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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

Conpact 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-10 Hz

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/primordiat G\Wrbackgreund

Through the verifications of primordial
cosmological models
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Observation-Tech Gap 100 years ago

._.
=
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* 1916, 1918 Einstein predicted GW and derived

the quadrupole radiation formula
* White dwarf discovered in 1910 with its density

Linear PSD of strain & (1/vHz)
=
LN

0

soon estimated; GWs from white dwarf binaries

10—30 | L | L | L |

in our Galaxy form a stochastic GW background 3 T 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 107>; 15 orders away from the required
sensitivity.

* Observation-Tech Gap 100 years ago: 15 orders

2017/05/23 AIW2 GW Detection in Space 6
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The observation and technology gap
100 years ago in the 10 Hz — 1 kHz band

* In the LIGO discovery of 2 GW events and 1 probable GW candidate, the
maximum peak strain intensity is 1072!; 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 10~ 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.

2017/05/23 AIW2 GW Detection in Space
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Massive Black Hole Systems:
Massive BH Mergers &
Extreme Mass Ratio Mergers (EMRIS)
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Science Goals

* The science goals are the detection of GWSs from

* (1) Supermassive Black Holes;

* (1) Extreme-Mass-Ratio Black Hole Inspirals;
* (1ll) Intermediate-Mass Black Holes;

* (Iv) Galactic Compact Binaries;

* (V) Relic/Inflationary GW Background.
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Gap largely bridged

* First artificial satellite Sputnik launched in 1957.

92 days
1440 orbits

83.60 kg mass

* 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

—LPF November 2016 to January 2017|]
= L3: LISA Acceleration Requirement |4

107*

Frequency (Hz)

1073

Centrifugal

M |
107
Frequency (Hz)
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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 Locked Loop) phase-slip rate below
one cycle slip per second at powers as low as 40 femtowatts (f\W).

2017/05/23 AIW2 GW Detection in Space 13
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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 E'f
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 pomts 260 Gm 1 vear 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
ATIA" Earth-like solar orbits 0.5 Gm 1 year 3
ALTA-descope K1k Earth-like solar orbits 3 Gm 1 vear 3
7 Near Sun-Jupiter L3, L4, L5 points (3 4 o1
SparASTROD™ | g e st 50y | B0Gm | diyer |
Earth-Orbit GV Mission Proposals
OMEGA® 0.6 Gm height orbit 1 Gm 53.2 days 6
al ISA/GEOGRAWI®™ 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, 14, L5 points 0.66 Gm 273 days 3
LAGRANGE®™ 6W|peteMearBarth-Moon L3, L4, L3 points (.66 Gm 273 dayd4 [ 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
LISA® Earthlike solar orbits 5Gm 1 year 3 3 20
with 20° lag
eLISA?! 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, L5 points
Big Bang Observer®® Earthlike solar orbits 0.05Gm 1year 12 0.03 1.4 x 1077
DECIGO*4 Earthlike solar orbits 0.001 Gm 1year 12 0.0004 2 % 1076
ALIAYT Earthlike solar orbits 0.5Gm 1 year 3 0.3 0.6
TATJT (ALTA-descope)?® Earthlike solar orbits 3Gm 1 year 3 3 58
Super-ASTROD?2 Near Sun—Jupiter 1300 Gm 11 year 4orb 3 5000
L3, L4, L5 points
(3 S/C), Jupiterlike
solar orbit(s)(1-2 S/C)
Earth-Orbit GW Mission Proposals
OMEGA®4:95 0.6 Gm height orbit 1 Gm 53.2days 6 3 5
gLISA/GEOGRAWI*? 51 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 0.11 Gm 44 h 3 1 1
ASTROD-EM43 Near Earth—-Moon 0.66 Gm 27.3 days 3 1 1
L3, L4, L5 points
LAGRANGE®3 Earth—Moon L3, L4, 0.66 Gm 27.3days 3 3 5

L5 points




Second Generation GW Mission Concepts

+ DECIGO fﬁt
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Estimated delta-V and propellant mass
ratio for solar transfer of S/C (Deployment)

