.12)
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Figure 6.2: Schematic of the dual-pass differential Fabry—Pérot interferometer
experiment.
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Figure 6.3: Photograph of the main dual-pass Fabry—Pérot cavities.

Each error signal (about the notation, see Appendix B) is denoted as

Sla flas Sla
g a Jlas )42 g 6.13
AT I G L (10 = 2) 14 Gia h (6.13)
Saa flas Saa
€9 1+ Gon L (21 Toa) + 1 ?2af2 ( )
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- S a a
1 + GQa 1 + ng 1 + Gla L b (:I:l 2 )

1 flas 1 1 G2b

_( G2a C7Y2b Gla )flas
€1b =

—S — S — S
+ 1+ Gy L 16 (z1p — T2p) + 1+ G 1 14 G 1+ Gt 1b.f2,
(6.15)

G2a 1 flas 1 flas
- - Sob (10— ©20) + T 12 Sy (1 -
“2b 14+Goy 1 +Go, L 2b (1‘1 T2 ) + 1+Gy, L 2b (l'lb fEQb)
1 1

+ Sab fa. (6.16)

1+G2a1+G2b

When |G1a| > 1 and |Ga,| > 1, we can write e}, and ey, as

1 flas 1 flas

- S a a
7 G L b (21 x2)+1+G2bL
1 flas 1 flas
- S 8 — a .
14+ Gop L 1 (1 m2)+1+G2b L

€1b = Slb (xlb — xgb) , (6.17)

€2p = S1p ($1b — xgb) , (6.18)

so that the same signal should be measured at the two ports.

> ul—en

Figure 6.4: Block diagram of the dual-pass differential Fabry—Pérot interferome-
ter experiment. e;, and f;, are the error signal and feedback signal of each port,
respectively, S;, is the sensing efficiency, F;, is the control electric filter, A;, is
the actuator efficiency (i = 1,2 and o = a,b), flas = 5.8 x 10 Hz is the laser
frequency, and L is the cavity length.

6.4 Characterization of each component

After the setup was constructed, the finesse of the cavities, the actuation effi-
ciencies, the sensing efficiencies, the control filters, and the cavity lengths were
evaluated.
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6.4.1 Finesse of the cavity

The finesse of the cavity was measured by taking the ratio of the free spectral
range to the resonance peak full width at half maximum by sweeping the fre-
quency of Laser 2. This method is called cavity scanning. Since Laser 2 has
larger power than Laser 1, the measurement with better signal-to-noise ratio can
be performed with Laser 2. We scanned Cavity a and Cavity b and saw several
pairs of the resonant peaks next to each other for each cavity. One pair of the
resonant peaks is shown in figures 6.5 and 6.6 as an example. The largest peak in
figures 6.5 is the fundamental Hermite-Gaussian mode (about Hermite-Gaussian
mode, see Appendix F). The finesse is measured with the following equation:

Atrsr

F= ,
AtpwHM

(6.19)

where Atpgr is the temporal difference of the peaks and Atpwuwm is the full
width at half maximum of the peak in terms of time. As a result, the finesses of
Cavity a and b were measured to be,

Cavity a: 290 + 70, (6.20)
Cavity b: 270 + 80, (6.21)
where statistical errors are shown. The measured finesses of the two cavities are
the same within error ranges. Although the measured finesse of Cavity a does

not agree with the designed value within the error range, it does not significantly
affect the whole result in this chapter.
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Figure 6.5: Example of the result for cavity scanning to measure actuation effi-
ciency. In this plot, the applied voltage to Laser 2 for scanning its frequency and
transmitted power measured with PD1b is shown. During this measurement, the
beam from Laser 1 was blocked.
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Figure 6.6: Enlarged plot of figure 6.5 around 0.08 s. We can see the peak of the
fundamental mode. The origin of the horizontal axis (i.e. 0 s) is set to be the
peak point.
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6.4.2 Actuator efficiency

Actuator efficiencies, i.e. laser frequency change of Laser 1 (Laser 2) when 1
V is applied to Laser 1 (Laser 2) and the efficiency of piezoelectric transducer
on M2b, were measured with two methods. The first one is cavity scanning
again for overall efficiency measurement and the second one is frequency response
measurement. The cavity has a peak at every half of the wavelength, which is a
precise length reference. Thus, by comparing the voltage difference between the
two cavity peaks during cavity scanning with each actuator to the half of the
wavelength, we can measure the overall efficiency of the actuator. If we scan the
cavity with the piezoelectric transducer on M2b, the efficiency of the cavity is
measured. The frequency response can be measured with the transfer function
measurement from the input of the actuator to the sensor output when the cavity
is locked with each actuator. As a result, the actuator efficiencies were measured
to be

Laser 1 (freqency): A1.(f) = Arexp (—if/f1), (6.22)
Ay = (1.31 £0.04) x 10® [Hz/V], f1 = 5500 + 20 [Hz],

1 1 . 1"
A21+if/f21+if/f§eXp(_Zf/f2)’ (6.23)

Ay = (3.89 £0.08) x 107 [Hz/V], fo = 328 + 3 [Hz],
fh = 5250 + 40, [Hz], f) =17.0+0.2 [kHz],

Laser 2 (freqency): As.(f) =

1
Pi lectric t d A =A S ra— —1 4 6.24
iezoelectric transducer: Aay(f) PZT - exp (—if/fpzr), ( )

Apzr = (4.7+£0.4) x 1077 [m/V],
fpzr = 2500 + 700 [Hz], fpyr = 5500 % 20 [Hz].

6.4.3 Sensing efficiency

In the cavity experiment, the laser frequency difference from the resonant fre-
quency of the cavity can be measured with the Pound—Drever—Hall technique
as explained in Chapter 3. The efficiency of the measurement of the frequency
difference between the laser frequency and the resonant frequency of the cavity
can be represented by sensing efficiency, which is the transfer function from the
difference of the resonant frequency to the output voltage. The sensing efficiency
can be measured from the measurement of the transfer function from the input
of the actuator to the sensor output if the actuator efficiency is known. In this
dual-pass differential Fabry—Pérot interferometer experiment, sensing efficiency
is assumed to have a flat response since vy /5 is ~ 500 kHz, which is much larger
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than the frequency that is considered in this experiment, e.g. at most 10 kHz
(see also Section 3.3.2). The measured sensing efficiencies are

PDla: S;, = (2.64 4 0.01) x 107® [V/Hz], (6.25)
PD1b : Sy, = (1.655 £ 0.006) x 1078 [V /Hz], (6.26)
PD2a : Sy, = (8.76 = 0.03) x 10~% [V /Hz], (6.27)
PD2b : Sop, = (1.40 £0.03) x 10™7 [V /Hz]. (6.28)

Note that these results are expressed in terms of the cavity resonant frequency.

6.4.4 Control electric filter

The control electric filter is designed to obtain stable control. The measured
transfer functions are

Lt+if/fla 1+ if"/ f1a

Laser 1 loop: E1,(f) = E1a ; - 6.29
b Buall) = B e T i (6:29)
B, = 3598 £ 2, f1, = 2.80 4+ 0.01 [Hz], f/, = 32.6 + 0.2 [Hz],
=310+ 2 [Hz], f” =1.1+0.4 [kHz],
L+if"/foa 1L+if"/ foa 1

Laser 2 loop: Es, = Fs, : - - , 6.30
P ) = e i Tt e LrifiR O

By = 94830 £ 60, foa = 0.390 £ 0.008 [Hz], £}, = 34.1 + 0.3 [Hz],

Yy =286+ 3 [Hz], fo =1.67+0.03 [kHz], f/ =9.7+0.2 [kHz],

1 +'l 12 1 +Z "

Moy, loop: Eop(f) = Eap S/ Jo, L+ 077 o (6.31)

L+if/fon L+if/fhy
Eap, = 55.32 £ 0.01, fon = 2.76 £ 0.02 [Hz], f}, = 31.9 = 0.4 [Hz],

fY =353 +6 [Hz], f3} =1.434 4 0.002 [kHz].

0.4.5 Absolute cavity length

The absolute cavity length can be determined if the cavity free spectral range
is measured according to equation (3.31). In this experiment, the free spectral
range can be measured by observing the beatnote frequency with PDbeat and a
frequency counter when the two lasers are made to resonate at the next resonance
of the cavity. The measured lengths of Cavity a and b are

Cavity a: L, = 0.55340 = 0.00001 [m)], (6.32)
Cavity b: L, = 0.55340 & 0.00001 [m]. (6.33)

Note that the length of Cavity a can be changed with the stage on which M2a
is located and the value of L, shown in equation (6.32) is the length of Cavity a
after the adjustment to be the same as the length of Cavity b.

91



6.5 Results of the dual-pass differential Fabry—Pérot

interferometer experiment

6.5.1 Lock sequence

Figure 6.7 shows the lock sequence of the dual-pass differential Fabry—Pérot
interferometer. At 11 s, the frequency of Laser 1 is controlled to be the resonant
frequency of Cavity a. Then, at 19 s, the frequency of Laser 2 is controlled to
be the resonant frequency of Cavity a. Finally, at 32 s, the length of the cavity
b is controlled with the signal obtained with PD2b. The error signal from the
PD1b can be observed although it is not fed back to any actuator. Note that at
7 s, Cavity a is held in the non-intended higher order mode.

x107 ) x10° x108
s = =
= 1 L |
5 - -
g0 | EO Es
S ;
o | 1 | 2 | |
0 20 40 0 20 40 0 20 40
%107 10 X10°
g4 v | C—we]
= | = o
5 -
2os g o L
o — LA 104 | L
& i ‘ ]
0 5 ‘ !
0 20 40 0 20 40
%107 x10° x108
s 1] sl | s | |
- | = L] =, | |
Los | g of g | |
8 [ LT.Z | L—t.-‘—T—-—w-
0 1 | |
0 20 40 0 20 40 0 20 40
) x107 x10° s %107
s wsf | x|
31 - ‘ Zasp |
z g o g 1
a w (TR
o | 5 | 2 [ |
0 20 40 0 20 40 0 20 40
Time [s] Time [s] Time [s]

Figure 6.7: Lock sequence of the dual-pass differential Fabry—Pérot interferom-
eter. Left panels show the laser power received by each photodetector, center
panels show the error signals of each cavity, and right panels show the feedback
signals in each control loop. The error and feedback signals are written in terms
of the resonant frequency, which is the origin of these signals. At the timings
indicated by the dashed lines, each control servo was engaged successively.
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Figure 6.8: Measured open loop gain of each control loop. The upper and lower
panels show the gain and phase, respectively. The solid lines are the open loop
gains predicted by the characterization of each component in Section 6.5.

