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Master equation
for space laser interferometry (1)

* In the original white-light Michelson interferometry, the two interferometric paths (two arms)
must be almost equal to have fringes (Michelson 1880s). With light of very narrow line, the
match can be relaxed a bit (e.g., Michelson and Gale 1927).

* For laser light, the interferometry goes further, and the fringes would manifest for a difference
of optical paths within the laser coherent length. For Nd:YAG laser of 1 kHz line width, the
two optical length path can differ by 100 km and still be coherent to interfere with each other.
However, the closer the path lengths are matched to each other, the clearer the fringes are
(less noise).

* In space, because of large distances involved, at the receiving S/C, we have to phase lock the
local laser oscillator to the weak incoming beam to transmit to another S/C or back; the
interferometry measures the final phase of interference of the two chosen paths. The final
phase noise dginterference of interference at the receiving S/C is

* 8D ierference = 20V(f)L/c + phase locking noise(s) + timing noise(s) + signals & other noises
accrued along the two paths, (1) -- Master equation
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Master equation
for space laser interferometry (1)

where 6v(f) is the frequency noise of the laser source at frequency f, L is the optical pathlength
difference of the two chosen paths, and c the light velocity.

Hence for decreasing the interference phase noise 8@, erferences W€ have to either decrease the
frequency noise of the laser source or decrease the pathlength difference, or both.

After the vast distance travelled, the light received by the telescope in the other S/C is
attenuated greatly and needs amplification to go to another S/C. The way of amplification is
using a local laser to phase-lock to the incoming weak laser light.

Hence the phase information is transmitted in contiguous propagation whether in homodyne
or with a known frequency offset.

The measured phase by the phasemeter is recorded with a time tag for later propagation-
identification in the data analysis. This time-tagged tracing after the recording is called time-
delay interferometry (TDI).

The first generation Michelson TDI is usually called X, Y and Z TDIs. We call the original
(zeroth generation) Miclelson topology the X0, YO and Z0 TDIs. Both phase-locking and time-

tagging contribute noises. TTL (tilt-to-length) noise etc are included in the other noises.
2023/05/16 ICTP-AP Hangzhou GW detection in space Wei-Tou Ni 5



OUTLINE

* Introduction — A Brief history, Generalized Michelson
Interferometry (GMI)

e Space laser GMI Gravitational Wave (GW) Detection
e Space low frequency GW detection - mHz & pHz
e Space middle frequency GW detection - 0.1 Hz to 10 Hz

 Research directions
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Introduction
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* 1910: discovery of white dwarfs o |
* Einstein 1916: quadupole radiation power ol Feanvs ]
= (k/247) S {03,/ O83)? |
Jop moment of inertia el —l—=e 1 i -
K = 8ntGy; Gy Newton constant
* Einstein 1918:J,3 =2 [Jop — (1/3) Tr(Jyp)}; 144320;1;\5
k/24n =2 k/80m [i.e., x (3/10)] 83.60 kg mass

x 2 => correect quadrupole radiation (e.g., Landau-Lifshitz 1941)

WDB GW background -- now called also confusion limit.
[close WDB period: 5.4 minutes (HM Cancri) to a few hours]
» first satellite of human kind Sputnik 1957 launch.
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Weber Bar (57 Years ago)
PR R 5 5 LR AR

* 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 1016 are observable for a
compressional mode of a large cylinder. 2 T 10N E 2K

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

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

DETECTOR and dynamic gravitational field generator are
shown removed from their common vacuum chamber.

2023/05/16 ICTP-AP Hangzhou GW detection in space Wei-Tou Ni



noise 1971 at 5 kHz Malibu laser interferometer 1978
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Fig. 5. (left) Interferomerer system noise measurement at 5 kHz of Moss, Miller and Forward (1971) [ 142]; (right) Schemaric of Malibu Laser Interferomerer
GW Anrenna (from Forward 1978) |87,
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2016 February 11 Announcement of first (direct) detection

of Black Holes and GWs

Hanford, Washington (H1)

Livingston, Louisiana (L1)

1.0
0.5
0.0
05k
-1.0

T T

- H1 observed |

T T

H = L1 observed = =

T T T T

H1 observed (shifted, inverted)
1 1

1.0
0.5
0.0
-0.5

Strain (10721)

-1.0

H — Numerical relativity

Reconstructed (wavelet)
I Reconstructed (template)
I 1

T T T T

H — Numerical relativity =]
Reconstructed (wavelet)
I Reconstructed (template)
T |

0.3 F
0.0
-0.5

512
256
128
64
B2

Frequency (Hz)

GW detectionin s

0.30

pace

0.35

Time (s)

0.40 0.45
Wei-Tou Ni

0.30 0.35 0.45

Time (s)

0.40

14

o N B O

Normalized amplitude



LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes EM Neutron Stars

Solar Masses
n 5 N

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern




Event Rates
 Binary Black Holes: After the detection of GW170104

. Between 12-213 Gpc3y?

. Including all 01 & 02 events

. power law distribution

. 5644, Gpc3 y1(GstLAL)

. 5747 .4 Gpc3 y1(PyCBC)

. uniform in log distribution

. 18.1+133 . Gpc3 y1(GstLAL)
. 19.5+1>2 . Gpc3 y1(PyCBC)
* Neutron Star Binaries: (uniform mass set)

. 662+1609 . . Gpc3 y1(GstLAL)

. 8001970 655 Gpc3 y* (PYCBC)
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Event Rates from GWTC-3 (76 events of ~ 90)

* Binary Black Holes: After the GW Transient Catalog 3 (GWTC-3)
. Between 17.9-44 Gpc3 y! at a fiducial redshift (z=0.2)
. Including all 01 & 02 & O3 events

* Neutron Star Binaries: (uniform mass set) 10-1700 Gpc3 y?
* NS-BH merger rate 78-140 Gpc3 yl

* A broad, relatively flat neutron star mass
distributionextending from 1.2+01 , M_,, to 2.003 ,; M,

2023/05/16 ICTP-AP Hangzhou GW detection in space Wei-Tou Ni 17



The latest scenario sz
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Prototype Einstein Telescope enters building
'black box' in Maastricht

* ET Pathfinder, the test facility for the
Einstein Telescope, is housed 1n the
university building at Duboisdomein 30
in Maastricht. Maastricht University
(UM) had rented the building for
several years, but with a view to the ET 3§
Pathfinder it has now been decided to s
make a purchase. A team of researchers
led by professor Stefan Hild, the UM
professor of Gravitational Studies who
took office on 1 August , will move 5 6
into the Dubois domain this month. The SN
construction of the prototype will start b 3
early next year.

* ET site choice: Eurigon, Sardinia
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Astro2020 Science White Paper =28 stein télescope:
The US Program in Ground-Based GW s
Science: Contribution from the LIGO 10 |4 armngth
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Figure 1. Lefr side: Cosmic Explorer projected strain noise for Stage | (during the 2030s) and
Stage 2 (2040s), compared with the strain noise achieved by Advanced LIGO during observing run
02, as well as designed noise performance for Advanced LIGO, and LIGO A+. Less strain noise
indicates better strain sensitivity. Right side: Astrophysical response distance** of Advanced LIGO
at O2 sensitivity, LIGO A+, and Cosmic Explorer (Stages 1 and 2), plotted on top of a population
of 1.4-1.4M neutron star mergers (yellow) and 30-30M, black hole mergers (gray), assuming a
Madau-Dickinson star formation ratfe35 and a typical merger time of 100 Myr. The radial distribution Frequency [Hz]
of points accounts for the detector-frame merger rate per unit redshift.




