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Observation-Tech Gap 100 years ago

._.
=
=

e 1916, 1918 Einstein predicted GW and derived
the quadrupole radiation formula
* White dwarf discovered in 1910 with its density

Linear PSD of strain f (1/v¥Hz)
=
LN

0=

soon estimated; GWs from white dwarf binaries

in our Galaxy form a stochastic GW background 33 R s 2
(confusion limit for space GW detection: strain, 10”(-20) in 0.1-1mHz band).
[Periods: 5.4 minutes (HM Cancri) to hours](3 mHz)

* One hundred year ago, the sensitivity of astrometric observation through the
atmosphere around this band is about 1 arcsec. This means the strain
sensitivity to GW detection is about 10>; 15 orders away from the required
sensitivity.

* Observation-Tech Gap 100 years ago: 15 orders away
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Gap largely bridged 1440 ort
83.60 kg mass
* First artificial satellite Sputnik launched in 1957.
* First GW space mission proposed in public
in 1981 by Faller & Bender
* LISA proposed as a joint ESA-NASA mission;
LISA Pathfinder success- T
fully performed.
* The drag-free tech =

120

Lm: - : Centrifugal

is fully demonstrated % |

paving the road for L

GW space missions. _— e

Sl Lial
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A Compilation of GW Mission
Proposals LISA Pathfinder
Launched on December 3, 2015

Mission Concept 5/C Configuration Arm length E?E;h;:i 5::
Solar-Orbit GW Mission Proposals
LISA® Earth-like solar orbits with 20° lag 3 Gm 1 year 3
el ISA® Earth-like solar orbits with 10° lag 1 Gm 1 year 3
ASTROD-GW™ Near Sun-Earth L3, 14, L3 pomnts 260 Gm 1 year 3
Big Bang Observer” Earth-like solar orbits 0.05 Gm 1 year 12
DECIGO™ Earth-like solar orbits 0.001 Gm 1 year 12
ALIA™ Earth-like solar orbits 0.5 Gm 1 year 3
ATLTA-descope KAk Earth-like solar orbits 3 Gm 1 year 3
1) Near Sun-Jupiter L3, L4, L5 pomts (3 4 o1
SpaASTROD”™ | g e st 50y | B0Gm | diyer |
Earth-Orbit GIV Mission Propozals
OMEGA® 0.6 Gm height orbit 1 Gm 53.2 days 6
gl ISA/GEOGRAWT™®™ Geostationary orbit 0.073 Gm 24 hours 3
GADFLI® Geostationary orbit 0.073 Gm 24 hours 3
TIANQIN® K& 0.057 Gm height orbit 0.11 Gm 44 hours 3
ASTROD-EM®-" Near Earth-Moon L3, L4, L5 points 0.66 Gm 27.3 days 3
LAGRANGE™ brief hstoryNéa BmrthiMoon L3, 14, L3 points 0.66 Gm 273 days6 [ 3




The observation and technology gap
100 years ago in the 10 Hz — 1 kHz bana

* In the LIGO discovery of 2 GW events and 1 probable GW candidate, the
maximum peak strain intensity is 10~2!; the frequency range is 30-450 Hz.

» Strain gauge in this frequency region could reach 10~ with a fast recorder
about 100 years ago;

* thus, the technology gap would be 16 orders of magnitudes.

« Michelson interferometer for Michelson-Morley experiment!® has a strain
(AlN) sensitivity of 5 x 1019 with 0.01 fringe detectability and 11 m path
length;

* however, the appropriate test mass suspension system with fast (30-450 Hz
In the high-frequency GW band) white-light observing system is lacking.
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Weber Bar (50 Years ago)
10 orders of gap abridged

* OBSERVATION OF THE THERMAL FLUCTUATIONNS OF A
GRAVITATIONAL-WAVE DETECTOR* J. Weber

PRL 1966 (Received 3 October 1966)

Strains as small as a few parts in 101® are observable for a
compressional mode of a large cylinder.

* GRAVITATIONAL RADIATION* J. Weber
PRL 1967 (Received 8 February 1967)

* The results of two years of operation of a 1660-cps
gravitational-wave detector are reviewed. The possibility
that some gravitational signals may have been observed
cannot completely be ruled out. New gravimeter-noise
data enable us to place low limits on gravitational
radiation in the vicinity of the earth's normal modes near
one cycle per hour, implying an energy-density limit over
a given detection mode smaller than that needed to

provide a closed universe.
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Sinsky’s
Calibration

in Weber’s
Lab

ALUMINUM CYLINDER of 1400-kg mass
is suspended by a wire on acoustic filters.
Piezoelectric transducers are honded to the
top surface, as shown in the closeup.