6.5.2 Open loop transfer function

We measured open loop transfer functions of the two frequency servos and piezo-
electric transducer servo as shown in figure 6.8. The open loop transfer functions
predicted by the characterization of each component described in Section 6.5 are
also shown. Here, we used the mean values. The measured gain and predicted
gain agree with each other around their unity gain frequency.

6.5.3 Detuning dependence on the cavity length

We measured the dependence of the error signal offset from the resonant fre-
quency on the cavity length with the Pound-Drever—Hall technique. The error
signals correspond to the cavity detuning. The cavity length was adjusted by
moving the stage with a micro meter where M2a is placed. Two examples of
the time series data of the error signals when the two cavity lengths are off and
adjusted are shown in figures 6.9 and 6.10. We measured the error signal offsets
with five different positions of M2a as shown in figure 6.11. During this mea-
surement, the cavity alignment is kept to be almost the same. We determined
the error signal offset dependence of the mirror position by fitting the result in
figure 6.11 to be (—5.1 £0.5) x 10® Hz/m.
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Figure 6.10: Error and feedback signals when two cavity lengths are adjusted by
moving the position of M2a as described in Section 6.4.5.
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Figure 6.11: Measured offsets of the Pound—Drever—Hall signal, i.e. error signals,
at the five different cavity lengths. The offset of the Pound-Drever—Hall signal
corresponds to the cavity detuning.

6.5.4 Noise spectrum measurement

We measured noise spectra of the dual-pass differential Fabry—Pérot interferom-
eter. The result is shown in figure 6.12. The ‘1a’ and ‘2a’ curves are calibrated
from the feedback signal and the ‘2b’ curve is calibrated from the error signal.
The ‘1b” and ‘2b’ curves represent the differential length fluctuations of Cav-
ity a and b. The spectra of ‘1a’ and ‘1b’ indicate that the frequency noise is
successfully stabilized by the frequency servo and they work as a differential
Fabry—Pérot interferometer effectively without feeding back the signal of PD1b.

6.6 Discussion

When the dual-pass differential Fabry—Pérot interferometer works well, the same
signal, i.e. the differential length fluctuation of the two cavities, is obtained in
the two interferometer. To show that, we calculated the coherence of e, and
eop, as shown in figure 6.13. Since the average number is 100, the two signals are
regarded as coherent when the coherence is larger than 0.06 [201]. Figure 6.13
indicates that the two signals are coherent between 1 and 1500 Hz. The coherence
below 10 Hz decreases since the noise is large. The main noise source is considered
to be the differential component of the seismic motion. The coherence above
1500 Hz is small since the gain of the frequency feedback loop is small. In
this case, the independent frequency noise affects the measurement according to
equations (6.15) and (6.16). The discussion in this paragraph indicates that the
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Figure 6.12: Calibrated noise spectra of the dual-pass differential Fabry—Pérot
interferometer measured with PD1a, PD1b, PD2a, and PD2b.

dual-pass differential Fabry—Pérot interferometer is considered to be successfully
operated.

In order to see the behavior of the dual-pass differential Fabry—Pérot interfer-
ometer with another way, we also check if the common motion can be subtracted
by taking the difference between the output signals of PD1b and PD2b. Since
there could be relative calibration error between PD1b and PD2b, we need to
apply a factor to the output signal of PD2b for the subtraction of the output of
PD2b from the output of PD1b. We survey the optimal factor of the subtraction
with 1D-grid searching. The best subtracted signal is shown in figure 6.14. This
figure suggests that the two interferometers measure the same signal, i.e. the
differential cavity length fluctuation. The optimal factor for the subtraction of
the output of PD2b from the output of PD1b was 0.89. This indicates that there
is relative calibration error of 11% between the two interferometers. The 11%
calibration error can be explained by the sensing efficiency error estimated in
Section 6.5.

It is worth noting that the procedure mentioned above for the subtraction
from the signal of PD1b with the signal of PD2b is a kind of way to make a
null-stream and can also be used for the relative calibration of each sensing port
even in DECIGO and B-DECIGO. Since the mass and volume of the instrument
are limited in the space mission, this kind of in-situ scheme is beneficial.
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Figure 6.14: Noise spectra with common noise subtraction (blue curve). ‘1b’ and
‘2b’ are measured error signals with PD1b and PD2b, respectively. ‘Laser 1’ and
‘Laser 2’ are estimated frequency noises of Laser 1 and Laser 2, respectively. The
purple line indicates the lower limit of the noise subtraction estimated from the
coherence measurement as shown in figure 6.13. The curves of the subtracted
signal and ‘lower limit from coherence’ are overlapped.

97



Here, the result in Section 6.5.3 is discussed to see the dependence of the
cavity detuning on the cavity length. The fitting result of the relation between
mirror position and cavity detuning from figure 6.11 is (—5.14£0.5) x 10% Hz/m.
Our formulation and the cavity length measurement in Section 6.4.5 predict
that the dependence of the detuning of Cavity b to the position of TM2a is to be
(—4.897640.0002) x 10® Hz/m. They are consistent within the error ranges. This
discussion indicates that, by adjusting the cavity length, the longitudinal signal of
the dual-pass differential Fabry—Pérot interferometer can be obtained. Moreover,
there is the position of TM2a where the cavity detuning is zero as shown in
figure 6.11. Therefore, intensity noise coupling explained in Section 3.3.5 can be
reduced in the dual-pass differential Fabry—Pérot interferometer.
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Chapter 7

Conclusion

7.1 Summary

In this thesis, the control scheme of the Fabry—Pérot type space gravitational
wave antenna is studied. First, the control topology is considered with the nu-
merical model of the Fabry—Pérot type antenna including a mechanical and opto-
mechanical response, a sensing and actuation scheme, external disturbances, and
sensing noises. The new model is named a full DECIGO interferometer model.
This new model reveals that the interferometer control and drag-free control can
be engaged at the same time by separating the degrees of freedom controlled
by the control system: one mirror in the satellite is used as the reference of
the drag-free control and the other mirror is used for the interferometer control
and the local control. The model also reveals that the mirror position can be
used as a reference of the control to obtain the stable control system. Using the
model, a solution of DECIGO parameters with interferometer control achieving
the target strain sensitivity of 10723 /v/Hz is also found as shown in figure 5.21.
In addition, more than one-day stability was also achieved. Second, the dual-
pass differential Fabry—Pérot interferometer is formulated and is constructed in
a ground laboratory as shown in figure 6.2. The operation of the dual-pass differ-
ential Fabry-Pérot interferometer is demonstrated for the first time. Moreover,
it is confirmed that cavity detuning can be reduced by the cavity length ad-
justment as predicted by the formulation as shown in figure 6.11. The cavity
detuning reduction is essential to minimize a noise coupled with the laser inten-
sity fluctuation, which would be a major noise source in DECIGO. These results
indicate that the dual-pass differential Fabry—Pérot interferometer is correctly
understood with the new formulation.

7.2 DECIGO and B-DECIGO design

In this thesis, control topology and the dual-pass differential Fabry—Pérot in-
terferometer are developed. These two components are essential for DECIGO
and B-DECIGO. Here, including the obtained results, we summarize the design
of DECIGO and B-DECIGO as shown in table 7.1. The dual-pass differential
Fabry—Pérot interferometer is utilized. The sensing method for the longitudinal
signal is the Pound—-Drever—Hall method. The methods for the alignment signal
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are the wavefront sensing method and the dithering method. With these sensing
methods, the interferometer is controlled stably with almost shot-noise-limited
sensitivity between 0.1 and 10 Hz. We can implement the drag-free control to
control the satellite motion at the same time as the interferometer control with
control scheme developed in this thesis. The degrees of freedom of the test mass
that is not controlled with the interferometer control is controlled with the local
sensors and the star trackers. In this design, the dominant technical noise is
caused by the noise of the local sensor and the significant part of the actuator
range is taken by the star tracker noise. The local sensors and the star trackers
should be more sensitive than 1 x 10~'2 m/+/Hz above 0.1 Hz (for interferometer
sensitivity), and 2 x 1076 rad/+/Hz below 0.01 Hz (for interferometer stability),
respectively. The test mass actuators should have the maximum range of 2x 1076
N and the noise level of 2 x 10~7 N/y/Hz above 0.1 Hz. The dynamic range of
the actuator is ~ 101! / \/E, which is greater than that of the conventional
simple actuators, so that we need to develop a new actuator. One candidate is
the frequency-dependent actuator that has the large range (larger than 2 x 1076
N with the safety factor of 10) outside the observation band, and is low noise
(better than 2 x 1077 N/v/Hz ) in the observation band. The coupling from the
satellite motion to the test mass acceleration should be less than 5 x 1077 /s?
not only for the sensitivity but also for the stability below 10=* Hz. Using these
components and control scheme developed in this thesis, we achieved the target
sensitivity of DECIGO (10~2% /v/Hz) and B-DECIGO (10~2* /v/Hz) between
0.1 and 10 Hz and one-day-long stability in the simulation.