Timeline of a Cosmic Explorer 40km Observatory

Cosmic Explorer Stage 1 Cosmic Explorer Stage 2

2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040 2042 2044 2046
Year




2030-2050 the decades of space GW detection

*'mHz GWs
* Middle frequency GWs

*uHz GWs
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Normally
(before)
people
talk about
4 most
active
detection
methods

The Gravitational Wave Spectrum

Quantum fluctuations in early universe
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Strain power spectral density (psd) amplitude vs. frequency
for various GW detectors and GW sources
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51 773 1% 4325 The Gravitation-Wave (GW) Spectrum Classification

Infra- ELF ULF VLF MF HF VHF UHF
Hubble| (Hubble) AdLIGO

& Quasar PTAst CSDT DEQGO| AdVirgo Cavity/waveguide >

CMB Astrometry | FAST ASTROD-GW BBO KAGRA Laser interferometer
SKA eLISA/LISA MIGA ET Gauss beam
-|- %
[ 1] 1 | | [ 1 1 | | I 1 | B |
1018 10-14 107 101 10

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

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

ALIA-descope.
FEPTA, NANCGrav, PPTA, |PTAectioninspace

Wei-Tou Ni

25



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

Orbat S/C

Mission Concept 5/C Configuration Arm length Period 4
Solar-Orbit GW Mission Proposals
LISA® Earth-like solar orbits with 20° lag 5 Gm 1 year 3
eLISA® Earth-like solar orbits with 10° lag 1 Gm 1 year 3
ASTROD-GW® _ Near Sun-Earth L3, L4, L5 pomts 260 Gm 1 year 3
Big Bang Observer™ Earth-like solar orbits 0.05 Gm 1 vear 12
DECIGO*™ Earth-hike solar orbits 0.001 Gm 1 year 12
ATIA™ Earth-like solar orbits 0.5 Gm 1 vear 3
ALTA-descope ” Earth-like solar orbits 3 Gm 1 year 3
i Near Sun-Jupiter L3, L4, L5 pomts (3 4or
R S/C), Jupltﬂi?];ke solar nrhu[s)ﬁ?l-] S/C) 15 i A 5
Earth-Orbit GIV Mission Proposals
OMEGA® 0.6 Gm height orbat 1 Gm 53.2 days 6
gLISA/GEOGRAWT™®™ Geostationary orbit 0.073 Gm 24 hours 3
GADFLI® Geostationary orbit 0.073 Gm 24 hours 3
TIANQIN® 0.057 Gm height orbt 0.11 Gm 44 hours 3
ASTROD-EM™" Near Earth-Moon L3, L4, L5 pomts 0.66 Gm 27.3 days 3
LAGRANGE™ spacd  Near Earth-Moon'E3T0AI LS points 0.66 Gm 273days6 | 3




Acceleration
noise [fm/s2/Hz'/?]

Arm length  Orbit period S/C #

Laser metrology
noise [pm/Hz!'/?]

Mission concept S/C configuration

Solar-Orbit GW Mission Proposals

LISA® Earthlike solar orbits 5Gm 1 year 3 3 20
with 20° lag
eLISA?! Earthlike solar orbits 1 Gm 1 year 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 yvear 172 0.03 1.4 x 10~°
DECIGO%* Earthlike solar orbits 0.001 Gm 1 year 12 0.0004 2 x 10~°
ALIA%Y Earthlike solar orbits 0.5Gm 1 year 3 0.3 0.6
TATJI (ALIA-descope)?® Earthlike solar orbits 3Gm 1 vear 3 3 58
Super-ASTROD?2 Near Sun—Jupiter 1300 Gm 11 year 4 or 5 3 5000
L3, L4, L5 points
(3 §/C), Jupiterlike
solar orbit(s)(1-2 S/C)
Earth-Orbit GW Mission Proposals
OMEGA?54:55 0.6 Gm height orbit 1 Gm 53.2days § 3 )
gLISA/GEOGRAWI*? 5!l 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 ) 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




One Hundred Years of General Relativity

From Genesis and Empirical Foundations to Gravitational Waves,
Cosmologyand Quantum Gravity (Volume 1 & Volume 2)

; One Hundred Years of
* OPEN ACCESS .i2 General Relativity

From Genesis and Empirical Foundations to Gravitational
Waves, Cosmology and Quantum Gravity

* https://www.worldscientific.com/do1/pdi/10.
1142/9389-voll ?download=true

* https://www.worldscientific.com/do1/pdi/10.
1142/9389-vol2?download=true
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https://www.worldscientific.com/doi/pdf/10.1142/9389-vol1?download=true
https://www.worldscientific.com/doi/pdf/10.1142/9389-vol2?download=true
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Second Generation GW Mission Concepts
2015 review
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Recommended high performance telescope system design for the TianQin project

Capability for detection of GW190521-like binary black holes with TianQin

Science with the TianQin Observatory: Preliminary Results on Stochastic Gravitational-Wave Background

Science with the TianQin Observatory: Preliminary Results on Testing the No-hair Theorem with EMRI

Effects of the space plasma density oscillation on the inter-spacecraft laser ranging for TianQin
gravitational wave observatory

Orbital effects on time delay interferometry for TianQin

Eclipse avoidance in TianQin orbit selection . .

Effect of Earth-Moon's gravity on TianQin's range acceleration noise TI a n QI n

radii on TianQin constellation stability

Optimizing orbits for TianQin

The TianQin project: current progress on science and technology

Light propagation in the field of the N-body system and the application in the TianQin mission

Science with the TianQin observatory: Preliminary result on extreme-mass-ratio inspirals

Science with the TianQin Observatory: Preliminary results on Galactic double white dwarf binaries

Science with the TianQin observatory: Preliminary results on stellar-mass binary black holes

Analyses of residual accelerations for TianQin based on the global MHD simulation

A preliminary forecast for cosmological parameter estimation with GW standard sirens from TianQin

Science with the TianQin observatory: Prel. results on testing the no-hair theorem with ringdown signals

Science with the TianQin observatory: Preliminary results on massive black hole binaries

Preliminary study on param. estimation accuracy of supermassive black hole binary inspirals for TianQin

Fundamentals of the orbit and response for TianQin

TianQin: a space-borne gravitational wave detector

Fundamentals of the TianQin mission



On Detecting Stellar Binary Black Holes via the LISA-Taiji Network

Alternative LISA-TAILJI networks: detectability of the isotropic stochastic GW background
Prospects for detecting exoplanets around double white dwarfs with LISA and Taiji
Unidirectional lasing in nonlinear Taiji micro-ring resonators

Influence of the bus waveguide on the linear and nonlinear response of a taiji microresonator
Alternative LISA-TAIJI networks TA I .J I
Mission Design for the TAIJI misson and Structure Formation in Early Universe

Forecast for cosm. parameter estimation with GW standard sirens from the LISA-Taiji network
Nonlinearity-induced reciprocity breaking in a single non-magnetic Taiji resonator

TaiJi: Longest Chain Availability with BFT Fast Confirmation

Measuring Parity Violation in the Stochastic GW Background with the LISA-Taiji network
Hubble parameter estimation via dark sirens with the LISA-Taiji network

Searching anomalous polarization modes of stochastic GW background with LISA and Taiji
Revisiting time delay interferometry for unequal-arm LISA and TAIJI