DETECTOR and dynamic gravitational field generator are
shown removed from their common vacuum chamber.
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The start of precision laser interferometry for GW detection
(left) Interferometer system noise measurement at 5 kHz of Moss, Miller and
Forward (1971); (right) Schematic of Malibu Laser Interferometer GW
Antenna of Forward (1978)
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The fundamental noise sources of Weiss 1972

km-sized interferometer proposed

a. Amplitude noise in the laser output power;
b. Laser phase noise or frequency instability;
c. Mechanical thermal noise in the antenna;
d. Radiation-pressure noise from laser light;
e. Seismic noise;

f. Thermal-gradient noise;

g. Cosmic-ray noise,

h. Gravitational-gradient noise;

I. Electric field and magnetic field noise.
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Flourish of Prototype Optlcal Interferometers for GW Detection

AR THTE

* Hughes Research Lab (HRL) 0.75 m
 MIT prototype interferometer 1.5 m

* Glasgow prototype interferometer 10 m
e Garching prototype interferometer 30 m
* Tokyo prototype interferometer 3 m

* Paris prototype interferometer 7 m

* |SAS prototype interferometer 10 m

* NAOJ prototype interferometer 20 m

* ISAS prototype interferometer 100 m
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TAMA 300 m
GEO 600 m
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Laser interferometers with independently suspended mirrors. In
third column, in the parenthesis either the number N of paths is
given or Fabry-Perot Finesse F is given.

Interferometer Arm Effective optical Year Construction
length [m] path length [km] Started
Hughes Research Lab (HRL) [87.137,142] 2 QUDOBS (N = 4) 1966
MIT prototype |202] 1.5 QU075 (N = 50) 1971
Garching 3 m prototype 3 0012 (N = 4) 1975
Glasgow 1 m prototype [210] | 0036 (N = 3b6; in static test 197G
reached N = 280)
Glasgow 10 m prototype | 210] 10 255 (F-P- F = 4000) 1980
Caltech 40 m prototype 40 75 1980
Garching 30 m prototype 30 27 (N =90} 1983
15A5 Tenko 10 m prototype [ 112] 10 | (N=100) |9B6
U. Tokyo prototype |14,111) 3 042 (F-P- F = 220) |9ET
15AS Tenko 100 m prototype | 114,139 141] 100 10 (N = 100} 1941
NAO] 20 m prototype [ 16] 0 45 (F-F- F = 350] 1941
Q&A 35 m prototype |55 315 &7 (F-P: F = 30000) 1943
TAMA 300 m |184] 300 96 (F-P- F = 500) 19495
GED 600 m |91.209] 00 12 (N = 2) 19495
LIGD Hanford (2 km) |1,124] 2000 143 (F-P; F = 112) 1904
LIGO Hanford (4 km) | 124,130] 4000 1150 (F-P; F = 450] 1904
LIGO Livingston (4 km) [ 124,130 4000 1150 (F-P; F = 450] 19495
YIRGO [5,191] 000 B850 (F-P- F = 440) 1906
AIGO prototype | 205,206] 20 Toljoh (F-P: east arm F= 15000; 19497
south arm F = 1300]

LISM [168] 0 320 (F-P- F = 25000) 19499
CLIO 100 m cryogenic [7] 100 190 (F-P: F = 30007 2000
Q2A T m [ 134) 7 450 {F-P- F = 100000) 2008
LCGT/KAGRA [21,100] 000 2850 (F-P- F = 1500) 200
Q&A 9 m [208] 9 570 (F-P: F = 100000) 206
LIGD India [102] 4000 1150 (F-P; F = 450) 206
ET [99] 10000 3200 (F-P; F~ 500 Proposal under study 13
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Interferometry for GW detection: e.g. KAGRA
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based GW detectors
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Weiss, Thorne, Drever,
Giazotto and Barish

EAY, Weiss 76 MIT 237 1.5 m B T-PEA0SC 00T 78 F008 75 F RS, 36 Ui i)
Ut Caltech #Thorne #EZ) 2 IR 51 T35 1 3 F A

= Thorne A JySEIG IR 5| /B 2L, Uish |3 R HES 5] s, et A JTESKR
—ASeER EREN, it 7 AfE Glasgow KEz#iE 1 m Fabry-Perot T4 7 4[] Drever
(1931.10.26 — 2017.3.7.) 2| Caltech E#F#i&E 40 m 1) Fabry-Perot T4 R,