° ahead of Transfer orbit Transfer Solar transfer delta-V Solar transfer
Earth in time after injection from propellant mass
solar orbit LEO to solar transfer ratio (Isp = 3205s)
orbit
180° Venus flyby 1.3—1.5 year 2.2-2.5km/s 0.50-0.55
(near L3) transfer
60° Inner Hohmann, 1.833 year 1.028km /s 0.280
(near L4) 2 Revolutions
300° (—60°)  Outer Hohmann, 1.167 year 2km/s 0.47
(near L5) 1 Revolutions
0-60° Inner Hohmann, Less than Less than Less than
< 2 Revolutions 1.833 year 1.028 km/s 0.280
60°-300° Venus flyby 1.3—1.5 year 2.2-2.5km/s 0.50-0.55
transfer
300°-360° Outer Hohmann, Less than Less than Less than
2017/05/23 AIW2 1 Revolutions 1.164 y&ation in space 2 km/s 0.47 17




Payload

« Each spacecraft carries a payload of

* two proof masses,

* two telescopes,

* two lasers,

« a weak light detection and handling system,

* a laser stabilization system, and

 a drag-free system.

 For lower part of space GW band or for possibly higher precision,
a precision/optical clock, or an absolute laser stabilization system,
and an absolute laser metrology system may be used.

2017/05/23 AIW2 GW Detectio 18



Time Delay Interferometry (TDI)

first used in the study of ASTROD mission concept in the 1990s (Ni et al. 1997a, 1997b),
two TDI configurations were used during the study of ASTROD interferometry and the

path length differences were numerically obtained using Newtonian dynamics
These two TDI configurations are the unequal arm Michelson TDI configuration and the
Sagnac TDI configuration for three spacecraft formation flight. The principle is to have two
split laser beams to go to Paths 1 and 2 and interfere at their end path. For unequal arm
Michelson TDI configuration, one laser beam starts from spacecraft 1 (S/C1) directed to and
received by spacecraft 2 (S/C2), and optical phase locking the local laser in S/C2; the phase

locked laser beam is then directed to and received by S/C1, and optical phase locking another
local laser in S/C1; and so on to return to S/C1.. -

Path 1. S/C1 — S/C2 — S/C1 — S/C3 — S/C1. (1)
The second laser beam starts from S/C1 also:

Path 2. S/C1 — S/C3 — S/C1 — S/C2 — S/C1, (2)

to return to S/C1 and to interfere with the first beam.

If the two paths has exactly the same optical path length,

---------

the laser frequency noises cancel out; If the optical path length dn‘ference IS small the laser
frequency noises cancel to a large extent. In the Sagnac TDI configuration, the two paths are:

Paths2: 8/C1 — S/C2 — S/C3 — S/C1, Path-2::5/&1 — S/C3 — S/C2 — S/CL. 19



Unequal-arm Michelson X, Y & Z TDIs and its sum
X+Y+Z for new LISA

* 1999 Armstrong, Estabrook, Tinto, X, Y & Z TDIs X+Y+Z for LISA

* Vallisneri 2005 (U, P, E) o4 B
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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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Log1o( fc )
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Conversion factors among:

the characteristic strain h.(f),

the strain psd (power spectral density) [S,(f)]*?
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.,

Qq(f) = (tlp,) dp(f)/df
Q) = (2r23HGR) £ S,(F) = (2n2/3H,2) 2 h ().

Charactenistic strain Strain ps:d Normalized spectral
hdf) [Sﬂlﬂ] energy density Qew(y)
he(f) he(f) Fiad M) |I:,i":]]] . [(3H*2nf :Iﬂﬂ'a.{,i"} ]2
Strain psd [Sa(f1]1? 128 [Sa(]*= [(3HA 21 )0w(f1]12
2017%!-@5‘5@2 {ETEH{I']_}E Ii!.iIE:\I/lasgtectionir!m Sp CZI: {3H" :]ﬁ 5|'|:.i":l ﬂgﬂ.m 23




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

-18

-16

-14

-12

-10

-8

-6

-4

-2 0 2 4

6 8

10

12

14

16

T
LN %_
. /‘ '
R
.s‘..,,{?.’ .........
-

1 R
—_ A "'-? e -
10 ZBI-SEP2;KGGR S NG e

Extremﬂ mass ratzwmspﬂm}s
: Rspnlva]?le gﬂlﬂ.euo hmanes

S120 i O N,

Logqo( hc )

. Z Z . : g, Ul .
_14"".""."'.""."'.'"'.'{%%.'Q"'." - :

L T ]

EPIREURERAAE R

-Masm\reBmanes S e

..................................................

e eusA
=== ASTROD-GW
- = DECIGO (8BO)

..............................................................