Constraining gravitational-wave polarizations with Taiji

Numerical simulation of sky localization for LISA-TAIJI joint observation

The LISA-Taiji network

Analytical analysis on the orbits of Taiji spacecrafts to infinite order of the orbital eccentricity
Prospects for improving cosmological parameter estimation with GW standard sirens from Taiji
The LISA-Taiji network: precision localization of massive black hole binaries

Analytical analysis on the orbits of Taiji spacecrafts

Taiji Program: Gravitational-Wave Sources

Hyperunified field theory and Taiji program in space for GWD

Numerical simulation of time delay interferometry for new LISA, TAIJI and other LISA-like missions



Some works has been done in LISA & Taiji

in the following, we just mention briefly the our work on sensitivities and joint observations

1. arXiv:2105.00746 [pdf, ps, other] Alternative LISA-TAIJI networks

Gang Wang, Wei-Tou Ni, Wen-Biao Han, Peng Xu, Ziren Luo

Journal-ref: Phys. Rev. D 104, 024012 (2021)

2. arXiv:2010.15544 [pdf, ps, other]

Algorithm for TDI numerical simulation and sensitivity inv

Gang Wang, Wei-Tou Ni, Wen-Biao Han, Cong-Feng Qiao

Journal-ref: Phys. Rev. D 103, 122006 (2021)

3. arXiv:2008.05812 [pdf, ps, other]

Revisiting time delay interferometry for unequal-arm LISA

Gang Wang, Wei-Tou Ni, Wen-Biao Han

4. arXiv:2002.12628 [pdf, ps, other]

Numerical simulation of sky localization for LISA-TAIJI joint observation

Gang Wang, Wei-Tou Ni, Wen-Biao Han, Shu-Cheng Yangqg, Xing-Yu Zhong

Journal-ref: Phys. Rev. D 102, 024089 (2020)

5. Numerical simulation of time delay interferometry for new LISA, TAIJI
and other LISA-like missions Gang \Wang, Wei-Tou Ni
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https://arxiv.org/abs/2105.00746
https://arxiv.org/pdf/2105.00746
https://arxiv.org/ps/2105.00746
https://arxiv.org/format/2105.00746
https://arxiv.org/search/gr-qc?searchtype=author&query=Wang,+G
https://arxiv.org/search/gr-qc?searchtype=author&query=Ni,+W
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https://arxiv.org/ps/2008.05812
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https://arxiv.org/search/gr-qc?searchtype=author&query=Ni,+W
https://arxiv.org/search/gr-qc?searchtype=author&query=Han,+W
https://arxiv.org/abs/2002.12628
https://arxiv.org/pdf/2002.12628
https://arxiv.org/ps/2002.12628
https://arxiv.org/format/2002.12628
https://arxiv.org/search/gr-qc?searchtype=author&query=Wang,+G
https://arxiv.org/search/gr-qc?searchtype=author&query=Ni,+W
https://arxiv.org/search/gr-qc?searchtype=author&query=Han,+W
https://arxiv.org/search/gr-qc?searchtype=author&query=Yang,+S
https://arxiv.org/search/gr-qc?searchtype=author&query=Zhong,+X
https://arxiv.org/search/astro-ph?searchtype=author&query=Wang,+G
https://arxiv.org/search/astro-ph?searchtype=author&query=Ni,+W

The initial DWD population

(grey), the unresolved

foreground for LISA in 6 years

of observation (blue), and

the unresolved foreground
for eASTROD-GW (orange) or
aASTROD-GW (green) in 10

years of observation. The
sensitivities of the first-

generation TDI Michelson-

A

for LISA, eASTROD-GW, and
aASTROD-GW are shown by

red, purple, and brown
curves, respectively.

[TAIJI confusion limit: YX Liu’s

(Lanzhou) Group]

2023/05/16 ICTP-AP Hangzhou

GW det

P50 {1 Flzp

FSEx i 1z

G Wang, Z Yan, B Hu & W Ni, ArXiv2302.07625

[iclucial

PED 1)

g3

(E

|
Frequency (Hzl

w25

T
14

Frequency {H2

.........




*Proposals under active study

*Arm length 100 times longer
than LISA

*Arm length 100 times shorter
than LISA

2023/05/16 ICTP-AP Hangzhou GW detection in space



Weak-light phase locking
and manipulation technology

* Weak-light phase locking 1s 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 1s 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 1s 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 1s demonstrated in our laboratory in Tsing Hua U.6

* 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 (fW).

* Shaddock et al: tracking 30 fVV free-running laser (2015-2016)

2023/05/16 ICTP-AP Hangzho GW detectio spac Wei-Tou Ni 36




Arm length 100 times longer than
LISA

*First Generation Technology

*|nertial Sensor technology: 20 uHz-1 mHz
Demonstrated by LISA Pathfinder

* Weak light demonstrated also

*Long arm shot noise limit needs to be
implemented

* A mission can be technologically flown 10 years
or even |n shorter term after LISA/TAIJI

23/05/16 AP Hangzhou @ GW detection in space
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ESA Voyage 2050 Science White Paper (GW)
2035-2050 (After LISA) 4 proposals

* The Missing Link in GW 10
. AMIGO sensitivity goal  ee—
Astronomy DO (Deci-Hz Obs.) m..s; Current LISA
Black-hole binaries at redshift of z=3

EMRI with harmonics at 200 MPc
1076 Estimated galactic binary confusion
; Double white dwarfs @
Ultra-compact X-ray binaries

- Myo: = 107 M

1077 . 7 AM CVn stars
3 Other galactic binaries @
[ Mioe = 10° Mg

1078 } e _
]n]‘}. ”F'M.:.+]CIM$
E

* Probing the Nature of Black
Holes: ESA AMIGO (mHz)

* Unveiling the Gravitational
Universe at p-Hz frequencies:

* High angular resolution GW

Characteristic strain amplitude

astronomy SLSN 12 5 o2}

« DT PT Ad /8= ~ D2\ 7B, v

* Noise Beyond shot noise: ol FSAAMIGO e
Stray Iight 0 N Gravitat]i{;;alwaue fre]c?:ency{Hz} . ”

geometric effects that couple spacecraft motion to (apparent) length changes, timing
noise in the phasemeter, laser frequency noise, temperature driven optical path length

2023/05/16 ICTP-AP ou Ni 39
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A Voyage 2050 Science White Paper Submission

e e v ko ESAVVOQYAGE 2050 GW

Deep in the mHz Gravitational-Wave Sky

Hirh aneular resolution eravitational
Lo | L Lo |
wave astronomy

ESA AMIGO

Contact Scientist: Vitor Cardosn

Primary instinstion and address: CENTRA, Instisto Superior Técnico, Universidade de Lisboa,
Averdda Rovisco Pais 1, 1049 Lisboa, Portogal

Email vitorcandoso @ tscnion ulishoa pd

Phone: 351-218419821

Contact Sclemtist: Irima Dvorkin

''''' vage 2050 Science White Paper

Voyage 2050 White Paper

Unveiling the Gruwtmtmnml Universe

THE MISSING LINK IN
\ at pu-Hz Frequencies

GRAVITATIONAL-WAVE ASTRONOMY:

Discoveries waiting in the decihertz range
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ASTROD-GW and pAres (2035-2050)

__________

4 m/s (0.5%Inclination)