= 19804FAX, MIT, Caltech Hif 5 NSF HiEHEH 1 km 28 KR 51 79 15 T4
TR

o RURUERI TR R i), A7 @ a, &R Barish, 16RIIHIZRTS | HEAE
, B L,

= Adalberto Giazotto (1940.2.1.-2017.11.16) led the development of Virgo,

emphasized the lower frequency sensitivity and led the construction of the Super

Attenuator.
2017/11/21 Taida brief history & GW Spectrum 17




=¥ Announcement of first detection

Hanford, Washington (H1) Livingston, Louisiana (L1)
T T T T T T T T
1.0
0.5
0.0
=0.5 |- 5
S -1.0 |- -1 [ — L1 observed -
o H1 observed (shifted, inverted)
o | | | | I | |
— T T T T T T T T
C 1.0} 1+ .
c
‘s 0.5 -
-
& 0.0
-0.5
-1.0 H — Numerical relativity - H — Numerical relativity =)
‘ | ‘ Reconstructed (wavelet) Reconstructed (wavelet)
Inspiral Merger ging,  — Reconstrtjcted (template}) 1 | _ReconstrllJcted (templatel) 1 1
' - 05F I T T T F T | T T
§ EXT 0.0 WA s\ A s Wi St
-0.5 —1_ 1| i
1.0 ‘ - L ! 1
‘ __ 512
N
= 256
' 9
1.0 m—=Romenical relativity QC) 128
-Reconstrycted (templatle) | ‘ g_
- \ T T \ ;:G () 64
206 Ja4 & uL_
- c
é\ 05 H— Black hole separatlon . -3 o 32
e —— 12 ¢ 030 0.35 0.40  0.45 030 035 0.40  0.45
>03E & . .
I ! ! 10 2 Time (s) Time (s)

0.30 0.35 0.40 0.45
Time (s)

Normalized amplitude

o N B~ OO



20164E6 H1S5H 56 5
Announcement of
second detection

*GW151226 detected by the LIGO on December 26, 2015 at 03:38:53
UTC.

*identified within 70 s by an online matched-filter search targeting
binary coalescences.

*GW151226 with S/N ratio of 13 and significance > 5c.

*The signal ~ 1 s, about 55 cycles from 35 to 450 Hz, reached 3.4
(+0.7,-0.9) x 107(-22). source-frame initial BH masses: 14.2
(+8.3,-3.7)Mg and 7.5 (+2.3,-2.3)M,, the final BH mass is 20.8
(+6.1,-1.7)M,.

(10%%)
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Accumulated

*1 BH has spin greater than 0.2. luminosity distance 440 (+180,-190)
Mpc redshift of 0.09 (+0.03,-0.04). 2¢
*improved constraints on stellar populations and on deviations from
general relativity.
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Advanced LIGOZE—ZRNIIATHA -
2015.9.12—2016.1.19 (51.5-K-2 detectors/130-K)
01: 48.6°K; PyCBC 46.1-X; GstLAL 48.3&K

Event

GW130914 GWI151226  LVTI151012 Effective ingpira] S]Jil’l +0.14 +0.20 103
Sional-to-noise ratio Leff 006214 02100 002,
e ) 237 13.0 9.7 .
inal mass 37 +6.1 +14
623" 20.8 35
source -3.1 -1.7 —4
Fag;}fﬂfate <60x1077 <60%x1077 037 M Mg |
! Finalsping; ~ 0.68°0% 0747008 0.6670%
p-value 75%x107%  75%1078 0.045 , ' ' '
o Radiated Cnergy 3 [I-I-'D.ﬁ | D-I-[l.l 1 5-|-|:|.3
Significance =330 =330 .70 Erad/(MfﬁEZ) 04 =02 ~-04
Primary mass 362132 14.2133 23+18 Peak luminosity 3-6J—FHZ:5} X S'St?:E : S'It?:§ x
SO /M | | peak/(ergs ™) 10% 10% 10%
Secondary mass +37 +23 +4  Luminosity dist
, , 13 y distance +150 +180 +500
m5OUE /M, 29.17 4 1573 -5 D, /Mpc 4207 3 4407199 lﬂﬂﬂ_ﬁm
Chirp mass : 0.03 0.03 0.09
‘ W{E’m M, 28118 89703 151714 Sourceredshiftz  0.0970% 00970 020700
Sky localization
Total mass 4.1 5.9 13 230 850 1600
MU N 65.334 21.8747 377 AQ/deg’?
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Amplitude spectral density and Wave forms
of 3 detected signals
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HEAR/NV2EMassive Black Hole Systems:
Massive BH Mergers &
Extreme Mass Ratio Mergers (EMRISs)

- |8 2 Jii = B[ Stellar-mass BHs (3M, < MBH < 100M )
* H NJi1 = 2B [FISupermassive BHs (SMBHs; MBH 2> 106M )
o 12 [t &2 B2 [ Intermediate-mass BHs (IMBHSs; 100M <

ull Jull Jull

MBH < 105M )
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Scope: Goals —GW Astronomy & Fundamental Physics