Virgo o
adLIGO 2015-2 i . i

adLIGD f

-18
2017/05/23 AIW2

-4
L6g} ¢

2 0 4

Ffr‘ékfi’ﬂé?lé?aﬁ%] )

25



Normalized GW spectral energy density €2, vs. frequency for
GW detector sensitivities and GW sources

-18 -16 -14 -12 -10 -8 -6 -4 -2 0 2

. : . o]
gl m=r=_LISA ... — LGo . . :_-/h,}rf. _______________________________________________________________________ _
L — BLFS'A ________________ = Virgg - - s _",' __________________________________________________________________________
6 - swm == ASTROD-GW - — adLIGO?m&-E“'-""."""""""""""""'"""""'—f
4_]____7__[’_5_‘?'%39(_330?_______ﬁf_ﬁ:_“_“_'-_"?"’_oﬁﬁ'ff:fﬁ"ﬁ'ﬁfﬁﬁﬁ'ﬁﬁﬁﬁ'ﬁﬁﬁ'ﬁﬁﬁfﬁﬁffﬁfﬁff.fﬁfﬁ"ﬁ
.......... BBOcurr Aov o
ok ... mee LISA-corr _
------ SSICASTFIOD-Gchrr---r_---
0—- ' -- e
................ Q‘A........................ [ : :
2L R Ey o _ C .
, .[.PPTA; S
_________________ R - : ,
1 . . .
~ A Nu'c]cb's}rf‘ﬂ‘b's@'Lir"niT """"" i’; P Co0T
g --------------------------------- l-‘-\-l---l-- ------------------
C:U‘ 6L R f__lrlf__ _____ : :
N Bt T TEEEETLEEE PR SRS L e NN Rl | o
5 - i -
o Ch
- _]0 :rl-' ................................... . -
CNB THENZF AN A |
ol T N%, Ly iy
- . }ﬁﬁ Il.' """""""""""""""" S Ee e e
S . [!i!' o RRN N A S
_]4-. .|':|' .................. SEECEUEE I ‘3:"# ............
: ; : :‘!‘i‘:h"’.‘" ----------- Rl bl T i it bbb bt b w
e s ; : =0 slcm-rull Lnﬂatlnn lirit
=161 BICEPE}KB::R IPTA.’!G '!i'";jr"” - . m R A
..... l_l‘..', .............. e T F oo g o oo
,JSKA-IBB ._'"! __________________________ moodocco: - Booticofocoh o (Te ot = o 9o o oo RN
_20_!.! ....................................................... L S i
‘22!"22

-18 -16 -14 -12 -10 -8 -6 -2 4 6 8 10 12 14 16

-4
2017/05/23 AIW2 Le%1 De(t?fFé)dwd%ﬁwaz]



Detection Methods other than Laser
Interferometry
for Low-frequency and Middle-frequency GWSs

* Radio-wave Doppler frequency tracking

* Atom Interferometry involving repeatedly imprinting the
[hase 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



The Gravitation-Wave (GW) Spectrum Classification
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* AIGO, AURIGA, EXPLORER, GEO, NAUTILUS, MiniGRAIL, Schenberg.
+ OMEGA, gLISA/GEOGRAWI, GADFLI, TIANQIN, ASTROD-EM, LAGRANGE, ALIA,

ALIA-descope.
rEPTANANOGrav, PPTA, IPTA. GW Detection in Space
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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 E'f
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 pomts 260 Gm 1 vear 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
ATIA" Earth-like solar orbits 0.5 Gm 1 year 3
ALTA-descope” Earth-like solar orbits 3 Gm 1 vear 3
7 Near Sun-Jupiter L3, L4, L5 points (3 4 o1
SparASTROD™ | g e st 50y | B0Gm | diyer |
Earth-Orbit GV Mission Proposals
OMEGA® 0.6 Gm height orbit 1 Gm 53.2 days 6
al ISA/GEOGRAWI®™ Geostationary orbit 0.073 Gm 24 hours 3
GADFLI” (Geostationary orbit 0.073 Gm 24 hours 3
TIANQIN® 0.057 Gm height orbit 0.11 Gm 44 hours 3
ASTROD-EM™" Near Earth-Moon L3, 14, L5 points 0.66 Gm 273 days 3
LAGRANGE®™ 6W|peteMearBarth-Moon L3, L4, L3 points (.66 Gm 273dayso [ 3
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Very low frequency band (300 pHz — 100 nHz)
he(f) = Ay, [f/(Lyr )]