Table 7.1: Summary of the design of DECIGO and B-DECIGO considered in
this thesis. In the brackets, the achieved values in the previous works are shown.

Interferometer Dual-pass differential
configuration Fabry-Pérot interferometer
Sensing method
longitudinal Pound—Drever—Hall method
alignment Wavefront sensing and dithering

Combined control of the interferometer control
with the drag-free control

1x 1072 m/vHz (> 0.1 Hz)

[2 x 107 m/v/Hz (in space) [182],

Control topology

Local sensor

sensitivity 1 x 1012 m /A7 (ground) [185] ]
Star tracker 2 x 1079 rad/v/Hz (< 0.01 Hz)
sensitivity [2 % 1076 rad/v/Hz [182] |
Actuator

range 2x107% N

noise 2 x 1077 N/v/Hz (> 0.1 Hz)

[~5x 1076 N, ~5x 1071 N/v/Hz [176] ]
5x 1077 /s2 [4x 1077 /s2 [140] ]

Coupling between
satellite and test mass
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7.3 Conclusion

The observation frequency of the ground-based gravitational wave observatory,
such as aLLIGO, is limited between ~ 10 Hz and a few kHz. The lower frequency
limit is mainly determined by the seismic motion. Some observational targets
below 10 Hz are predicted. One target is the coalescence of the intermediate-
mass black holes with masses in the range between ~ 10°> Mg and ~ 10° M.
The intermediate-mass black holes typically emit the gravitational waves in
the frequency range between ~ 1072 Hz and ~ 1 Hz. The coalescence of the
intermediate-mass black holes is considered to be a candidate of the origin of the
super massive black hole that has been discovered at the galactic center. Another
target is the early Universe. The quantum fluctuation is considered to cause the
gravitational waves in the wide frequency range, for example, between ~ 10717
Hz and ~ 10* Hz. Therefore, some space gravitational wave observatories are
proposed to avoid the seismic motion.

DECIGO and B-DECIGO are the planned Fabry—Pérot type interferometric
space gravitational wave antennas to observe the gravitational waves between
0.1 Hz and 10 Hz. The design sensitivity of DECIGO is better than 1023 /v/Hz
so that the stochastic gravitational wave background generated by the quantum
fluctuation in the early Universe could be observed. These space antennas have
two unique features: the precise interferometer control system including the
Fabry—Pérot cavity and drag-free satellite, and the dual-pass differential Fabry—
Pérot interferometer.

The Fabry—Pérot cavity is necessary to achieve high shot-noise-limited sensi-
tivity. The drag-free satellite is also necessary to isolate the test masses from the
extra-satellite noise sources. Although these two techniques have been demon-
strated independently, there was a concern about the simultaneous operation
of them, especially in terms of control method. Thus, we numerically modeled
the full control system of DECIGO and B-DECIGO. The model is named the
full DECIGO interferometer model. This numerical model reveals that the in-
terferometer control and drag-free control can be engaged at the same time by
separating the degrees of freedom controlled by the control system; one mirror
in the satellite is used as the reference of the drag-free control and the other
mirror is used for the interferometer control and the local control. Using the
model, we also considered the detailed requirement including control design for
DECIGO and B-DECIGO. As a result, we found a solution of interferometer
control with target strain sensitivity of DECIGO, which is 10~2% /v/Hz, and
more than one-day stability. If we achieve the sensitivity of 10723 /v/Hz at 0.1
Hz, some features at the early Universe can be tested, for example the phase
transition at the electroweak scale [113] and the cosmic strings [114].

The dual-pass differential Fabry-Pérot interferometer is a totally new inter-
ferometer configuration. We formulated the dual-pass differential Fabry—Pérot
interferometer and found that absolute length adjustment is needed to obtain
all interferometer signals. For the demonstration, the ground-based dual-pass
differential Fabry—Pérot interferometer was constructed. In the actual experi-
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ment performed in the ground-base laboratory with the 0.55-m-long dual-pass
Fabry—Pérot cavities, we succeeded in operating the dual-pass differential Fabry—
Pérot interferometer and confirmed that adjustment of the absolute arm length
reduced the cavity detuning as expected with our formulation. This leads to
the reduction of the laser intensity noise coupling. These results indicate that
the behavior of the dual-pass differential Fabry—Pérot interferometer is correctly
understood. In future, the constructed interferometer can be expanded for the
experimental demonstration of the full control scheme, which we developed with
the full DECIGO interferometer model.

We conclude that the sensing and control scheme of the interferometer in
Fabry—Pérot type interferometric space gravitational wave antenna, especially
DECIGO and B-DECIGO, has been demonstrated theoretically and experimen-
tally. We hope that this work provides an essential basis for opening the window
of gravitational wave physics and astronomy in the decihertz band.

7.4 Future prospect

In this section, we describe the future prospect towards the actual DECIGO
and B-DECIGO observation and further expansion of gravitational wave physics
and astronomy. Specifically, further investigation of interferometer simulation,
construction of ground-based DECIGO and B-DECIGO prototype, and space
demonstration are shown.

7.4.1 Further investigation of interferometer simulation

In the simulation expressed in this thesis, the orbital motion is incorporated
as a typical external force noise. However, the actual behavior of the orbital
motion varies depending on the orbital parameters, such as semi-major orbital
axis, orbital inclination, longitude of the ascending node, launch date, and so
on. For more realistic simulation, orbital simulation should be combined with
the interferometer simulation.

Moreover, though we showed one solution to achieve shot noise limited sensi-
tivity of DECIGO and B-DECIGO, there are other possibilities to achieve the
similar sensitivity. For example, interferometer configuration could be changed
to the interferometer with two laser sources in one satellite while the configura-
tion requires new research and development. If it is confirmed in future that the
new interferometer configuration can achieve the shot noise limited sensitivity,
we need to perform a trade-off study between the scheme studied in this thesis
and the newly developed configuration.

7.4.2 Construction of ground-based DECIGO and B-DECIGO proto-
type

The dual-pass differential Fabry—Pérot interferometer experiment constructed in
this work can be expanded into the future small-scale ground-base prototype of
DECIGO and B-DECIGO. The prototype will have the following two features:
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the same control topology including interferometer of sensors and actuators and
soft suspension systems. The latter is necessary to mimic the situation of space.
About the control topology, the alignment sensing system will be implemented
in addition to the main dual-pass differential Fabry—Pérot interferometer demon-
strated in this thesis. Since the alignment sensing method was demonstrated in
the previous work [133], just an implementation is necessary. About the soft
suspension system, we will use torsion pendulums. The conceptual design has
been done as shown in Appendix D. By using the prototype, the control scheme
discussed in this thesis can be experimentally demonstrated. After the princi-
pal demonstration, the integrated test with the actual components such as test
mass actuators, local sensors, thrusters and so on, should be performed. This
integration test can also be performed with the modification of the prototype.

7.4.3 Space demonstration

Towards DECIGO and B-DECIGO, even small scale demonstration in space,
if any, is very beneficial. The implementation of the control scheme discussed
in this thesis including the interferometer characterization leads to an essential
milestone for DECIGO and B-DECIGO. Another thing which would be tested in
space is noise characterization. Using the measured data in space , the accuracy
of the performance estimation in this thesis can be improved. In addition, it is
important to demonstrate the end-to-end test of the gravitational wave observa-
tion, i.e. initial alignment, detector operation, data transfer from the satellite to
the Earth, and data analysis.
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Appendix A

Axion dark matter search with the
Fabry—Pérot cavity

The Fabry—Pérot cavity is a very precise measurement instrument which is used
even to detect gravitational waves. In addition to the gravitational wave ob-
servation, there are many applications of precision measurements, for example,
axion dark matter search. Here, we explain the new approach for the axion dark
matter search with interferometric gravitational wave detectors. This work is
reported in K. Nagano et al. [155]. In this chapter, the natural unit A=c=1is
used.

Axion dark matter and its probe technique

The axion is a pseudo-scalar field which is originally proposed a half-century
ago by Roberto Daniele Peccei and Helen Rhoda Quinn to solve the strong
Charge-conjugation Parity problem in quantum chromodynamics physics, known
as “quantum chromodynamics axion” [202]. Recently, high energy physics, e.g.
string theory, also predicts manifold of axion-like particles from the compactifi-
cation of extra dimensions [203-206]. Typically, the axion is considered to have
a light mass m < 1 eV. Also, it behaves like non-relativistic fluid in the current
universe because of its oscillatory feature. Therefore, from cosmological point
of view, the axion or axion-like particle is considered to be a candidate of dark
matter. Hereafter, they are jointly called “axion”.

In general prediction of high energy physics, the axion has a weak but finite
coupling to gauge bosons, such as photons. This feature allows us to search
for axion dark matter with optical techniques. Conventionally, many experi-
ments and observations have tried to detect axions under the magnetic field
background, where axions are converted to photons (and vise versa) [207-213].
For example, in the solar axion observation such as CERN Axion Solar Telescope
(CAST) [214,215], the axion that is generated in the Sun is converted to X-ray
with magnets and then the axion could be observed by the X-ray detector. An-
other example is the observation of the axion generated in the supernova such as
SN1987A [216]. The axion generated in SN1987A is considered to be converted
to gamma ray by the galactic magnetic field. Thus the axion could be observed
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with the gamma-ray observation. Note that the result of the axion observation
using SN1987A depends on the model of the galactic magnetic field. Although
the various observations explained above were performed, no characteristic signal
of axion dark matter has been detected and a new method to search for axion
dark matter is needed.