Frequency band

GW sources / Possible GW sources

Detection method

Ultrahigh frequency band:
above 1 THz

Discrete sources, Cosmological sources,
Braneworld Kaluza-Klein (KK) mode
radiation, Plasma instabilities

Terahertz resonators, optical resonators, and
magnetic conversion detectors

Very high frequency band:
100 kHz — 1 THz

Discrete sources, Cosmological sources,
Braneworld Kaluza-Klein (KK) mode
radiation, Plasma instabilities

Microwave resonator/wave guide detectors,
laser interferometers and Gaussian beam
detectors

High frequency band (audio
band)*: 10 Hz — 100 kHz

Compact binaries [NS (Neutron Star)-NS,
NS-BH (Black Hole), BH-BH], Supernovae

Low-temperature resonators and Earth-
based laser-interferometric detectors

Middle frequency band:
0.1Hz-10Hz

Intermediate mass black hole binaries,
massive star (population 111 star) collapses

Space laser-interferometric detectors of arm
length 1,000 km — 60,000 km

Low frequency band (milli-Hz
band): 100 nHz — 0.1 Hz

Massive black hole binaries, Extreme mass
ratio inspirals (EMRIs), Compact binaries

Space laser-interferometric detectors of arm
length longer than 60,000 km

Very low frequency band
(nano-Hz band): 300 pHz -
100 nHz

Supermassive black hole binary (SMBHB)
coalescences, Stochastic GW background
from SMBHB coalescences

Pulsar timing arrays (PTAS)

Ultralow frequency band: 10

fHz — 300 pHz

Inflationary/primordial GW  background,
Stochastic GW background

Astrometry of quasar proper motions

Extremely low (Hubble)
frequency band: 1 aHz—-10 fHz

Inflationary/primordial GW background

Cosmic microwave

experiments

background

Beyond Hubble-frequency
band: below 1 aHz

Inflationary/primordial’ GW"sackground

Through the verifications of primordial
cosmological models




5| 7R i 4325 The Gravitation-Wave (GW) Spectrum Classification
Infra- ELF ULF VLF MF F VHF UHF
Hubble| (Hubble) AdLIGO

< Quasar PTAs# CSDT DEQGO] AdVirgo Cavity/waveguide >

CMB Astrometry | FAST ASTROD-GW BBO| KAGRA | Laserinterferometer
SKA eLISA/LISA MIGA ET Gauss beam
-|- *k
[ 1 [ || [ I | 1 I I | 1 I I 1 1 I
1018 1024 107 101 10!

* AIGO, AURIGA, EXPLORER, GEO, NAUTILUS, MiniGRAIL, Schenberg.

+ OMEGA, gLISA/GEOGRAWI, GADFLI, TIANQIN, ASTROD-EM, LAGRANGE, ALIA,

ALIA-descope.
FEPTA, "'NANOGrav, PPTA, IPTA.
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Cosmic band

107
10
1077

~ 107

S~

o

S 10
1013 |
10715 [

1 0—20 |

]0—11

1077 107

temperature (GeV)
10 10°

10°

slow-roll model r=0.07, n.=-r/8

1013

Indirect

LIGO and Virgo

/;

2017/11/21 Taida

I10'”’I .10_12.

10 107
frequency (Hz)

brief history & GW Spectrum

10"

10*

10°

31



Normalized GW spectral energy density €2,

GW detector sensitivities and GW sources

vs. frequency for

j ! ! ! j ! . j j I{bl“ j j
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Very low frequency band (300 pHz — 100 nHz)
he(f) = Ay, [f/(L yr )]

Table 4. Upper linuts on the 1sotropic stochastic background from 3 pulsar tinung arrays.

No. of No.of | Observation Constramt on characteristic strain
pulsars Vears radio band he(f) [= Aw [Ty D], (F=
imnchided | observed [MHz] 107°-107" Hz)]
EPTAlE o] 18 120-3000 Ag =3 = 10715
PPTALS 4 11 3100 Ag=1=105
NANOGrav!™ 27 0 327-2100 Ag=<15= 1071

Table 5. Sensifivities of IPTA. FAST and SKEA to monochromatic GWs.

