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引力波谱分类 The Gravitation-Wave (GW) Spectrum Classification
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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:           

0.1 Hz – 10 Hz

Intermediate mass black hole binaries, 

massive star (population III 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 background

experiments

Beyond Hubble-frequency 

band: below 1 aHz
Inflationary/primordial GW background

Through the verifications of primordial

cosmological models
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空间引力波探测
A Compilation of GW Mission 
Proposals LISA Pathfinder
Launched on December 3, 2015
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天琴



Science Goals

• The science goals are the detection of GWs from

• (i) Supermassive Black Holes; 

• (ii) Extreme-Mass-Ratio Black Hole Inspirals; 

• (iii) Intermediate-Mass Black Holes; 

• (iv) Galactic Compact Binaries;

• (v) Relic/Inflationary GW Background.
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Massive Black Hole Systems: 
Massive BH Mergers &

Extreme Mass Ratio Mergers (EMRIs)

2017/05/23 AIW2



Outline

• INTRODUCTION – LISA-like Missions, Orbit 
configuration and TDI (time delay 
interferometry)

•Orbit Design

•Numerical TDI Calculation

•OUTLOOK
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Also
PSR B1534+12
PSR J0737-3039A/B
(The double pulsar)
Now about
200 binary pulsars discovered

0.9970.002(2010)



Gap largely bridged
• 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.

2017/05/22 KIW3 Overview of Space GW Detection Proposals 9

92 days
1440 orbits 

83.60 kg mass



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 μW local oscillator is demonstrated in our 
laboratory in Tsing Hua U.6 Dick et al.7 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 (fW).
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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.
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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 difference is small, the laser 
frequency noises cancel to a large extent. In the Sagnac TDI configuration, the two paths are: 

• Path 1: S/C1 → S/C2 → S/C3 → S/C1, Path 2: S/C1 → S/C3 → S/C2 → S/C1. 2017/05/23 AIW2 Orbit design and TDI simulation for LISA, TAIJI ... 12



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)

• Tinto & Dhurandhar

review 2014 
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Orbit Design I – the initial choice of 
initial conditions

• Define Xfk, Yfk, Zfk, (k = 1.2, 3) to be

the eccentric anomaly

• Define Xf(k), Yf(k), Zf(k), (k = 1.2, 3), i.e., Xf(1), Yf(1), Zf(1); Xf(2), Yf(2), Zf(2); Xf(3),
Yf(3), Zf(3) to be

• The three S/C orbits are (for one-body central problem) are
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Using ephemeris framework for design and 
TDI numerical calculation
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3 complete ephemeris + 1 ephemeris framework

• DE: Development Ephemerides

• EPM: Ephemerides of Planets and Moon

• INPOP: Intégrateur Numérique Planétaire de l’Observatoire de Paris 

• CGC: Center for Gravitation and Cosmology Ephemeris Framework 
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Orbit design for New LISA (arm length 2.5 Gm)
initial epoch: 2028-Mar-22nd 12:00:00 for 2200 days
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Variations of the arm lengths and the velocities in the 
line of sight direction in 2200 days for the LISA S/C 

configuration with initial condition adjustment
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Variations of the arm lengths and the velocities in the 
line of sight direction in 2200 days for the TAIJI S/C 

configuration with initial condition adjustment
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Unequal-arm Michelson X, Y & Z TDIs and its sum 
X+Y+Z for TAIJI

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

• Vallisneri 2005 (U, P, E)

• Tinto & Dhurandhar

review 2014 
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Sagnac α, β & γ; Relay U, V & W; Beacon P, Q & R; 
Monitor E, F & G first-generation TDIs of New LISA
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Sagnac α, β & γ; Relay U, V & W; Beacon P, Q & R; 
Monitor E, F & G first-generation TDIs of TAIJI
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A comparison of cases for different arm lengths

2017/05/23 AIW2 Orbit design and TDI simulation for LISA, TAIJI ... 23



(X, Y, Z)TDI time-delay difference vs. epoch
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Discussion and Outlook

• All the first-generation TDIs violate their respective requirements. For
eLISA/NGO of arm length 1 Gm, the deviation for X, Y, and Z TDIs could
be up to a factor of 3.6; for the case of 2 Gm arm length, a factor of 6.8; for
the new LISA case of 2.5 Gm arm length, a factor of 9.6; for the TAIJI case
of 3 Gm arm length, a factor of 12.5; for the case of 4 Gm arm length, a
factor of 15.2; for the original LISA of 5 Gm, a factor of 22.3; for the case
of 6 Gm arm length, a factor 29.9. If X, Y, and Z TDIs are used for the GW
analysis, either the TDI requirement needs to be relaxed by the same factor
or laser frequency stability requirement needs to be strengthened by the
same factor.

• All the second-generation TDIs in Table 2 for eLISA/NGO of arm length 1
Gm, for the case of 2 Gm arm length and for the new LISA case of 2.5 Gm
arm length satisfy their respective requirements.
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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.]

24-hr Global Campaign
arXiv:1509.05446

10^6-10^6 BH-BH@10Gpc
Last 3 years

10^5-10^5 BH-BH@10Gpc
Last 3 years
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Conversion factors among: 
the characteristic strain hc(f), 
the strain psd (power spectral density) [Sh(f)]

1/2

the normalized spectral energy density Ωgw(f)

• hc(f) = f1/2 [Sh(f)]
1/2; 

• normalized GW spectral energy density Ωg(f): GW spectral energy density in terms of the
energy density per logarithmic frequency interval divided by the cosmic closure density ρc

for a cosmic GW sources or background, i.e.,

• Ωgw(f) = (f/ρc) dρ(f)/df

• Ωgw(f) = (22/3H0
2) f3 Sh(f) = (22/3H0

2) f2 hc
2(f). 
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Strain power spectral density (psd) amplitude vs. frequency for 
various GW detectors and GW sources
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Characteristic strain hc 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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Normalized GW spectral energy density gw vs. frequency for 
GW detector sensitivities and GW sources
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Detection Methods other than Laser 
Interferometry 

for Low-frequency and Middle-frequency GWs 
• 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
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