Lately, a number of new approaches to search for axion dark matter using
optical cavity have been proposed [217-220]. These proposals do not need a
strong magnet which could be a noise source (or make an experiment expensive),
while they utilize phase velocity variation between two circular-polarized lights
caused by axion dark matter [221-225]. Inspired by these experimental proposals,
we propose a new scheme to search for axion dark matter by using a Fabry-
Pérot cavity, especially the arm cavity of the interferometric gravitational wave
detectors.

Phase velocity modulation caused by axion dark matter

In this section, how the dispersion relations of two circular-polarized lights are
modified in the axion background field. The axion-photon coupling constant, ga-,
which is the characteristic parameter of axion’s coupling to photons is denoted
as Chern-Simons interaction

Jay

4
where a(t) is the value of the axion field, the dot is the time derivative, €;;; is
the three-dimentional Levi-Civita tensor, and A, is the vector potential obtained
from a curl of the electromagnetic field strength tensor. The electromagnetic
field strength tensor is defined as F),, = 9,4, — 0,A,. The Hodge dual of F},,
is defined as F* = e"P?F /2, where €#7P? is the four-dimentional Levi-Civita
tensor. Here, cosmic expansion is ignored and the Coulomb gauge, 0; A; = 0 and
the temporal gauge, A9 = 0 are adopted. By the Fourier transformation of A;,
they are decomposed to the two circular-polarized photons,

(t @) Z/dk’ \(L k) e () e (A.2)

A=L,R

a(t)F, F™ = gaa(t)e;, Ai0; Ag + (total derivative), (A.1)

where k is the vector of the wave number (k = |k|), and the circular-polarization
vectors meet

eMk) = e (—k), e)k)e) " (k) = ™, iejmkiet/ R (k) = tkel/R (k). (A.3)

2 K2

Here the indices of L and R mean the left- and right-handed circular lights,
respectively. The upper and lower signs of the double sign in equation (A.3)
correspond to the left- and right-handed circular lights, respectively. Hereafter,
the same notation for the double sign is used as equation (A.3). The equation of
motion for electromagnetic field, Ay, /R T+ w% /RAL /R = 0, needs the modification
of the dispersion relation because of the axion field,

wﬁ/R = k* (1 F gaya/k), (A4)
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where wr, /R is the angular frequency of the left- and right-handed polarized light.
Equation (A.4) also modifies the phase velocity of the two circular polarized
lights,

oy O
ci/R:u:gkj . (A.5)

Notice that, since axion dark matter is non-relativistic, its momentum is ignored.
The field of the axion dark matter is written as

a(t) = ag cos|mt + 0, (t)], (A.6)

where m is the axion mass which corresponds to the oscillation frequency, f =
m/(2m) ~ 2.4 Hz (m/1071% eV), and §,(t) is a phase factor of the axion oscilla-
tion. The phase factor, . (t), can be considered to be constant within the time
scale of the coherent axion oscillation, 7 = 27/(mv2), where v, is the velocity
of the axion dark matter. Plugging the local dark matter velocity, ~ 1073, we

obtain "
10-
T~ 1 (O_eV) years. (A7)
m

According to equations (A.6) and (A.5), the phase velocity of the left- and right-
handed light is written as

cLyr(t) ~ 1% 0c(t) = 1 £ g sin[mt 4 5. (t)], (A.8)
where dcg < 1 is assumed and

_ GayGomm

A g
=" - ~13x107% = : A.
0co 2%k 310 (1550 nm) (10—12 GeV1> (4.9)

Here the present energy density value of axion dark matter around the Earth,
pa = aim?/2 ~ 0.3 GeV/ cm® is used. By measuring the phase velocity modula-
tion, i.e. dcp, we can search for axion dark matter.

Axion search with a Fabry—Pérot cavity

Figure A.1 shows the schematic of the experiment with a Fabry—Pérot cavity
that we propose. The cavity is kept on resonance with Pound-Drever—Hall tech-
nique [129] and increases the phase velocity difference, dc, as explained later. The
linearly-polarized laser with the wavelength of X is injected. Here, p-polarized in-
cident laser can be considered without loosing generality. The cavity is composed
of the input and output mirrors with amplitude reflectivities and transmissivities
of (r1, t1) and (79, t2). Hereafter, the axion is regarded as oscillating coherently
while the laser circulating in the cavity interacts with axion dark matter unless
otherwise mentioned. In other words, 0, (¢) is treated as a constant. This is valid
for the light axion mass range where 7 > 4w L,/rir2/(1 — rira).

The signal of axion dark matter is detected as polarization modulation since
it is generated by the phase velocity modulation of the circular polarized lights.
The modulation is detected in the detection ports (a) and (b) using polarizing
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optics. Specifically, interference between p-polarized light (incident light) and
s-polarized light (generated by axion dark matter) which are mixed by the half-
wave plate (in port (a)) or non-ideal birefringence of the input mirror (in port
(b)) is detected. Note that detection ports (a) and (b) can be installed without
changing the rest part of the interferometer.

Transmission
monitor

PDH signal % PDyen|

Detection port (b) Detection port (a)

Figure A.1: Schematic of the experimental setup for axion dark matter search
with a Fabry—Pérot cavity [155]. FIis the Faraday isolator, PBS is the polarizing
beam splitter, HWP is the half wave plate, and PD is the photodetector. The
detection instrument for Pound-Drever—Hall method is not shown.

Here, the way to enhance, dc, is explained. The incident light with
p-polarization is given by

Ei(t) = EP(t) = Eoe'™ (b eP) % G> , (A.10)

where EP(t) is the vector of the electric field of the p-polarized laser, e* and
e are basis vectors of left- and right-handed lights, respectively. In the axion
background field, the vector of the electric field in the cavity in front of the front

mirror is written as

L

Ecav(t) _ tlEOeikt (eL eR) ZAn(t) % (1) , (A.ll)

{An+1(t) = A,()RiT[t — 2L(n — 1)]RyT[t — 2L(n — 1/2)](n > 1)

A2
A =1 , (A12)

where L is the length of the cavity, T'(¢) is transfer matrix for one-way translation,

(t) = 0 e*iaﬁR(t) ) ( : 3)

t
VR = kL Fk / Se(t')dt’, (A.14)
t—L

and R; is the matrix for the reflection of the circularly-polarized lights,

R = ( 0 _0”) (i=1,2). (A.15)
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By calculating the summation of equation (A.11), we obtain

Eeay(t) _ i Fe™ (el eR) <1 +i0¢(t) 0 ) 1 (1) (A.16)

11— 172 0 1 - Z5¢(t) \/§ 1
:Jﬁ [EP () — 5(8)E°(1)] (A.17)

where E® is the vector of the electric field of the s-polarized laser

So(t) = / " Se(m) Hy (m)eimt 4 (5”c(m) - / h 5c(t)e—imtdt), (A.18)

— 00 —00
and H,(m) is the cavity response function to the phaser velocity modulation,

_kdrir sin? (mTL)

H,(m) = : —eTiml) A.19
(m) Zm 1 — rlr2e—12mL ( € ) ( )

Here, we assumed that the cavity is on resonance, i.e. 2kL = 27n (n € N).
Equation (A.19) shows that the signal of the axion dark matter is enhanced
to be proportional to the finesse, i.e. 7,/r172/(1 — rir2), and resonates at odd
multiple of the free spectral range of the cavity, i.e. m = 7(2N —1)/L (N € N).

Sensitivity of gravitational wave detectors to the

axion-photon coupling

Here, we estimate the sensitivity of the gravitational wave detectors to the axion
dark matter by considering just a quantum noise. Actually, the proposed method
is not affected by the displacement noise such as the radiation pressure noise, or
the gravitational wave. Thus, it is enough just to consider a shot noise. In each
detection port, the electric field received by the photodetector is written as

Beo(0) = { VT 10, - s000)+ 22 B =12 (a0

VT =15 (A.21)

_1—7°17“27

where Ey,(t) is the electric field of vacuum fluctuation, and 0, (|6,| < 1, |6p| >
106(t)], |0p] > | Evac(t)|) is the mixing angle of the polarization. Here, the second
(or higher) order of |6, is ignored. The power received by the photodetector is
written as

Ppp(t) o |Epp (t)]?
~ oy T B |0/ Ty — 2y Troots) + 2221 |, (A22)

where we neglect the second order terms of d¢(t) and Eyac(t) and their cross
term since |0¢(t)| < 1 and |Eyac(t)| < Eo. We can evaluate the sensitivity by
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Table A.1: Sets of parameters of the considered detectors. The incident power,
Py, is enhanced by the power recycling technique for CE-, KAGRA-, and aLIGO-
like detectors [21].

Similar detector | L [m] | Py [W] | A [x1079 m] (r2,73)
DECIGO [54] 10° 5) 515 (0.69, 0.69)
CE [48] 4 x 10* 600 1550 (0.9988, 0.999995)
KAGRA [27,28] | 3 x 103 335 1064 (0.996, 0.999995)
aLIGO [22] 4 %103 2600 1064 (0.986, 0.999995)

comparing the signal term (second term) and noise term (third term) of equa-
tion (A.22). The one-sided amplitude spectrum density of shot noise equivalent

to dc(m) is denoted as,
V 25
Sshot (m) — L ; (A23)
\/TJ’Ha(m)’

where Py = kE2 /2 is the incident power. Here, the one-sided spectrum of E,.(t)
is unity [115]. Equation (A.23) indicates that, if 7 < rg, the detection port
(b) has better sensitivity than the detection port (a). On the other hand, the
detection port (a) is better when 71 = 2. Equation (A.23) can be translated
into the sensitivity to the axion dark matter, i.e. the axion-photon coupling ga-,
as

Sshot(m)
1550 == (Tobs ST
Gary (M) =~ 1.5 x 10'% GeV ™! (Tnm> Ssz:;b(sm) (Top ) . (A.24)
Vior (Tovs 27)

where T, is the measurement time. The sensitivity improvement depends on if
Tobs is larger than the axion coherent oscillation time, 7, or not [226].