No.of | No. of years Timing Sensitivity 1n characteristic
pulsars of ACCUracy strain hd(f) [= By (f/ v 1] for
observation (ns) monochromatic GWs
[PTA™ 36 20 100 Be=1x1071°
FAST! 50 50 50 Br=15=107V
SEALE 100 100 20 Bu=15x=1018

2017/11/21 Taida brief history & GW Spectrum



Conversion factors among:

the characteristic strain h (f),

the strain psd (power spectral density) [Sy(f)]*2
the normalized spectral energy density €, (f)

° C(f) — f1/2 [S (f)]l/Z-

* normalized GW spectral energy density €,(f): GW spectral energy density in terms of the
energy density per logarithmic frequency mterval divided by the cosmic closure density p,
for a cosmic GW sources or background, I.e.,

Quulf) = (flpo) do(fy/df
Q) = (2r2/3HGR) £ S,(f) = (2n2/3H,2) 2 h ()

Charactenistic strain Strain ps:d Normalized spectral
hdf) [Sﬁll'ﬂ] energy density Qew()
he(f) he(f) Fid ) |I:,i":',l]] . [(3H*2nf jﬂu-a.r;i"} ]2
Strain psd [Su(f1]1? 120 [Sa(]*= [(3HA2n ) 0w(f1]2
201751@5‘{;1‘;[5 '[E TEH{I'JJ& Ejiéf]wW&GW Spe t;:luuh. (3H" :]ﬁ 5|'|:,i"j ﬂgmm 34




Strain power spectral density (psd) amplitude vs. frequency for
various GW detectors and GW sources

e = LISA(BGM) . - T GW1S0914 . mm == AMIGO
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Characteristic strain h_ vs. frequency for various GW detectors and sources. [QA: Quasar
Astrometry; QAG: Quasar Astrometry Goal; LVC: LIGO-Virgo Constraints; CSDT: Cassini
Spacecraft Doppler Tracking; SMBH-GWB: Supermassive Black Hole-GW Background.]
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P N Lo e . HSAGGm: o TT GWakoetd . TR TTIAMIGD: 1y
N N e o T USA@SGM) - = adliG020159 |~ DECIGO (B80)

. g, TR IR IEPIER e —  ASTROD-GW adLIGO - -=* BBO-corr
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LISA-corr” ~ "~ COTTUKAGRA T
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Logo( he )

Log,q( Frequency [Hz] )
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Strain power spectral density (psd) amplitude vs.
frequency for various GW detectors and GW sources
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Middle frequency GW Detection Science Goals

* The science goals are the detection of GWs from

* (i) Intermediate-Mass Black Holes; could detect IMBH binaries at a few billion
light years away or further
* (ii) Galactic Compact Binaries as well as stellar mass BH binaries, like
GW150914;
e (iii) could alert laser interferometers days before merger by detecting inspiral
phase and predict time of binany black hole coalescence & neutron star
coalescence for ground interferometers

* (iv) Relic/Inflationary GW Background.
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PHYSICAL REVIEW D 88, 122003 (2013)
Low-frequency terrestrial gravitational-wave detectors

. . 3 - 4.
Jan Harms,' Bram J. J. Slagmolcn.2 Rana X. Adhikari,”> M. Coleman Miller,* Matthew Evans.®

: 7 3 8 : 9.10
Yanbei Chen,” Holger Miiller,” and Masaki Ando™

Direct detection of gravitational radiation in the audio band is being pursued with a network of
kilometer-scale interferometers (L1GO, Virgo, KAGRA). Several space missions (LISA, DECIGO, BBO)
have been proposed to search for sub-hertz radiation from massive astrophysical sources. Here we
examine the potential sensitivity of three ground-based detector concepts aimed at radiation in the
0.1-10 Hz band. We describe the plethora of potential astrophysical sources in this band and make
estimates for their event rates and thereby, the sensitivity requirements for these detectors. The scientific
payoff from measuring astrophysical gravitational waves in this frequency band is great. Although we find
no fundamental limits to the detector sensitivity in this band, the remaining technical limits will be

extremely challenging to overcome.

= Analyzed three detector options:
1. Atom-laser interferometer
2. TOBA with laser interferometer
3. Michelson interferometer

= Would be astrophysically interesting,
if one can reach S,%(f) = 1020 Hz 12
in 0.1-10 Hz band.

= Detecting and removing NN appears
to be extremely challenging.
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Proposed Detection Methods
for Middle-frequency GWs

e TOBA — The torsion bar antenna

* SOBRO -- Superconducting Omni-directional Gravitational
Radiation Observatory

* Michelson Interferometer on Earth and in space

* Atom Interferometry involving repeatedly imprinting the phase
of optical field onto the motional degrees of freedom of the
atoms using light propagating back and forth between the
spacecraft.