 ASTROD series proposed 1993 (ASTROD 1993, ASTROD | [Mini-
ASTROD 2001], ASTROD-GW 2009, Super-ASTROD 2009)

 ASTROD-GW: 3 S/C near Sun-Earth L3, L4, L5 with inclined orbit
formation precessing semi-annually

e Maximum line-of-site velocity in 10 years: 3 m/s (no inclination),

* Arm length 260 million km, 100 times longer than LISA, below 3
mHz to 0.1 pHz, sensitivity 100 times better than LISA

Average orbit radius

0.7 AU

1.0AU

1.5 AU

Average arm length

187 million km

259 million ki

305 mallion km

Total arm length variations

_ _ 185,000 km 105,000 km 492,000 km
(in plane constellation) '
Total arm length variations 176,000km 217,000 km 65,700 km
(out of plane constellation)
Maximum line-of-sight velocities 6m/s dm/s 12m/s
Doppler frequencies at 1064 nm 5.5 MHz 4.0MHz 11.0 MHz
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1.00 S
LISAmax: Improving the Gravitational-Wave 075/ =t
Sensitivity by Two Orders of Magnitude _
< 0251
W. Martens!, M. Khan', and J.-B. Bayle? g oo ‘ L
'Mission Analysis Section, European Space Agency, Darmstadt, Germany 025
2University of Glasgow, Glasgow G12 8QQ), United Kingdom -0.50
E-mail: waldemar .martens@esa. int ~0.75 1 7
-1.0 -05 0.0 0.5 1.0

XsunEarthRot [AU]

Abstract. Within its Voyage 2050 planning cycle, the European Space Agency

(ESA) is considering long-term large class science mission themes. Gravitational-

[=2]
o
a

wave astronomy is among the topics under study. This paper presents “LISAmax’,
a gravitational-wave interferometer concept consisting of three spacecraft located close

SN —

to the Sun-Earth libration points L3, L4 and L5, forming a triangular constellation with

- §C1
— 8C2
SC3

an arm length of 259 million kilometers (to be compared to LISA’s 2.5 million kilometer

(4]
(=}
w

Corner Angles [degd]
=)
=]
o

arms). This is the largest triangular formation that can be reached from Earth without

0 500 1000 1500 2000 2500 3000 3500

a major leap in mission complexity and cost. The sensitivity curve of such a detector .
. Days After Insertion

is at least two orders of magnitude lower in amplitude than that of LISA. Depending

on the choice of other instrument parameters, this makes the detector sensitive to 107" 1+ - =
gravitational waves in the pHz range and opens a new window for gravitational-wave ® MBHB 10Ny,

- - - -13 X MBHB 10°Mq,,10° yr to merger
astronomy, not covered by any other planned detector concept. We analyze in detail 10 "1 Y Sl
the constellation stability for a 10-year mission in the full numerical model and compute Lﬁ ® wvsHe 10Ny,

1 : . . I -15 | % MBHB 10°Mg, 10" yr to merger
the orbit transfers using a European launcher and chemical propulsion. The payload "= 10 & S T e

design parameters are assessed, and the expected sensitivity curve is compared with @
=17
a number of potential gravitational-wave sources. No show stoppers are identified at =10 ]

this point of the analysis. »

Keywords: gravitational-wave detector, LISA, Vovage 2050 L T, R R e i A
’ ' ) 10 10 10 10 10 10 10 10



LISAmax: The constellation normal will precess
around the ecliptic pole with a period of one year.

Noise power spectra of ASTROD-GW, LISA and NGO/eLISA

P O S P ..|---ASTROD-GW I
=N = . |—ASTROD-GW(MLDC)

s i ] I (hanes LISA(Enhanced)
2 ---\.fx_.\. \N _____________ _____________ LlSA(MLDC)
limkic " 9 '\'-‘\ : i "'NGO(Enhanced)
3 . ? NGO(MLDC)
The normalized unit normal vector n 1s then:
.40..
2023 ; e [ sin 4 cos 2wt 7 = v = S = = o
n=[sin" A1+ (1-¢/2)°]" [—sin4 sin 2wt log f [Hz]
1-¢/2
LISAmax (1-¢2)

ASTROD-GW

Precession period: Half Year
2013 paper
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More about ASTROD-GW (G. Wang & WTN)

* Second
generation
TDI good for
Laser
Frequency
suppression

* Angular
resolution: 2
orders better

than LISA
below 3 mHz

2023/05/16 ICTP-AP Hangzhou
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Massive Black Hole Systems:
Massive BH Mergers &
Extreme Mass Ratio Mergers (EMRIS)
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Gap 1 — middle-frequency banc
Gap 2 — pHz band

* Acceleration Noise is local: Strain 1s inversely
proportional to arm length, hence with the same
acceleration noise, the strain noise is decreased
toward longer armlength.

Antenna limitation: high frequency sensitivity
is restricted by antenna arm length

Shot noise: The shot noise sensitivity in the
strain for GW detection 1s inversely
proportional to P2 with P the received power
and L the distance or arm length. Since P is
inversely proportional to L2 and P'2L is
constant, this sensitivity limit is independent of
the distance. For 1-2 W emitting power, the
limit 1s around 10-20-10-2! Hz 1”2 (depending on
telescope diameter/laser beam divergence).

Sometimes,theredswa flat region, limited.by:pace
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Variations of the arm lengths, velocities in the line-of-sight direction,
formation angles and angle between barycenter of the S/Cs and Earth

LISA
Orbit
Design
18-22°
behind

the Earth

In
2200 day
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Frequency Nolse

* The laser frequency noise can be treated as the white
noise and has a one-sided (square root) spectral density
of 30 Hz/VHz corresponding to

+ the power spectrum density | C(f)| = 1 X 10-13 Hz2/2
for relevant GW frequency, i.e. 10-5—1 Hz, i.e. the laser
frequency stability in this frequency range is 1 X 10-13
Hz—l/Z

* For a path length difference of 30 meters, the noise is

30 X 103 mHz%2, [.e. the strain noise is 1 X 10-2%
Hz-l/:?-



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 1s 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 1s then directed to and received by S/C1, and optical phase lockmg 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; 1f 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:

Pathsls SAT = 8/C2 — S/C3es§/ b-Path 2: S/C1 — SA3+ S/C2 — S/C1. 50



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

S/C2

* Vallisneri 2005 (U, P, E)
* Tinto & Dhurandhar
review 2014

S/C1

5/C3

Relay (U) §/C3 Beacon (P)

TS50F
Michelson-X —— Michelson-(X+Y+7)

== Michelson-Y

500

250 (4 [
/;; ] kY | /E;;
g 0 =
= i LS X

—250 i

—500 +

-750 + : _ ‘ ,

(') 5(')0 10'00 15'00 20'00 0 250 500 750 1000 1250 1500 1750 2000
e Mission Time (day) 51

Mission Time (day)



Orbit Design | — the initial choice of
initial conditions

e Define ka, Yfk, ka, (k — 12, 3) to be

Xy = R (cosy, +e)cos e,

w, +esiny, =Q(t—t,)—120°(k —1), fork=1,2,3. Y = R(1-¢€) " siny,,

the eccentric anomaly Z, = R (cosy, +e)sine.
* Define Xy, Yiny, Ziwy (K=1.2, 3), 1.€., Xy1y, Yi1ys Zi1ys Xv2)r Yi) Zi2)s Xi3s