Figure A.2 shows the sensitivities of the gravitational wave detectors to g.,
with the method that we propose. Here, we set the experimental parameters
similar to the gravitational wave detectors in operation or planned (specifically,
DECIGO [54], Cosmic Explorer (CE) [48], KAGRA [27,28] and aLIGO [22]) as
shown in table A.1. We assume T;,,,s = 1 year and a lossless cavity, i.e. T?—Hﬁ? =1
(i = 1,2). For DECIGO-like detector, the detection port (a) is adopted, and for
CE-, KAGRA-, and aLIGO-like detectors the detection port (b) is adopted. All
detectors overcome the upper limit provided by CAST [214,215].

We can apply the proposed method to the gravitational wave detectors by
installing polarizing optics in detection ports without replacing optics in the
main interferometer, e.g. main test masses, and so on. Although it is not so
simple to realize the detection port (b) due to the existing apparatuses, such as
a signal recycling mirror [135,227], the axion dark matter signal, in principle,
can be obtained from the detection port behind the signal recycling mirror as
with the gravitational wave signal readout [228].
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Figure A.2: Sensitivity comparison of the detectors of which parameters are
shown in table A.1. The sensitivity in higher mass range is peaky at the axion
mass of m = m(2N —1)/L (N € N). The red and gray regions express the current
limit set by CAST [214,215] and the cosmic ray observations of SN1987A [216],

respectevely.

Summary

Axion dark matter modulates the phase velocities of the circular polarized lights.
The effect in the Fabry-Pérot cavity is modeled and its response is formulated.
With this model, we propose a new scheme to search for axion dark matter
with the Fabry—Pérot cavity in the arm of gravitational wave detectors. Their
potential sensitivity to the axion-photon coupling constant, g.,, is evaluated to
be so sensitive that the current limit of CAST [214,215] can be improved with
1 year observation. Remarkably, these sensitivities can be realized by installing
the additional polarizing optics without changing the main gravitational wave
interferometer.
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Appendix B

Power spectral density and
feedback control

Here, we review power spectral density and feedback control. In this appendix,
only linear system is considered.

Power spectral density

Power spectral density is a measure of the noise/sensitivity of the system in
frequency domain. The (single-sided) power spectral density for a random fluc-
tuation, x(t), is defined as

S(f) = Jim = (ah(Par(f) + (N () (B.1)
xr(f) = /T/2 z(t)e 2Tt qt, (B.2)
—T/2

where (---) means the ensemble average. Physically, the power spectral density,
S (f), means the contribution of z(t) to its variance in a frequency band around
f. Sometimes, linear spectral density (or amplitude spectral density) defined as
/' Sz (f) is useful to consider noise effect.

Here, how to calculate signal-to-noise ratio is shown. We consider the detector
that has noise level of the power spectral density S(f) and signal A(f), which is
Fourier space representation of A(t). In this setup, the squared signal-to-noise
ratio, p?, is estimated by [63],

o [T R

P ‘4/0 s() Y (B3)
[ WIRDE
_4/0 S0 d(log f). (B.4)

The cross spectral density and the magnitude-squared coherence are also intro-
duced here. The cross spectral density and the magnitude-squared coherence are
measures of the correlation of the two systems. The (single-sided) cross spectral
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density for two random fluctuation, z(t) and y(¢), is defined as

Sy = Jim (b (Dyr(F) + (D) (B.5)
T/2 ' T/2 .
zr(f) = /_T/2 z(t)e 2™t yr(f) = /_T/2 y(t)e 2/t (B.6)

The magnitude-squared coherence is defined as

s
Corl D) = 5 s (B.7)

Feedback control

Laplace transformation

Feedback control is often considered in frequency domain. The frequency re-
sponse of the linear system can be easily understood with Laplace transforma-
tion. Laplace transformation of time-domain function f(t) is defined as

F(s) = /O T et (B.8)

where s = iw. In this thesis, tilde of the function in frequency domain is some-
times omitted if there is no confusion.

Transfer function

The frequency response of the linear system is characterized with the transfer
function. When the input and output of the system are X (s) and Y(s), respec-
tively, the transfer function, G(s), is defined as

(B.9)

The absolute value and angle of the transfer function, i.e. |G(s)| and ZG(s), are
called the gain and phase, respectively. This system is illustrated as shown in
figure B.1 which is called a block diagram.

)?—> G—»?

Figure B.1: Block diagram of a single-input single-output system.

For example, let’s consider the equation of motion of a mass. The equation of
motion in time-domain can be written as

mi(t) = F(t), (B.10)
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where, m is the mass, x is the position of the mass, and F' is the force applied
to the mass. By performing Laplace transformation, the equation of motion is
written as

— mw?F(w) = F(w). (B.11)

Here, we use s = iw. As a result, the transfer function from the force to the

position is written as
T(w) 1

Flw) —mw?

(B.12)

This equation indicates that the frequency response of the equation of motion
from the force to the position is proportional to w™2 with phase delay of m rad
(or 180 deg).

Open loop transfer function

Feedback control is composed of a sensor, filter, and actuator. The block diagram
of the feedback controlled system is shown in figure B.2. H(s), F(s), and A(s)
are transfer functions of the sensor, filter, and actuator, respectively. In this
system, the output of each port is written as

- 1 -

AS) = TG FG)AG) o) (B.13)
N H(s) ~
y(S) - 1 i H(S)F(S)A(S) xext(S), (B14:)
N H(s)F(s) N
Z(S) - 1 +H(S)F(S)A(8)xext(s)- (B15)

Here, we assumed zjp; = 0. Sometimes, §(s) and Z(s) are called error signal and
feedback signal, respectively. The feedback control is characterized with the open
loop transfer function defined as Go(s) = H(s)F(s)A(s) which we can measure
by injecting a large signal from the injection port and taking the ratio of Z’'(s)
to Z(s) as

“Z0) (s P()A(s) = Gols), (B.16)

U HEF(EAE)
(0= T rmrmam ™) ¥ = T AR )

where Zj,; is the injection signal from the injection port shown in figure B.2.

One important feature of the feedback control is the suppression of the external
fluctuation. Equation (B.13) shows that, when |G, (s)| > 1, the residual motion
is suppressed to be Zo(s) >~ Text(s)/Go(s). On the other hand, when |Gy (s)| < 1,
the external motion is not suppressed, i.e. Zo(s) =~ Text(s). The above discussion
about the fluctuation suppression is also valid when we change Text(s) and Zo(s)
into the linear spectral density.
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Figure B.2: Block diagram of the feedback control system.

Signal equivalent noise estimation

In the feedback control system, we can estimate the effect of noise equivalent to
the signal. For example, if Z(s) is the signal, the effect of the measured noise,
n(s), injected from the injection port in figure B.2 is estimated as follows: first,
we calculate the transfer function from the signal and the noise to the sensing

port. If we use error signal, the transfer functions are written as xi(j()s) = Gs(s)
and Z@i(]s(l) = G,(s). Then, using these transfer functions, the signal equivalent
noise is estimated to be Gls)
- niS) -
Ta(s) = n(s). B.17
(5) = Gy (B.17)

The discussion in this subsection is also valid for the linear spectral density.

Stability of feedback control

For the stable operation of the system, the feedback control should be stable.
The stability of the feedback control can be checked with the open loop transfer
function. Although there are several ways to check the stability [229], we focus
on the scheme with a Bode plot here. The Bode plot is a plot set of the gain and
phase of the open loop transfer functions as shown in figure B.3. The frequency
where the gain is unity is called unity gain frequency. Equation (B.13) indicates
that, if the open loop transfer function at the unity gain frequency is —1 (gain is
1 and phase is —), the residual motion, Z((s), goes to infinity, i.e. the feedback
control is unstable. Thus, the open loop transfer function should be designed to
have phase delay less than 7 at the unity gain frequency. In practice, the phase
delay at the unity gain frequency is designed to be less than 57 /6 to obtain the
robust system. The phase delay can be checked with the Bode plot intuitively
as shown in figure B.3.
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Figure B.3: Example of the Bode plot of open loop transfer functions of stable
and unstable feedback control. Phase plots for both cases are overlapped. The
unity gain frequencies in the stable and unstable cases are 10 Hz and 1000 Hz,
respectively.

Multivariable control system

Up to here, we considered a single-input single-output system. Hereafter, we will
expand the above discussion to a multi-input multi-output system. When the
inputs and outputs of the system are n- and m-dimensional, respectively, the
transfer function can be denotes with m x n matrix as

Y (s) = G(s)X(s), (B.18)

where, X (s) and Y (s) are the n-dimensional input column vector and the m-
dimensional output column vector, respectively.