* Resonant Atom Interferometry detection
* Radio-wave Doppler frequency tracking
* GW detection with optical lattice atomic clocks



Torsion-Bar Antenna for Low-Frequency Gravitational-Wave Observations

Masaki Ando,"* Koji Ishidoshiro,”

TOBA = The torsion bar
antenna; PRL2010, PRD2013

10 m x 0.6 m ¢ quartz/Al 5056
10 ton each

Fundamental torsion
frequency 30 uHz

gravitational tidal force

torsion beam

Michelson
Input/Output

" Kazuhiro “l’ﬂrrmmu::ptu::r,3 Kent Yagi,'

Wataru Ku::-lc.u:,ff.urm,2

Kimio Tsubono,” and Akiteru Takamori®

Top Suspension Point
ﬁ“ dx ~ 108 m/v/Hz
86 ~ 1078 rad/VHz

Top Mass
X ~ 102 m/y/Hz
80 ~ 10" rad/VHz

8 ~ 102 m/vJHz
86 ~ 1014 rad/VHz

TOBA
dx ~ 10" m/vHz
66CM

~ 107" rad/VHz

cryogenic vacuum chamber

—_
injection and readout chamber
o input beam
” output beam
2017/11/21 Taida

TOBA Suspension Point

FIG. 2 (color online).
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Strain noise [1/4 Hz]

Newtonian Noise — seismic and atmospheric NN would have to
be reduced by large factors to achieve sensitivity goals with respect of NN

It is uncertain whether sufficiently sensitive seismic and infrasound sensors can be
provided. It will be very challenging to achieve sufficient NN subtraction. A suppression
of the NN by about 4 or 5 orders of magnitude at 0.1 Hz would be needed to make it
comparable to the instrument noise limit. A larger number of more sensitive sensors will
be required.

ey 10° : 10°
:| == Seismic NN —— Spiral, N=20, r=10km ool Nz et
_“]—15 : Infrasound NN T:' —o— Spiral, N=10, r=10km = —— Spiral, N=10, r=1km
T | = Laser-Atom S [l - spiral, N=20, r=20km 3 - Spiral, N=20, r=2km
----- J===TOBA W10k ] P b
-t | g $
10 s == Michelson - = 10
SIlIlIlT] g - bl il 9 2
_.I-Ir ......... t’l 2 E
10 g107 £
3 @ 192"
107"® % o
..... @ = e
. B 3 B E 10‘3_ %
1}
107" 3 o
-3
10 i
20 10 . . . 10 10" 10°
10 107 10™ 10° Frequency [Hz]

Frequency [Hz]

10—21 """ : R : i 'y FIG. 11 (color online). Residuals of infrasound gradient NN
0.01 0.1 1 FIG. 10 (color online). Residuals of Rayleigh-wave gradient sulbrrac[mn _for double-wound spiral arrays using microphones
Frequency [Hz] NN subtraction for double-wound spiral arrays using seismom- with SNR = 1000. Results are presented for different numbers

eters with SNR = 1000. Results are presented for different N of microphones and different amray radii r.
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SOGRO (Paik et al 2016)
(Superconducting Omni-directional
Gravitational Radiation Observatory)

Az

A design concept that could reach a strain
sensitivity of 10™1°=10720 Hz"12 3t 0.2-10 Hz

the range of the WD-WD binary from 0.1 Hz for one year with a SNR
of 10 is 1.2 Mpc, assuming one solar mass (Me) for the WD mass.
Within this horizon, there are two massive galaxies: the Milky Way
Galaxy and Andromeda (M31). The WD-WD merger rate of ~1.4x10713
yr-IM,~" has been estimated, corresponding to 0.01 per year for our —
Galaxy. With M31 about 0.03 per year. Probability of finding a WD-WD N
binary merger during one-year operation of SOGRO is ~30% since

each event is expected to persist for ~10 years in the detector.

-
y

Binary mergers composed of IMBHs can be detected by
SOGRO up to several Gpc (see figure 1). The estimated rates Each test mass M 5 ton Nb square tube

of mergers are very uncertain, but up to a few tens of IMBH Arm length L 30-50 m Over a ‘rigid’ platform
mergers can be detected per year by SOGRO [7]. Antenna temperature T 1.5 K Superfluid helium
or cryocoolers
Ho Jung Paik DM quality factor 5x108 Surface-polished pure Nb
Department of Physics, University of Maryland Signal frequency f 0.1-10 Hz

ICGAC-XIIl, Seoul, July 4, 2017
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Space GW Detection Science Goals
* The science goals are the detection of GWs from

* (1) Supermassive Black Holes;

* () Extreme-Mass-Ratio Black Hole Inspirals;

* (In) Intermediate-Mass Black Holes;

* (Iv) Galactic Compact Binaries;

* (v) Detecting inspiral phase and predict time of binary
black hole coalescence for ground interferometers

* (vi) Relic/Inflationary GW Background.
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ZE (8] 5 | DR AR

A Compilation of GW Mission
Proposals LISA Pathfinder
Launched on December 3, 2015