Xf(k) = X, cos[120°(k —1)+¢,] - Y, sin[120°(k — 1)+ ¢, ],
Yey =Xy sin[120°(k — 1)+, ]+ Y;, cos[120°(k — D)+ ¢, ],
Zf(k) = Ly

* The three S/C orbits are (for one-body central problem) are
Rgic1 =Xy Yray Zrqy)s

Rgico = (X¢2ys Yr2ys Zr(2))s

Rg/c3 = X135y, Ye(3), Z1(3))-

2023/05/16 ICTP-AP Hangzhou GW detection in space Wei-Tou Ni



Using ephemeris framewor
TDI numerical calc

< for design and

Jlation

.9 ™. M. M. ™ .
ds' =[1-23 = 228(F =) +(@p-)FY =LY —
TnoT ThE

m; . . 1 Ry

Y By - )il -1 - R —— (- X)) +

r. r,

o T
—J,(3 (—=) =1D]c*ar*
3 B »

e e uiliEeae ompne g . | P shs
+ 27 (27 +2)x,) - dxcdt - [1 + 27> —](dx)? (40)
—-—r ' sl ¢
. GM . _
xiz_z r3J"zj+ij(Agrzj+Bijrzj),
J#i i J#i
X B3, I
4, =g—(7+l)g+2—;(ryxj) +G[(2;/+2,8+1)Ml.+(27/+2ﬂ)Mj]?;t
1 1 2(y+1 3.1 1 nn
Y GM 2y +2B) 5+ Dt 2D gy 2y L LIy
k#i,j g g itk 2y 2ryor
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3 complete ephemeris + 1 ephemeris framework
* DE: Development Ephemerides

e EPM: Ephemerides of Planets and Moon

* INPOP: Intégrateur Numeérique Planétaire de I'Observatoire de Paris

* CGC: Center for Gravitation and Cosmology Ephemeris Framework



Orbit design for New LISA (arm length 2.5 Gm)

|n|t|al epoch 2028-Mar-22nd 12 00:00 for 2200 days

Inltnl choice of S/C

mitial states

Imitial states of S/C
after final c::ptiulizaticsn

S/C1 X -9.342358697598E-01 | _ .. -9.342355891858E-01
Position Y 3.222028021891E-01 | 2ustio 3.222027047288E-01
(A1) 7 1.415510901823E-01 e 1.415510473840E-01
S/C1 Vx | -6.020533666442E-03 -6.020533666442E-03
Velocity | Vy | -1.471303796371E-02 = -1.471303796371E-02
(AU/day) | V. | -6.532104563056E-03 -6.532104563056E-03
S/C2 74 ~9.422917194822E-01 -9.422917194822E-01
Position Y 3.075956329521E-01 = 3.075956329521E-01
(AT Z 1.403200701890E-01 1.403200701890E-01
S/C2 Vx | -5.875601408922E-03 -5.875601408922E-03
Velocity | Vy | -1.480936170059E-02 = -1.480936170059E-02
(AU/day) | V, | -6.319195852807E-03 -6.319195852807E-03
S/C3 X _9.335382669969E-01 -9.335382669969E-01
Position .4 3.132742531958E-01 = 3.132742531958E-01
(AU) 7 1.273476800288E-01 1.273476800288E-01
S/C3 Vx | -5.949351791423E-03 _5.949351791423E-03
Velocity | Vy | -1.490443611747E-02 = -1.490443611747E-02
(AU/day) | V. | -6.410590762560E-03 -6.410590762560E-03
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Variations of the arm lengths and the velocities in the

adjustment
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A comparison of cases for different arm lengths
(G Wang & WTN)

V¥V Doppler Velocity Upper Limit .
14 V¥V Doppler Velocity RMS Avarage Upper Limit -
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Comparison the resulting path length differences for the X, Y, Z, X+Y+Z and TDI Sagnac

configurations from different arm lengths for various mission proposals: 1 Gm (eLISA),
2 Gm (an NGO-LISA-type mission with this nominal arm length), 2.5 Gm (new LISA),

3 Gm (TAUI), 4 Gm, 5 Gm (original LISA), 2 Gm, and 260 Gm (ASTROD-GW)).

TDI path difference AL
1% generation | opygANGO | OO LA Newrisa aa DE AU | Lna Ope | LIBACOIE | AsTioniaw
TDI s type with 2 Fiis] [ns] with 4 Gm | with 5 Gm | with 6 Gm [oz]
configuration — Inaj_n Gm clt T max, min arm length | arm length | arm length (Wan Fan 4 Ni
e ? arm length ? ? rms average max_ min. max, 1in. max._ 1min_ g b
rms average rms average _ 2015)
[ns] rms average | rms average | rms average
o ek _O? _3IrOaR 5032
_119 to 99. 487 to 454, | -799 to 737, 4 cahey o pramsisn BUEI | e T
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Discussion and Outlook

 All the first-generation TDIs violate their respective requirements.

* For eLISA 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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Estimated delta-V and propellant mass
ratio for solar transfer of S/C (Deployment)

AM Wu & WTN

° 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 = 320s)
orbit
180° Venus flyvby 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
2023/05/16 ICTP-AP Hangzhou 1 Revolutignsictection il sﬂa@c@ year 2 kg /sy Ni 0.47 65




Gravity [(nm/s®)A Hz]

Constraints on Earth-Based GW detectors to
extend to middle-frequency range (0.1-10 Hz)

* Vibration-seismic noise (can be tackled)
* Major Constraint -- Gravity-Gradient Noise has to be measured and separated

 Median spectra of superconducting gravimeters of the GGP. Image from Coughlin
and Harms (2014b) GGP: Global Geodynamlcs PrOJect
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Strain noise [1/4 Hz]

N eWtOnia N N Oise — 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.

S mill= Seismic NN —— Spiral, N=20, r=10km
== Infrasound NN —s— Spiral, N=10, r=10km
e | aser—Atom ---= Spiral, N=20, r=20km

—— Spiral, N=20, r=1km
—s— Spiral, N=10, r=1km g
=== Spiral, N=20, r=2km 2
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10-3 -2 Il~1 0
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Frequency [Hz]
10—21 ; e : i FIG. 11 (color online). Residuals of infrasound gradient NN
0.01 0.1 1 FIG. 10 (color online). Residuals of Rayleigh-wave gradient sulb[rac[mn _fur d{)ubfe—woaund spiral arrays using microphones
Frequency [Hz] NN subtraction for double-wound spiral arrays using seismom- with SNR = 1000. Results are presented for different numbers

N of microphones and different array radii r.

Gw getectidh in"8Bacel 000. Results are presented for glyfgrent
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e Cassini (completed mission),

* INOa,b,c,d ((Interplanetary Network of Optical
Lattice Clocks),

* TOBA (Torsion Bar),

* aSOGRO (Superconducting Omni-directional
Gravitational Radiation Observatory),

* MIGA (Matter-wave Interferometer G Antenna),
e ZAIGA (Zhaoshan Atom Interfer. G Antenna),
 AMIGO, DO (Deci-Hz Observatory)

* TIANGO (sky or space GW Obs.), B-DECIGO, 0l
DECIGO o
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DECIGO & B-DECIGO

* DECIGO was conceived in 2001 with the main scientific target to directly measure the acceleration
of the Universe. The design has been elaborated with laser Fabry-Perot arm cavities. DECIGO
consists of four clusters with each cluster having three differential Fabry-Perot interferometers with
three drag-free spacecraft forming an equilateral triangle of nominal arm cavity length 1000 km.
Lasers illuminating the cavity have power 10 W and wavelength 515 nm. The current design has
main mirrors with diameter 1 m and mass 100 kg forming cavities of finesse 10. The four clusters
also form a nearly equilateral triangle in the heliocentric orbits with two clusters in Earth-trailing
orbits. The other two clusters are separated from each other and from the near-Earth clusters by
120 degrees 1n the heliocentric orbits. The DECIGO team recognized that . . . analysis based on
the observations by the Planck satellite lowered the upper limit of GW to 1 x 107(-16) Omega-
critical. As a result, the DECIGO sensitivity became no longer good enough to detect the
primordial gravitational waves". Nevertheless, with target sensitivity the best among all the
present mid-frequency concepts (Table 1), it may still bring us some clues on the very early
universe, e.g. revealing the thermal history after the inflation52,53 etc.