The block diagram of the feedback control system with multi variables is
represented in figure B.4. In order to control the n-dimensional system, we
need the n-dimensional sensors, at least. Here, we consider the n-dimensional
system. If we choose the filter matrix as F(s) = A71(s)G(s)H (s)
(G(s) = diag(Gi(s),...,Gn(s))), the open loop transfer function is written
as A(s)F(s)H(s) = G(s). In this condition, the n-dimensional system is
decomposed into the n feedback loops of the single-input single-output system
and the discussion up to the previous section can be applied independently to
each loop (for more detailed discussion, see [229,230]).
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Figure B.4: Block diagram of the multi-input multi-output feedback control sys-
tem and equivalent set of the single-input single-output feedback control systems.
Zoxt = (Z1,...,%,) " is an input vector, and H, F, and A are sensing, filter, and
actuation matrices (n x n), respectively.
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Appendix C

Noise sources of laser
interferometer

In order to detect gravitational waves, we need to reduce many noises. For ex-
ample, quantum noise of the laser light, Brownian motion of the mirror, seismic
motion, and Newtonian force caused by the density fluctuation of the ground
are considered to be major noise sources for the ground based detectors. The
latter two can be mitigated in the space detectors. Here, major noise sources
are reviewed. In this appendix, we considered one differential Fabry—Pérot in-
terferometer as shown in figure C.1. For simplicity, we assume |Gpeq| > 1 and
|G| < 1 in the observation frequency range. In this condition, the gravitational
wave signal is obtained at the error signal of the cavity length control loop. Note
that the amplitude spectral density of the noise equivalent to the length fluc-
tuation, Tyeise(f) [m/vHz], is shown and it can be converted to the amplitude
spectral density of the stain equivalent noise, Apoise(f) [/ \/E], with the relation

hnoise(f) - %xnoise(f)7 (Cl)

where f is the frequency and we assume that the mirrors are free.

General noises

Quantum noise

Quantum noise is caused by the quantumness of the laser light. Since the laser is
intrinsic to the laser interferometers, quantum noise is the most principal noise
for the interferometers. Quantum noise can be divided into two parts: shot
noise and radiation pressure noise. Shot noise is the sensing noise and radiation
pressure noise is the force noise. With the classical measurement, shot noise and
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Figure C.1: Considered differential Fabry—Pérot interferometer. The open loop
transfer functions of the frequency and the cavity length control loop are Gireq
and G, respectively.
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radiation pressure noise can be written as [115]

1 | whe) f\?
xshot(f) = r/__. 2P + (I/1/ ) ] y (CZ)
16F 2mh Py 1
V12

where mTy is the mass of the mirror, A is the reduced Planck constant, and A is
the wavelength of the laser. According to equaitons (C.2) and (C.3), shot noise
and radiation pressure noise inversely depend on +/P.. This means that, by
changing the input power, the root mean square of the shot noise and radiation
pressure noise, i.e. the power spectral density of the quantum noise, cannot be
less than,

4h

(27 2 (C.4)

rsquL(f) =

zsqr(f) is called standard quantum limit and means the lower limit of the quan-
tum noise in the classical measurement. To beat the standard quantum limit,
quantum measurement, so called quantum-non-demolition measurement, is nec-
essary [115,116,231]. The quantum-non-demolition measurement is the measure-
ment scheme using the quantum correlation of the system to reduce the quantum
noise.
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Thermal noise

Since mirrors (its supporting system, if any) have finite temperature, they fluc-
tuate due to their Brownian motion. This motion is the source of the thermal
noise. The main thermal noise source is the mirror substrate and coating (and
its suspension system).

The thermal noise is estimated with the fluctuation-dissipation theorem. Ac-
cording to the fluctuation-dissipation theorem, the fluctuation force is given

by [117]
Fun(f) = V/4ksTR(f), (C.5)

where kp is the Boltzmann constant, 7" is the temperature of the mirror, and
R(f) is the mechanical resistance. By applying the mechanical transfer function
from the force at the dissipation point to the longitudinal motion of the mirror,
the thermal noise is obtained.

The thermal noises of the mirror substrate and coating are classified into two
types according to the dissipation mechanism: Brownian noise and thermoelastic
noise. The substrate brownian noise, zsg(f), and thermoelastic noise, zsTg(f)
are represented as [118-120)]

_ [16kpT 1042 21— 204 ¢ de
wsn(f) = \/ @nf) VB, (1 IR @w_(])? (€6
64 0 (1+0,) kT2 ks 1 (C.7)

mSTE(f) = ﬁ ps2Cs2 w3 (27rf)2’

where oy is the Poisson’s ratio of the substrate, Fg is Young’s modulus of the
substrate, wo is the laser radius on the mirror, ¢g) is the loss angle of the
substrate (coating), and d. is the depth of the coating, ay is the coefficient of
thermal expansion of the substrate, pg is the mass density of the substrate, Cy is
the heat capacity of the substrate, and kg is the thermal conductivity.

Coating brownian noise, zcp(f), and thermoelastic noise, zcTr(f), are given
by [122]

Y

_ 16kpT de | Ee(1409)%(1—205) + EZ (1 +00)° (1 - 20¢)
xCB(f) Bl (27Tf) 7'('10()2 Pe ESZEC (1 - 002)
(C.8)

64kpT (1 + 05)° or2ks
VpsCswo® (21 f)?

where E. is Young’s modulus of the coating, o. is the Poisson’s ratio of the
coating, and kg (= ks/ps/Cs) is the thermal diffusion coefficient of the substrate.

In addition to the mirror thermal noise, the residual gas could introduce non-
negligible thermal noise, so called residual gas thermal noise, even if the mirror

zore(f) = (C.9)
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is placed in the vacuum system. The residual gas thermal noise is given by

1 SmirPeasT’ 3m k‘B
s _ 1 mird gas / gas 1
Lg (f) mTM(zﬂ_f)Q 6 Cgas Tgas ) (C O)

where Spi; is the cross section of the mirror along the longitudinal axis, Py, is
the pressure around the mirror, Cyss is the shape factor which is almost unity
for the cylinder-shaped mirror, mg,s is the mass of the residual gas molecular,
and Ty, is the temperature of the residual gas.

Seismic noise

The ground always fluctuates even when the earthquake does not occur. The
surface ground motion in quiet site above 10 Hz is approximately written as [232]

2l (f) = 1x 10710 (mTHZ)Q [m/@} . (C.11)

Note that the actual seismic motion is different from place to place. This seismic
motion is much larger than the expected fluctuation caused by the gravitational
wave. Thus, we need to isolate the test mass from the ground motion. One
way to do this is to float the mirror in space. Another way which is done in
the ground based detectors is suspending the mirror by pendulums. When the
mirror is suspended by the n-fold pendulum which has the resonant frequency of
fpend and the damping value vypend, the transfer function from the seismic motion
to the mirror motion is approximately denoted as

Thena(f) =

2 n
pend . C.12
I Fena + ifvpend/(%)] (€42

As a result, the cavity length fluctuation with seismic motion is written as

Tseis(f) = x;eis|Tpend(f>|- (C.13)

For example, when we use 9-fold pendulums with fpenda = 2.5 Hz and ypena = 27
rad-Hz, the seismic noise above 10 Hz is approximately written as

Toeis(f) = 1.5 x 1072 (%HZ)% [m/@] : (C.14)

Newtonian noise

When the environmental Newtonian gravity field around the test mass fluctuates,
the gravitational force jiggles the test mass even without gravitational wave. This
force fluctuation is a source of noise called Newtonian noise. The environmental
Newtonian gravity can vary due to the mass density fluctuation of the ground,
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atmosphere, water, space craft, planets, and so on. For example, the seismic
Newtonian noise is modeled as [55]

f

4
(%) (10 Hz < f < 30 Hz)

2
10 Hz
3Hz < f <10 Hz
() =2 1070} L), |

[m/\/HZ} , (C.15)
while modeling most types of the Newtonian noises is still on going.

Interferometer noises

Frequency noise

As explained in Section 3.3.5, the laser frequency fluctuation is a noise source.
Considering the frequency stabilization with y-arm, the frequency noise is de-

noted as
1 L

_ 1
a0 (C.16)

Tfreq =

where J f is the laser frequency fluctuation of the laser source before the stabi-
lization.

It is worth noting the frequency noise can be subtracted with the frequency
fluctuation measured in the frequency control loop. In the frequency control
loop, the dominant signal is frequency fluctuation. Thus, if we know the transfer
function from the laser frequency fluctuation to the gravitational wave signal,
the frequency noise can be subtracted as follows:

h(t) = hgw(t) + Nireq(t) — Treqdf (t) + Nothers(t), (C.17)
anGQ(t) = Tfreqéf(t) (C'18)

where h(t) is the measured signal equivalent to the gravitational wave strain,
hew(t) is the gravitational wave signal, ngeq(t) is the noise due to the laser fre-
quency fluctuation, T is the transfer function from the laser frequency fluctuation
to the measured signal equivalent to the gravitational wave strain, 6 f(t) is the
laser frequency fluctuation, and nethers(t) is the noise other than the frequency
noise. If we can estimate Ty, ideally, i.e. Theq = T}, the frequency noise can
be totally subtracted. However, when there is an error, AT, in the estimation
of Tf’req, ie. Tf’req = Theq + ATkeq, the frequency noise after the subtraction
becomes ATheqd f(t). For example, when the precision of the transfer function
measurement is 10%, i.e. ATjeq = 0.1Theq, the frequency noise is subtracted by

a factor of 10, i.e. the frequency noise after the subtraction becomes 0.1neq(t).

Intensity coupled noise

As explained in Section 3.3.5, the laser intensity fluctuation is a noise source
through the cavity detuning. According to equation (3.70), the intensity coupled
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noise is written as

5P
Pinc ’

Lint = \/(A-xrms)z + (Ayrms>2 (019)
where Az (y),ms is the root-mean-square of the cavity detuning of z(y)-arm, P is
the intensity fluctuation, and P, is the incident power to the first beamsplitter.

Classical radiation pressure noise

In addition to the intensity coupled noise, the intensity fluctuation of the laser
light causes the classical radiation pressure noise due to the radiation pressure
fluctuation applied to the test masses. The classical radiation pressure noise is

denoted as
8FOP

removw?’