Mission Concept 5/C Configuration Arm length E?E;h;:i 5::
Solar-Orbit GW Mission Proposals
LISA® Earth-like solar orbits with 20° lag 3 Gm 1 year 3
el ISA® Earth-like solar orbits with 10° lag 1 Gm 1 year 3
ASTROD-GW™ Near Sun-Earth L3, 14, L3 pomnts 260 Gm 1 year 3
Big Bang Observer” Earth-like solar orbits 0.05 Gm 1 year 12
DECIGO™ Earth-like solar orbits 0.001 Gm 1 year 12
ALIA™ Earth-like solar orbits 0.5 Gm 1 year 3
ATLTA-descope KAk Earth-like solar orbits 3 Gm 1 year 3
1) Near Sun-Jupiter L3, L4, L5 pomts (3 4 o1
SpaASTROD”™ | g e st 50y | B0Gm | diyer |
Earth-Orbit GIV Mission Propozals
OMEGA® 0.6 Gm height orbit 1 Gm 53.2 days 6
gl ISA/GEOGRAWT™®™ Geostationary orbit 0.073 Gm 24 hours 3
GADFLI® Geostationary orbit 0.073 Gm 24 hours 3
TIANQIN® K& 0.057 Gm height orbit 0.11 Gm 44 hours 3
ASTROD-EM®-" Near Earth-Moon L3, L4, L5 points 0.66 Gm 27.3 days 3
LAGRANGE™ brief hstoryNéa BmrthiMoon L3, 14, L3 points 0.66 Gm 273 dayde | 3




Mission concept S/C configuration Arm length  Orbit period S/C # Acceleration Laser metrology
noise [fm/s2/Hz'/2]  noise [pm/Hz'/?]
Solar-Orbit GW Mission Proposals
LISAY Earthlike solar orbits 5Gm 1 year 3 3 20
with 20° lag
eLISAZ! Earthlike solar orbits 1Gm 1year 3 3 12(10)
with 10° lag
ASTROD-GW?36-40 Near Sun—Earth 260 Gm 1 year 3 3 1000
L3, L4, LL5 points
Big Bang Observer® Earthlike solar orbits 0.05Gm 1 year 12 0.03 1.4 x 107°
DECIGO* Earthlike solar orbits 0.001 Gm 1 year 12 0.0004 2 x 1076
ALIA47 Earthlike solar orbits 0.5Gm 1 year 3 0.3 0.6
TATJI (ALIA-descope)?® Earthlike solar orbits 3Gm 1 year 3 3 58
Super-ASTROD?2 Near Sun—Jupiter 1300 Gm 11 year 4 orb 3 5000
L3, L4, L5 points
(3 S/C), Jupiterlike
solar orbit(s)(1-2 S/C)
FEarth-Orbit GW Mission Proposals
OMEGA®%:95 0.6 Gm height orbit 1 Gm 53.2days 6 3 5
gLISA/GEOGRAWI4? 5L Geostationary orbit 0.073 Gm 24 h 3 3, 30 0.3, 10
GADFLI? Geostationary orbit 0.073 Gm 24 h 3 0.3, 3, 30 1
TIANQIN'? 0.057 Gm height orbit 0.11Gm 44 h 3 1 1
ASTROD-EM43 Near Earth—Moon 0.66 Gm 27.3 days 3 1 1
L3, L4, LL5 points
LAGRANGE®3 Earth—Moon L3, L4, 0.66 Gm 27.3days 3 3 5

L5 points




Strain power spectral density (psd) amplitude vs. frequency for various
GW detectors and GW sources. [CSDT: Cassini Spacecraft Doppler
Tracking; SMBH-GWB: Supermassive Black Hole-GW Background.]
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Second Generation GW Mission Concepts

* DECIGO

. _-" 120°
BBO 4} _______ @3 10° )
* Super-ASTROD ( Sun S

N -
“S/C 2 (near L4) S, -
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92 days

107 (-15) Source-Observation Gap largely bridged 1440 orbits

* In 1915, white dwarf already discovered, the technology réached™

107(-5). First artificial satellite Sputnik launched in 1957.
* First GW space mission proposed in public in 1981 by Faller & Bender

* LISA proposed as a joint ESA-NASA mission; LISA Pathfinder
successfully performed. The drag-free tech is fully demonstrated
paving the road for GW space missions.

Single Test Mass Accleration

10713 e . ——
[ —LPF November 2016 to January 2017 ]
= L3: LISA Acceleration Requirement |4
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Weak-light phase locking
and manipulation technology

» Weak-light phase locking is crucial for long-distance space
Interferometry and for CW laser space communication. For LISA of
arm length of 5 Gm (million km) the weak-light phase locking
requirement is for 70 pW laser light to phase-lock with an onboard
laser oscillator. For ASTROD-GW arm length of 260 Gm (1.73 AU)
the weak-light phase locking requirement is for 100 fW laser light to
lock with an onboard laser oscillator.