* The design of B-DECIGO 1s down-scaled from DECIGO, consisting of one cluster with three
spacecraft separated from each other by 100 km. The arm cavity mirrors have diameter of 0.3 m
with mass of 30 kg, and cavity finesse of 100. The laser wavelength 1s 515 nm and laser power 1 W.
With target strain psd amplitude about one order higher than DECIGO, it serves as a pathfinder for
DECIGO, and with the noise sensitivity well enough, it is also a good probe to the many
mid-frequency GW sources discussed in section 2. DECIGO team aim to launch B-DECIGO at
the earliest in 2032.



AMIGO: Astodynamical Middle-frequency
Interferometric Gw Observatory)

Wei-Tou Ni,1- 2.3 Gang Wang* & An-Ming Wu>
INational Astronomical Observatories, Chinese Academy of Sciences
2[nnovation Academy of Precision Measurement Science and Technology (APM),
Chinese Academy of Sciences, Wuhan
3Department of Physics, National 1sing Hua University, Hsinchu,
4Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai
SNational Space Organization (NSPO), Hsinchu
Ref. WTN, G Wang & A-M Wu, IJMPD 29 (2020) 1940007; WTN, 1709.05659



AMIGO: Astrodynamical Middle-frequency

Interferometric GW Observatory
(N1, Wang & Wu)
 Arm length: 10,000 km (or a few times)
e Laser power: 2-10 W (or more)
* Acceleration noise: assuming LPF noise
e Orbit: 4 options (all LISA-like formations):
(i) Earth-like solar orbit (3-20 degrees behind the Earth orbit)
(ii) 660,000 km high orbits around the
(iii) 100,000 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 for
ground interferometers. A new paper by YT Zhao, YJ Lu et al will be out soon.

2023/05/16 ICTP-AP Hangzhou GW detection in space Wei-Tou Ni
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Outline
* AMIGO Mission Concept

* AMIGO Orbit Design & TDI
* Noise Spectral Density & Sensitivity
* Constant Arm vs Geodesic Options

* Discussion on Technology Development steps
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Time Delay Interferometry
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TDI or Equal-Arm Interferometry

» Suppose laser frequency noise density is 30 Hz/Hz'/2, converted to
frequency instability, 10-13/Hz1/2 at a particular detection frequency fgy. If
the two interfering beams are separated by AL~ 30 m (or 300 ns) at the
emitting source, they pick up the frequency noise of 100 m x 10-13/Hz%/2 at
the particular detection frequency f.,. If we take the total optical path to
convert it to strain, say TAlJl arm length 3 x 10°m, the strain sensitivity
would be 30 m x 10-13/HzY/2 / (3 x 10°m) = 10-21/Hz1/2, Ah Ha, it does not
prevent GW sensitivity!!!

* |f the two paths of a TAUJI TDI is different by less than 30 m, the laser

frequency noise is less than the core noises (acceleration noise S lenth
metrology noise).

 For AMIGO, the baseline is 107 m, we have to shrink the AL to ~ 10 cm

* |s this possible? LLR (pulse ranging) and CW laser ranging can all do this.
e [ISA, TAlJI can do this; AMIGO can do this.

2023/05/16 ICTP-AP Hangzhou GW detection in space Wei-Tou Ni
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All first generation TDIs satisfy the requirement

Table b,

Clomparison of the reswlting path length diffarenma for the flat-generation TOI's sted in Red, 36 e, X, ¥, 4, X 4% 4 &, Sagnac,

LV, W, P, QR E Fand GTO confignrations) for AMIGO-8 (AMIGO-S-8-12eg, AMIGO-82-6dag, AMIGO-8-2-4dag), for AMIGO-E]
and for AMIGO-EM, all of nominal am Laagths 10,000 kan,

TDI path Leegth difference &L
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% |~12, 18], 6 |=17, 98], 19 |~ 48, 28], 22 |48, 40, 16 |~29, 28], 12
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ST Y |~ 198, -189], 160, 8% [=198, ~178), 180, 6 |=212, ~171), 185, 11 |-48, 8], 91,0 |28, 10], 9, 8
Rl -1 (=10, 18), & (=11, 26], 8 [—6, 17, 28 (42, 98], 14 (28, 18], 11
Fealay -V [~18, 11}, 8 (<88, 9], 19 [~80, 81|, 0 [~47 87, 18 [0, 80, 13
Ralay-W (=12 18, 6 [=2 24, 10 [~22 56, 2 [-d42 3%, 13 [=17T, 34, B
Beaoon- P | =10, 7], 4 |-18, 1], 7 |80, 171, 34 |28, 17], 8 |18, 7, 8
Frescam- Q) =8, T) 38 [=T, 104, & [~ 80, 31], 20 =29, 17, 8 [=12, 8], 4
Froncon -F [« 8] 8 [~4, 19], 7 [«23, 54|, 84 [~28, 17, 4 [-28, 18], 10
Mon ltor-B [«1, 10}, 4 (=1, 18L 7 [=1', 98], 17 [=17, 28], & [T, 10], 6
Moailt or-F (=7, 8], 8 [=10, 7, & [ =41, 10{, 20 (=17, 20, & (-8 12, 4
Manitar-Cl | =8, 8], 3 | =19, 4], T |~19, 26, 12 |17, 28], & | =19, 28, 10
Mission duration GO0 clapya 280 dagm A0 dagm 180 claym 150 dapm

Requimment on AL

0. 1m (390 ps)

0.1 m (390 ps)

0.1 m (390 ps)

0.1 (390 ps)

0.1 m (350 ps)

Note: *Hoot mesn square deviation from the mean.
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GW Sensitivities of AMIGO

* Baseline Sensitivity: 2 W emitting laser power, 300 mm ¢ telescope

* SAMIGOnl/z(f)z(zo/s)l/z(1/LAMIGO)X[(1+(f/(1-29fAMIGO))2)]1/2X[(SAMIGOp+4Sa/(2nf)4)]1/2HZ_1/2;

* over the frequency range of 20 uHz < f <1 kHz. Here L ;o = 0.01 x 10° m is
the AMIGO arm length, fapmico = ¢/(21L o) is the AMIGO arm transfer

frequency, Samigop = 1.424 x 10722 m2 Hz'l is the (white) position noise level
due to laser shot noise which is 16 x 10-¢ (=0.0042) times that for new LISA.
S.(f) is the same colored acceleration noise level in (2)

* Design Sensitivity: 10/2.688 W emitting laser power, 360/500 mm ¢
telescope

Shot noise for strain to gain a factor of 10 [= (10W/2W)x(360mm/300mm)?]