TCRP — (C.QO)
where m is the mass of each test mass, and F is the finesse of the cavity.

It is worth noting that the classical radiation pressure noise can totally be
subtracted with the measured intensity fluctuation. For example, if the cavity is
critically coupled, the intensity fluctuation can be measured at the transmission
port of the cavity.

Phase noise after the beam splitter

In the differential Fabry—Pérot interferometer, the phase noise between the first
beamsplitter and the input test mass affect the interferometer sensitivity to the
gravitational waves since the phase noise corresponds to the differential frequency
fluctuation. The phase noise is expressed as

2.Tdif—fw I

: (C.21)

TLphase —
P &

where xq;g is the displacement fluctuation between the first beam splitter and
each test mass.

Test mass actuator noise

The actuator on the test mass is essential part if we actuate the test mass to keep
the cavity resonance.*! The force noises of the actuators are not distinguished
from the gravitational wave. The force noise is written as

25fact

C.22
oo (€:22)

Tact =

where 0 fact is the force fluctuation of the actuator.

*1 In some interferometer configuration where the cavity resonance is kept with the fre-
quency control, the test mass actuator is not necessary.
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Noise sources in space detectors

Here, we show the specific noise sources in space detectors, especially in DECIGO
and B-DECIGO. Specifically, force noises applied to the test masses and satellites
are explained. Although the other noises, such as local sensor noises and so on,
are noise sources as discussed in Chapter 5, their effects vary depending on the
detector configuration. Thus they are not discussed here.

Force noise applied on test masses

Gravitational force

The gravitational force is a noise source especially in the geocentric orbit. The
main source is the higher order mode of the eccentricity of the Earth gravity.
Currently, the effect of the higher order modes up to the 2190th order is consid-
ered [233]. However, in high orbital radius, such as the geostationary orbit, the
gravitational force noise can be negligible.

Electro-magnetic force

One of the electro-magnetic force noise is caused by the magnetic fluctuation.
Since there is magnetic field in the satellite, the test mass is magnetized. Thus,
the magnetic field fluctuation couples the test mass motion. The magnetic fluc-
tuation noise is written as [140]

2xt™ V1M

5 B’éB, (C.23)
mrTMUowW

Tmag =
where xnm is magnetic susceptibility of the test mass, Vi is the volume of the
test mass, o is magnetic permeability of vacuum, B’ is a local gradient of the
magnetic field, and d B is the fluctuation of the local magnetic field. In DECIGO
and B-DECIGO case, the largest magnetic field is caused by the satellite, e.g.
B’ =3x107% T/m and 6B = 1 x 10~° T/v/Hz [140]. Here we assume shielding
by a factor of 100 around the test mass.

The Lorentz force also makes a force noise applied to the test mass [140]. The
largest noise of Lorentz force is caused by the velocity fluctuation coupled with
the static magnetic field of the Earth [234] (in the geocentric orbit) or in the
inter-planet [140] (in the heliocentric orbit). However, the Lorentz force effect
can be negligible.

Thermal radiation

When there is a temperature fluctuation, the thermal radiation makes a force
noise on the test mass. As explained in Section 5.5, the thermal radiation noise
is denoted as [140]

8ogpSTMmT 26T

mrycw?

TTrad = €Trad (C24)
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Cosmic ray collision

Cosmic rays occasionally collides with the test mass. The momentum transfer
from a cosmic ray makes a force noise on the test mass. However, the effect can
be negligible [140].

Force noise of applied on satellites

Solar radiation pressure

The major force noise applied on the satellite is caused by the solar radiation
pressure fluctuation. As explained in Section 5.5, the solar radiation pressure
fluctuation is estimated to be [140, 142]

C

W o (0.1 Hz\?
6 Fsraq = OWsundsat _ g 10-9 (0 7 Z) N/VHz. (C.25)

Gravitational force

The gravity force is also applied to the satellite in the same way as the test mass.
However, the gravity force can be negligible in the observation frequency band.

Other practical noises

In addition to the principal noises explained above, there are many practical
noise sources. Since these practical noise sources vary from detector to detector,
they should be considered in each case. The possible noise sources are scattered
light, electrical circuit noise and so on.
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Appendix D

Suspension system for
ground-based DECIGO prototype

Before the launch of DECIGO and B-DECIGO, the ground-based prototype
should be constructed. However, it is impossible to make a free mass on the
Earth. One way to mimic the situation in space on the Earth is using a soft
suspension system. Here, we show the suspension design study for the future
prototype construction.

Suspension design

The schematic of the suspension system is shown in figure D.1. The ground base
prototype consists of the cavity mirror suspension and the optical bench suspen-
sion. In the design, we aimed to obtain almost all the considered eigenmodes of
the suspensions to be < 1 Hz.

The cavity mirror is suspended from the frame with a double pendulum. The
intermediate beam stage is made of copper and its dimensions are 10 x 2 x 2 cm?3.
The mass of the beam is ~ 360 g. As the suspension wire, the 10-cm-long and
120-pm-diameter tungsten wire is utilized. From one edge of the intermediate
beam, the mirror holder made of aluminum is suspended with two tungsten wires.
The cavity mirror is attached to the mirror holder. The mirror holder weighs
~ 220 g and the two tungsten suspension wires are 40 pym in diameter. The
mirror holder is designed to be a plus shape to obtain a large moment of inertia
for pitch and roll rotations. On the other edge of the intermediate beam, the
counter weight is attached to compensate the mass of the mirror holder.

The optical bench that mimics the satellite is suspended with a single piano
wire. The piano wire has the diameter of 150 ym and the length of 25 cm. In
order to decrease the resonant frequency of the vertical motion, a coil spring of
a spring constant of ~ 103 N/m is inserted between the frame of the suspension
system of the optical bench and the suspension wire. The optical bench is made
of aluminum plate of which thickness is 1.5 cm and diameter is 30 cm. On the
optical bench, some optics are fixed and the total mass of the optical bench and
the optics is estimated to be ~ 15 kg.

We estimate the resonant frequencies of the cavity mirror suspension and the
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Figure D.1: Schematic (upper panel) and CAD image (lower panel) of the sus-
pension system of the prototype. The left panel shows the cavity mirror system
and the right panel shows the optical bench system. Notice that the coil spring
is not shown in the CAD image of the optical bench.

optical bench suspension in terms of the center of the mirror and aluminum
plate, respectively. We use a toolkit of three-dimensional rigid-body modeling
coded in Mathematica® [235,236]. The results are shown in table D.1. As a
result, almost all the resonant frequencies are designed to be lower than ~ 1 Hz.
Since the roll mode of the mirror is less important due to the symmetry of the
mirror, its resonant frequency is designed to be relatively high. The roll resonant
frequency can be reduced using a spring system.

Table D.1: Resonant frequencies for each mode of two suspension types. Mode
name: (L, T, V, R, P, Y) indicates (Longitudinal, Translation, Vertical, Roll,
Pitch, Yaw). Since the roll mode of the mirror is less important due to the
symmetry of the mirror, its resonant frequency is designed relatively higher.

Suspension type L T A% R P Y
Cavity Mirror | 0.02Hz | 1 Hz | 0.5 Hz | (30 Hz) | 0.05 Hz | 0.1 Hz
Optical Bench 1 Hz 1Hz | 1.4 Hz | 0.09 Hz | 0.09 Hz | 0.01 Hz
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Local sensors and actuators

For the ground-based prototype of DECIGO and B-DECIGO, not only the me-
chanical part, i.e. the suspension, but also the sensor/actuator for control is
necessary. As the sensor and actuator of the first prototype, the reflective pho-
tosensor and the coil-magnet actuator are planned to be used, respectively. The
photosensor imitates the local sensor and satellite attitude sensor in DECIGO
and B-DECIGO. The coil-magnet actuator imitates the test mass actuator and
the thruster of the satellite. Although the sensor and the actuator are not the
same as those of DECIGO and B-DECIGO, we can demonstrate the control
scheme that is developed in this thesis.
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Appendix E

Electronic circuit

Here, we show the electronic circuit diagram used in the experiment in Chapter 6.

+5V

G12180-010A

Figure E.1: Circuit diagram of the photodetectors.

-2.5V
2.7k

2.7k

Figure E.2: Circuit diagram of the driver for the laser frequency (Koheras BASIK
X15).

131



Figure E.3: Circuit diagram of the filter of a length loop.

Vin Vout

— OP27
Figure E.4: Circuit diagram of the filter of a DC boost.
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Appendix F

Hermite—Gaussian mode of the
electric field

Here, we show the brief review of the spacial mode of the laser beam and the laser
alignment sensing. For comprehensive explanation, see [127]. In this appendix,
we consider electric and magnetic field in vacuum.

Hermite—Gaussian mode

From Maxwell equations, the electric field propagating along z-axis, E, meets
the following equation,

2

V x (V X E) + MOGO@E =0. (F].)
This equation is denoted as
2 1
V°E — ,U,()E()E =-V|—FE- VGO . (FQ)
€0

Since Vey = 0 and the electric field can be denoted as E = Eye(«it—2mz/ >‘), we
can rewrite the equation as

VQE + wl,uonE = 0. (Fg)

When we set the origin of the spacial coordinates at the beam waist, i.e. the
position where the beam radius becomes smallest, the general solution of equa-
tion (F.3) is given by

2 2 .
El,m($7y727t) :EO wO)Hl <\/_:E> Hm <\/_y> €Zwlt

w(z w(z) w(z)

22 +9y?  w(2®+y?) 27z

Xexp{— 2 (2) i R02) Y +i(l+m+1)n|,
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where Hj(---) is the [-th Hermite polynomial, wy and w(z) = wp,/1 + ;—3 are
0

2
the spot sizes of the laser beam at waist (z = 0) and z, 2y = m;\vo is Rayleigh

length, R(z) = 2 (1 + z—§> is the radius of curvature of the electric field at z, and

n = tan~! (%) is Gouy phase at z. Here, we assume rotationally symmetric

beam along z-axis. The electric field modes represented in equation (F.4) are
called Hermite—Gausssian modes. Hermite—Gaussian mode with [ = m = 0
is called the fundamental mode. In addition, Hermite-Gaussian modes with
(Il =1,m = 0) and (I = 0,m = 1) are sometimes called 10 and 01 modes,
respectively.