* Weak-light phase locking for 2 pW laser light to 200 uW local
oscillator is demonstrated in our laboratory in Tsing Hua U.°

* Dick et al.” from their phase-locking experiment showed a PLL (Phase
_ocked Loop) phase-slip rate below one cycle slip per second at
powers as low as 40 femtowatts (fwW).

 Shaddock et al: tracking 30 fW free-running laser (2015-2016)
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The present laser stability (16 orders) alone does not
meet the GW strain sensitivity requirement (21 orders)

* For space laser-interferometric GW antenna, the arm lengths vary according
to solar system orbit dynamics.

* In order to attain the requisite sensitivity, laser frequency noise must be
suppressed below the secondary noises such as the optical path noise,
acceleration noise etc.

* For suppressing laser frequency noise, it Is necessary to use TDI in the
analysis to match the optical path length of different beam paths closely.

* The better match of the optical path lengths is, the better cancellation of the
laser frequency noise and the easier to achieve the requisite sensitivity. In
case of exact match, the laser frequency noise is fully canceled, as in the
original Michelson interferometer.



AMIGO: Astrodynamical Middle-frequency
Interferometric GW Observatory

Arm length: 10,000 km (or a few times)
Laser power: 2-10 W (or more)
Acceleration noise: assuming LPF noise
Orbit: 4 options (all LISA-like formations):
(i) Earth-like solar orbit (3-20 degrees behind the Earth orbit)
(ii) 600,000 km high orbits around the
(iii) 200,000 km-250,000 high orbits around the Earth
(iv) near Earth-Moon L4 and L5 orbits
Scientific Goal: to bridge the gap between high-frequency and low-
frequency GW sensitivities. Detecting intermediate mass BH coalescence.
Detecting inspiral phase and predict time of binary black hole coalescence together
with neutron star coalescence for ground interferometers, detecting compact binary
inspirals for studying stellar evolution and galactic poulation
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GW Sensitivities of AMIGO

* Baseline Sensitivity: 2 W emitting laser power, 300 mm ¢ telescope
* Samicon2(1=(20/3)Y2(1/Lp\eo) XU+ (7 (1.29F spico)) 1Y 2X[(Samicop 4S5/ (2TTf)*) ] 2HZ V2,

* over the frequency range of 20 pHz < f <1 kHz. Here L yc0 = 0.01 x 10° m

is the AMIGO arm length, favico = ¢/ (21l sppigo) 1S the AMIGO arm transfer
frequency, Symicop = 1.424 x 10728 m? Hz' is the (white) position noise level

due to laser shot noise which is 16 x 107° (=0.0042) times that for new LISA.
S.(f) is the same colored acceleration noise level in (2)

* Design Sensitivity: 10 W emitting laser power, 360 mm ¢ telescope

Shot noise for strain to gain a factor of
10 [~ (10W/2W)x(360mm/300mm)*]
AMIGO solid curve by using S0, = 0.1424 x 1072° m* Hz .
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LISA 2.5 Gm Sensitivity

* The new LISA design sensitivity 1s in [10, 11]. A simple analytical approximation of the
design sensitivity 1s in Petiteau et al. [10] and used by Cornish and Robson [26]:

¢ S = (20/3)2 (L) x [(1+ (F/ (L29/) 12 X [(Sy,p + 4S/QuH]2 Hz 12, (1)

* over the frequency range 20 uHz < f <1 Hz. Here L,
= ¢/ (2nL;) 1s the LISA arm transfer frequency, S|,
position noise, and

5 Gm 1s the LISA arm length, 7,
9 x 1072 m? Hz! is the white

2.
8

e S(H=9x10730 [1+ (104 Hz/ £)2+ 16 (2 x 105 Hz/ £)10 ] m? s~ Hz !, )

* is the colored acceleration noise level. This new LISA design sensitivity curve shows in
both Fig. 1 and Fig. 2.



Earth-like solar orbits

Orbit design
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Time Delay Interferometry
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Space Detection Methods other than Laser
Interferometry
for Low-frequency and Middle-frequency GWs

* Radio-wave Doppler frequency tracking

* Atom Interferometry involving repeatedly imprinting the
phase of optical field onto the motional degrees of
freedom of the atoms using light propagating back and
forth between the spacecraft.

* Resonant Atom Interferometry detection
* GW detection with optical lattice atomic clocks



summary

* Success of Interferometric Detection of GW

e Stellar-size BH distribution is largely set by observation
* Multi-Messenger Astronomy is started bright

* GW spectrum and detection sensitivities are presented
* Cosmic Band, Quaser Astrometry Band and PTA band

* Space GW detection, new LISA and Super-ASTROD and
AMIGO, Middle-Frequency Band

* GW and Multi-Messenger Astronomy: Focus of Next 50 yrs
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