AMIGO solid curve by using Sxygop, = 0.1424 x 10728 m? Hz-!.
* Enhanced sensitivity: 1 m SiC & 10 W laser = 7.7 fold improvement
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In this subsection, we set the noise requirement for AMIGO. For the acceleration noise
requirement, we set

Sa2(H<3 x 1075 [1 + (0.3 H2)*]"* ms2 Hz 2, (10 Hz>f> 10 mHz), (5)

N.B. LISA LPF has already demonstrated in Feb 2017,
SA(H<9x107%°[1+(10*HZ/ f)*+ 16 2 x 10° HZ/ £)° | m* s * Hz !, (20 pHz - 0.03 Hz) (6)

For laser metrology noise, we set: LISA Pathfinder a|ready
I -1/2
Baseline (b-AMIGO): Samcop < 1.4 x 105 2 Hz,  Achieved 35 fm HzY
Samicop'? < 12 fm Hz 2, (10 Hz > f> 10 mHz) 60mHz to 5Hz
Design Goal (AMIGO): Sanvicop < 0.14 x 10728 m? Hz'!, (8)

Samicop'? < 3.8 fm Hz''2, (10 Hz > £> 10 mHz)

Enhanced Goal (e-AMIGO): Savicop < 0.0025 x 107* m* Hz'!, (9)
Samvicop'’? £ 0.5 fm Hz''2, (10 Hz > > 10 mHz) 2
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Laser metrology, TTL coupling, and requirements

(i) After 3-month operation time since the start of scientific operations on March 1 2016, the LISA Pathfinder Team
reported that readout noise above 60 mHz to 5 Hz is 35 fm Hz'/2, two-order below the required 9 pm Hz1/2

(ii) Sensor noise in LISA Pathfinder of 2020 LISA Symposium by Gudrun Wanner: the differential TM (Test Mass) dis-
placement noise: June 1st 2016. Between 0.2 Hz to 5 Hz, 31.9%1.7 fm HzY/2 agree to Optical Metrology model (OMS). The
OMS model contains shot noise, relative intensity noise, frequency noise, TM Readout noise, and thermally driven noise.
Below 0.2 Hz, the excess noise includes TM Brownian motion, and TM alignment (TTL [tilt-to-length] coupling) noise.

(iii) LISA Pathfinder TTL coupling: a bulge in the acceleration noise appeared in the 20-200 mHz frequency region. This
bulge was due to S/C motion coupling into the longitudinal readout. Wanner et al. showed that this TM alignment noise
could be subtracted out.

(iv) GRACE Follow-On (GRACE-FO), launched in May 2018. GRACE-FO has a Laser Ranging Interferometer (LRI) to measure
the 200 km separation of 2 S/C, but with higher accuracy compared with K/Ka band range, and serves as a technology
demonstrator for future geodesy missions and space GW detection missions like LISA. Wegener et al.: TTL couplings of LRI
within 200 um/rad and meet the requirements.

(v) Chwalla, Danzmann, Alvarez et al. made a lab demonstration of reduction of TTL coupling by introducing two- and
four-lens imaging systems. TTL coupling factors below +25 um/rad (i.e., 1 pm/40 nrad) for beam tilts within 2300 prad
of the system. Compensation of the additional TTL coupling due to lateral-alignment errors of the imaging system by
introducing lateral shifts of the detector. These results help validate the noise-reduction technique for the LISA or other
long-arm interferometer. For AMIGO, the TTL coupling should be kept smaller by one more order of magnitude and the
alignment noise should also be kept smaller by one order.
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Laser Length Metrology

* For the arm metrology, both LISA and AMIGO, 1n their respective best
%er_formance frequencies, require that the noise 1s basically limited by shot noise.
his means that the length measurement noise 1s inversely proportional to the
square root of power received, 1.e. inversely proportional to D .D,L with D, the
diameter of the emitting telescope, D, the diameter of the receiving telescope and
L the arm length.

« LISA Pathfinder showed 1n the frequency range between 0.2 Hz to 5 Hz, the
measured dls?lacement noise 1s (31.9+1.7) fm Hz 2 agreeing to their OMS model.
This is roughly one order above the shot noise and RIN (Relative Intensity Noise).
LISA requires about 10 pm Hz-12 at 2 mHz for their arm length measurement at 2
mHz. In the thermally driven OMS Model this is achieved if their Brownian
motion 1s accounted for. In addition, LISA need to reach this with lower power of
incoming light, 1.e. shot noise limit should be basically reached.

* For basic AMIGO, the 12 fm Hz!? laser metrology readout noise 1s 3 times more
stringent and needs demonstration; (i1) For AMIGO, the 3.8 fm Hz 12 laser
metrology readout noise 1s 10 times more stringent and needs demonstration; (1i1)
In addition, 1n the arm measurement, shot noise needs to be basically reached with
AMIGO power budget.
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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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Constant Arm Option Seems Viable

Table 6. The thruster and propellant requirement for various AMIGO mission orbit options
assuming the total mass including fuel of the 5/C is 1000 kg.

Mission concept Required Thruster Propellant requirement for 1 yr
(arm length acceleration requirement by numerical integration (kg)
10% km) (max) (max)

f-s—.‘-p = 300 s I_l-:p = 1000 s
AMIGO-E1 2.0 mm /s> 2.0N 999.8 922.0
AMIGO-EML4 2.9 1.'1‘.111'1;'5E 25N &563.0 449.2
AMIGO-5-2-4deg 500 nmfﬂg 500 uN 1.54 0.464
AMIGO-S-2-6deg 50 nm /s° 50 uN 0.15 0.045
AMIGO-5-8-12deg 15 nm;’sE 15 ulN 0.05 0.016

* From: LTP Team, LISA Pathfinder Performance Confirmed in an Open-Loop Configuration: Results
from the Free-Fall Actuation Mode, PHYSICAL REVIEW LETTERS 123, 111101 (2019),

* The technology seems to be ripe for the solar orbit of AMIGO: 1 nm/s? in actuation mode
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Summary

* Currently, a number of detection methods are proposed and under active research
to bridge the middle-frequency band gap between Earth-based and space-borne
GW observations with important science goals. In this band, technical limits will
be extremely challenging to overcome for Earth-based due to Newtonian noises.
In this paper, we propose a first-generation middle-frequency mission concept
AMIGO with 10,000 km arm length. The technical readiness level 1s high. The
sensitivity 1s good to reach science goals considered in the last section.

* If a pathfinder mission 1s desired with 2-spacecraft demonstration of ranging in
the solar-system for a LISA-like mission, the case with 2-5 degrees lagging behind
the Earth orbit-choice could be considered. Just take one arm of this AMIGO case,
it would be good to test many things in the solar system: deployment, both radio
and laser communications, noise budget, and drag-free system together with a
concentrated effort on distance metrology. It might be simpler than go to L1 or L2
Sun-Earth Lagrange point.
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Constant Equal-Arm Interferometry

* Many space GW detection proposals need to use constant/equal arm configurations [21]. To name a few, they
are AEDGE [9], AIGSO E13, 4]; DECIGO/B-DECIGO [43, 44], ELGAR [18] etc. AIGSO has 10 km arm
length, the shortest arm length among these mission proposals. In [21], we calculated that the actuation
acceleration needed to maintain such orbits for AIGSO is around 10 pm s-2.