Beam translation and tilt

In laser interferometric gravitational wave detectors, the fundamental mode laser
is mainly used. The small translation and tilt of the beam can be expressed by
the combination of the fundamental mode and 10/01 modes [130]. The translated
(x — x+0x) and tilted ((z, z) — (2’ = x cosdf—zsin b, 2’ = xsin 60+ z cos 60))
beams are given by

)
Translation (dz): Epo(x + 0x,y, 2,t) ~ Epo(x,y, 2,t) + —xEl’o(ac,y, z,1),
Wo

(F.5)
: / / 60
Tilt (60): Eoo(z',y,2',t) ~ Epo(x,y,2,t) + za—El,o(x,y,z,t), (F.6)
D
where fp = -2~ (wp > )) is the beam divergence angle. Here, we assume

|0z < wp and \(?9] < bp.

We can measure the translation and tilt of the laser beam by measuring the
amplitude of the 10/01 modes. There are some schemes to measure the 10/01
modes. One example for Fabry—Pérot cavity alignment is the wavefront sensing
method [133,134] where the 10/01 modes generated in the cavity due to the cavity
axis translation/tilt are measured by taking the beatnote with the fundamental
mode reflected by the input mirror. Note that the optical axis of the Fabry-Pérot
cavity is determined by the centers of curvature of the cavity mirrors.
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Appendix G

Antenna pattern

Here, we show the brief review of the antenna pattern of interferometric gravita-

tional wave detectors, i.e. angular response. Especially, we compared the pattern

of the L-shaped detector and the pattern of the triangular-shaped detector.
The output signal of the gravitational wave detectors are given by [63]

=" Fa(i,t)ha(t), (G.1)
A

where 7v is the unit vector along the traveling gravitational wave direction,
FA(n,t) is the antenna pattern function of the gravitational wave detector, and
ha(t) is the gravitational wave form. Here, A indicates the existing mode of the
gravitational wave in the theory. As discussed in Chapter 2, in general relativity
the allowed modes are two tensor modes, i.e. plus and cross modes (A = +, X).
In some modified gravity theories, two vector modes and two scalar modes are
allowed in addition to the tensor modes. The two additional vector modes are
called vector-z and vector-y modes (A = z,y). Also, the two additional scalar
modes are called breathing and longitudinal modes (A = b,1). The gravitational
waves of each mode are given by [84]

Plus mode: h (t)e;rj(ﬁ,), e;rj(ﬁ,) =é, Reé, — é;/ ® é;» (G.2)

Cross mode: hy (t)e;;(R), e5(n) =€, ® &, + & ® €&, (G.3)
Vector-z mode: hy(t)ef;(R), ef;(n) =€, @&, + &, ® €&, (G.4)
Vector-y mode: hy(t)el; (i), ef;(n)=é, & +¢&, ®é, (G.5)
Breathing mode: hb(t)e?j (), e'fj (n)=¢é,0€é, +é e, (G.6)
Longitudinal mode: hl(t)eij (R), eij (h) = V2€. @&, (G.7)

where the set of the three unit vector, {&;, &, €.} (&, = (cosf cos ¢, cos 0 sin ¢, —sin0),
é, = (—sin¢,cos ¢,0), &, = (sinf cos ¢, sin fsin ¢, cos ) = —n), and the coordi-
nates of the traveling gravitational wave are defined in figure G.1-(a). Here, ® is
the Kronecker product. The detection of the non-tensor mode is an important

milestone for the test of the modified gravity theory.
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Figure G.1: Some definitions for antenna pattern calculation: (a) the coordinates
(b) L-shaped detector orientation, and (c) triangular-shaped detector orientation.

L-shaped
detector

The antenna pattern function is calculated as
Fa(f) = DYef(n), (G.8)
Diﬂé%(a@fa—@@ﬁ), (G.9)
where D% is the detector tensor, and @ and ¥ are the unit vectors along the arm
direction of the detector. Here and hereafter, we ignore the time dependence of

the antenna pattern function. When we set the coordinate as shown in figure G.1,
o and ¥ are given by

—~

1,0,0), o = (0,1,0), (G.10)
— CoSs <Z> —sin (g) ,O) ,

co <%> —s1n< ),O), (G.11)

1,0,0), 0 = <cos (3) ,sin (g) ,0) , (G.12)

< cos<3) sm(§),0>, v =(-1,0,0). (G.13)

Consequently, the antenna pattern functions for the L-shaped detector are
calculated as

L-shaped: @

I
/\

Triangular-shaped (1): @

S
I

Triangular-shaped (2): @

—~

Triangular-shaped (3): @

F(L) 2(1 + cos? 6) cos 2¢, F( ) = = — cos 0 sin 2¢,
FagL) = sin 6 cos 6 cos 2¢, Fy(L) = —sin #sin 2¢,

L 1. L I
Fé ) = —5 sin? 0 cos 2, Fl( ) = ﬁ sin? 0 cos 2¢. (G.14)

The antenna pattern functions for the triangular shape detectors are calculated
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as

F™ = (1 4 cos20) sin2¢, FL™ = —¥2 cosfcos 29,

ITF1: { F\™) = Y3 6inf cosfsin 2, Fy™Y = Y3 sin 6 cos 26, (G.15)
F™ = —YBin?gsin2g, K™ = %\/gsixf 6 cos 2¢.
(p(T2) — %(1 4 cos? 0)(3 cos 2¢ — /3 sin 2¢),

+
F£T2) = —1 cos 0(v/3 cos 2¢ + 3sin2¢),
FQETQ) = i sin 0 cos (3 cos 2¢ — V3 sin 2¢),

TTE2: Fy(TQ) — —% sin 0(v/3 cos 2¢ 4 3 sin 2¢), (G-16)
FéTZ) = —% sin? 0(3 cos 2¢ — v/3sin 2¢),
\ F1<T2> _ ﬁﬁ sin? (3 cos 2¢ — /3 sin 2¢).
'FJ(FT3) = —%(1 + cos? 0) (3 cos 2¢ + /3 sin 2¢),
FiT3) = —1 cos0(v/3cos2¢ — 3sin2¢),
ET3) — —% sin 6 cos 0(3 cos 2¢ + /3 sin 2¢),
ITF3:Q ey _ 5 e (G.17)
Y 7 sin (\/§ cos 2¢ — 3sin 2¢),
FéTg’) = % sin? 0(3 cos 2¢ + /3 sin 2¢),
\ FI(T?’) = _ﬁﬁ sin? 0(3 cos 2¢ + /3 sin 2¢).

The results are illustrated in figures G.2-G.5.

For non-tensor mode detection, we need the interferometers which have inde-
pendent antenna patterns. If we utilize a triangular-shaped geometry, there is
one pair of the interferometer. Therefore, when the number of satellites is three,
the triangular geometry is better than the L-shaped geometry for the test of the
modified gravity theory even though the single L-shaped interferometer has a
good response to each mode.

It is worth noting two things. First, although there are three interferometers
in the triangular geometry, we can obtain only two independent signals. This
is because the third interferometer signal can be constructed ideally from the
signals of the other two interferometers. However, the third interferometer is
still very useful for constructing null-streams, which are time-series data where
the gravitational wave signals are cancelled. The null-stream is useful for the
test of general relativity [61]. The second is the time dependence of the antenna
pattern. Although it is not ignored in the above discussion, we can obtain
more information from the observation data considering the time dependence
of the antenna pattern. This is because, when the antenna pattern varies during
the observation, the detector can be regarded as multiple detectors effectively.
Especially in DECIGO and B-DECIGO, the observation duration of a single
event lasts more than one month. Thus, time dependence of the antenna pattern
is useful.
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Figure G.2: Antenna pattern functions for the L-shaped interferometer.
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Appendix H

Full DECIGO interferometer model

Here, we show the Simulink system of the full DECIGO interferometer model.
The model is organized as follows: Figure H.1 shows the top layer of the full
DECIGO interferometer model, which is mainly for defining the name of the
ports. From these ports, the noise explained in Section 5.5 or the excitation sig-
nal to measure the open loop transfer functions can be injected and the sensor
signals can be obtained. Note that virtual sensors to measure parameters that
cannot be measured in the real detector (e.g. a global position of the mirror)
can also be used. Figure H.2 is the main system of the full DECIGO interfer-
ometer model included in the top system (represented as ‘DECIGO’). This main
system represents the behavior of the whole DECIGO. In the orange blocks, the
longitudinal and alignment sensing methods explained in Section 5.3 are coded.
In the magenta blocks, control topology explained in Section 5.6 is coded. The
gravitational wave can be injected in the cavity length to estimate the noise
performance. Figure H.3 shows the plant system of the mechanical and opto-
mechanical system of the full DECIGO interferometer model, which includes the
test masses and the satellites. In the subsystems of the plant model, the me-
chanical property (in Section 5.2), the actuation system (except for the frequency
actuation in Section 5.4) and the local sensors (in Subsection 5.3.3) are coded.
The opto-mechanical coupling is also coded in this plant block.
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Figure H.3: Plant system of the mechanical and opto-mechanical system of the
full DECIGO interferometer model.
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