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 [T 1yr D], (F=
mchided | observed [MHz] 107*-1077 Hz)]
EPTAlX i) 15 120-3000 Ay =3 2 10715
PPTALS 4 11 3100 Ag =1 =100
NANQGrav!™ 27 0 327-2100 Ax=<15=1071

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

No.of | No. of vears Timing Sensitivity in characteristic
pulsars of ACCUTACY strain A7) [= By (f/ vrh)] for
observation (ns) monochromatic GWs
IPTA!M 36 20 100 Br=1x 10716
FASTY 50 50 50 By=135=107Y
SEATNE 100 100 20 Byp=15=10718
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History of the Universe
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Four processes could produce CMB
B-mode polarization observed

g

= (i) gravitational lensing from E-mode
polarization (Zaldarriaga & Seljak 1997),
= (ii) local quadrupole anisotropies in the CMB within the
last scattering region by large scale GWs (Polnarev 1985)
= (iii) cosmic polarization rotation (CPR)

due to pseudoscalar-photon interaction_\E‘(\,U/_ ‘/ M\|

(Ni 1973, for a review, see Ni 2010). | . NS

(The CPR has also been called

Cosmological Birefringence) | /S N\ |
= (iv) Dust alignment NoBeo N\ T

2017/05/23 AIW2 GW Detection il apa\.c/ \
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The constraints for Hubble frequency band

* CMB S-W fluct.: The COBE microwave-background quadrupole anisotropy
measurement gives a limit Qgw (1 aHz) ~ 10-9 on the extremely-low-frequency
GW background.

* WMAP improves on the COBE constraints; the constraint on Qgw for the higher
frequency end of this band is better than 107(-14).

« The analysis of Planck, SPT, and ACT temperature data together with WMAP
polarization; the scalar index is n, = 0.959 + 0.007, the tensor-to-scalar
perturbation ratio r is less than 0.11

* The combined analysis of BICEP2/Keck Array and Planck Collaboration: the
tensor-to-scalar perturbation ratio r is constrained to less than 0.12 (95% CL; no
running). The pivot scale of this constraint is 0.05 Mpc-1, corresponding to GW
frequency fat 3.8 x 107 (-17) Hz at present.

e Most recent: r < 0.07 (2 o) (Chao-Lin Kuo, Dec. 9 talk at NCTS; his talk in
LeCosPA Symposium12/17/15)

2017/05/23 AIW2 GW Detection in Space
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The indirect GW limits are from CMB temperature and polarization power spectra, lensing, BAOs, and
BBN. Models predicting a power-law spectrum that intersect with an observational constraint are ruled
out at > 95% confidence. We show five predictions for the GW background, each with r =0:11, and
with nt = 0:68 (orange curve), nt = 0:54 (blue), nt = 0:36 (red), nt = 0:34 (magenta), and the consistency
relation, nt = r/8 (green), corresponding to minimal inflation. Paul D. Lasky et al.1511.05994
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Strain power spectral density (psd) amplitude vs. frequency for
various GW detectors and GW sources
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Outlook

First generation

e LISA Pathfinder, LISA
* TAUI, TIANQIN

* B-DECIGO

* ASTROD-GW

Second generation
* BBO, DECIGO
* Super-ASTROD

GW Detection in Space
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Outlook

» Advanced LIGO has detected GWs from stellar-mass binary black hole mergers. We will see a
global network of second generation km-size interferometers for GW detection soon. Scaling with
the achieved detection, third generation detectors would be to detect more than 100,000 5-c GW
events per year.

» Advanced LIGO has achieved 3.5 times better sensitivities with a reach to neutron star binary
merging event at 70 Mpc and began its first observing run (O1) on September 18, 2015 searching
for GWs.

« Another avenue for real-time direct detection is from the PTAs. The PTA bound on stochastic
GW background already excludes most theoretical models; this may mean we could detect very
low frequency GWs anytime too with a longer time scale.

« Although the prospect of a launch of space GW is only expected in about 20 years, the detection
in the low frequency band may have the largest signal to noise ratios. This will enable the detailed
study of black hole co-evolution with galaxies and with the dark energy issue. LISA Pathfinder has
been launched on December 3, 2015. This will pave the technology road for GW space missions.
 Foreground separation and correlation detection method need to be investigated to achieve the
sensitivities 10-*%-107 or beyond in €, to study the primordial GW background for exploring

very early universe and possibly quantum gravity regimes.
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