* In the mission of LISA Pathfinder, different levels of force and torque authority were implemented, from the
nominal configuration with x-force authority (on the sensitive line-of-sight axis) of 1100 pm s> to the URLA
configuration levels, with x-force authority of 26 pm s-2 [45]. The published LPF differential acceleration
noise floor is established by measurements 1n this configuration. Sﬁemﬁcally LISA Pathfinder demonstrated
that when a constant out of the loop force with amplitude of 11.2 pN was a fled.to the sensitive axis of TM1
(Test Mass 1) for reducing the gravitational imbalance between the TMs, this force does not introduce
significant noise or calibration errors [45]. Basically the accelerometer part of the constant-arm technology is

already demonstrated by LISA Pathfinder for AIGSO in effect.

* B-DECIGO has a nominal arm length of 100 km, DECIGO 1,000 km, and AMIGO 10,000 km. The actuation
accelerations needed are respectively 10, 100, and 1000 times more than AIGSO. While the actuation
accelerations needed for constant arm implimentation of b-DECIGO and DECIGO is still basically in the
LISA Pathfinder nominal configuration range, the actuation accelerations for constant arm AMIGO is one
order larger. On what noise level could the actuation accelerations be done needs to be studied and
demonstrated carefully for AMIGO. A suggestion is to use an additional test mass (i.e. a pair) to alternate with
the original one [7].



* There will be two pathfinder technology demonstration missions with
2 spacecraft/satellites planned 1n the near future (~ 2025): Taiji-2 and
Tianqin-2. Constant arm space interferometry mode could be tested 1n

some stages of the missions (together with the geodetic mode) if
adopted.



AMIGO-5

* One aim of the mid-frequency GW space missions is to bridge the sensitivity gap between the current/planned
Earth-based GW detectors and the mHz space GW detectors under implementation. The optimal arm length
would be dependent on the projected sensitivities and the technology that could be achieved at the time of

manufacture. So is for AMIGO. In our previous work, we have mentioned that 1 x 107 m or a few times of
this. In the following, we illustrate the noise requirement by a 50,000 km AMIGO termed AMIGO-5:

* For the acceleration noise requirement, we set

o« S12(f) <3 x 107151 + (/0.3 H2)*]"2m s2Hz'2, (10 Hz>f> 10 mHz), (5)

* same as AMIGO before.

* For laser metrology noise, we set:

* Baseline (b-AMIGO-5): Symigop'? < 60 fm Hz-'2 (10 Hz > f> 10 mHz),  (7)’

* Design Goal (AMIGO-5): Sawigop'? < 19 fm Hz'2 (10 Hz > f> 10 mHz), (8)’

* Enhanced Goal (e-AMIGO-5): Symigo,'? < 2.5 fm Hz'2 (10 Hz > f> 10 mHz). (9)’

* The sensitivitY curves in the strain power spectral density amplitude vs. frequency plot for AMIGOs of
different arm lengths would just have their flat bottoms shifted to the left in frequency in proportional to the

ratio of arm lengt s. In our considered frequency range of 10 mHz-10 Hz, the astrophysical confusion limit of
LISA/TAIJT/TTIANQIN does not play a role.



Sun direction

Deployment

There are two desirable options for the third orbit case in Section 2.1: Moy

i) A last-stage launch from 300 km LEO (Low Earth Orbit) to an appropriate 2- TN
egree-behind-the-Earth AMIGO formation [(1i1) in Section 2.1] in 95 days with " 3 d3vs
a Av of about 80 m/s 1n the end to reach the science orbit for the 3 S/C; / \(\

gi) A last-stage launch from 300 km LEO (Low Earth Orbit) to an eccentric (a) / e
ohmann orbit with apogee 262931 km (The period of this Hohmann orbit is

)
about 6 days.). It takes 3 days (half an elliptic orbithor this transfer from :'
perigee to apogee. This apogee is designed to be the closest encounter point of |

|
|
|

the center of mass of the 2-degree-behind-the-Earth AMIGO formation [(iii) in
Section 2.1]. v

From here, a Av’s of about 1.6 km/s are needed to allow the 3 S/C to enter their \
respective science orbits. After entering the science orbits around the 262,931 \
km apogee, the calibration, commissioning and various science operations can \

be started F7, 22]. As to the deployment for the first and second orbit cases in \
Section 2.1, we don’t have the second choice above. However, we do have the N
first choice. Ref. [22] will present the details; see also Ref.’s [23, 24] for similar av

deployments in the cases for LISA and ASTROD-GW.
Deployment

in a week



Outlook and Oppotunities

* Taiji-1 [46]1 and Tianqin-1 [47, 48] have achieved their pathfinder demonstration
goals in 2019. After the Taiji-2 and Tianqin-2 pathfinder demonstrations in ~2025
and before the mHz space GW mission launches in 2034, if needed or desired,
there could possibly be another Ipathfmder demonstration or a mid-frequency
space GW mission call. Then AMIGO might be a candidate choice for the mission
concepts.

* The AMIGO-S-8-12deg orbits for 600 days could be an earlier geodetic GW
mission option with the orbits worked out starting at a suitable epoch. If a 10-year
codetic mission 1S desired, it has to go to about 20° behind/leading the Earth orbit.
The AMIGO-S-2-6deg orbits for 250 days and the AMIGO-S-2-4deg (for 80 days
in the geodetic option; for 300 days or more for the constant equal-arm o thIR
could be a pathfinder mission with one arm (two S/C); they are closer to Earth an
takes less days (less than a week to reach the technological demo orbit) and less

power for deployments [22].
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GWTC-3 model (observationally constrained
model from LVK collaboration) and EMBS
(evolution of massive binary stars) model

1018

Evolution tracks of characteristic
amplitudes for the mock BBHSs
which are detectable by LT-AMIGO
(i.e., @LT 25 and @AMI > 5, blue),
by LT (i.e., @LT =8, ),

by AMIGO (i.e., @AMI > 8, magenta
lines).

Observed for a continuous period of
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Expected number of detectable BBH events from different models by 4
years’ observations of LISA, Taiji, LT, and AMIGO, and those of
multiband BBH events by joint observations of detectors in the low-
frequency and middle-frequency bands. [adapted from Zhao et al.]

GWDetector ~ GWTC-3 ModellowR -+ midR- - EMBS ModellowR- -midR- - highR - -
highR - -
LISA 3 9+3—4 15 3 9+3-3 16
Taij 5 14+4-3 24 5 15+5—4 27
AMIGO 23 51+8-6 83 21 47+6-7 76
LT 15 32+6-5 52 15 34+6-5 57
LISA-AMIGO 0 3+1-2 6 1 3+2-2 7
Taiji-AMIGO 3 10+3—4 19 3 10+3-3 19
LT-AMIGO 6 18+4-5 32 7 18+5-4 33

Note: first column denotes the GW detector name or different combinations of them, here ‘LT’ represents the LISA-
Taiji network. Second column shows the 16th detectable number ranking from small to large of BBHs for GWTC-3
model with R-- =10.6 Gpc= yr-1 labeled as low R- - . Third column shows the median value and 68% confidence
interval of the numbers among 100 realizations of BBHs for GWTC-3 model with R-- =19. 1 Gpc= yr-1 labeled as
midR - »q.:Fourth-celumn shows the 84th detectable.number for GWTG-3:madel with R-- =27.5 Gpc3 yr —1;labeled
as highR- - . The fifth to seventh columns show the corresponding results for the EMBS model, respectively.



Y. Zhao, Y. Lu, C. Yan, Z. Chen and W.-T. Ni, Multiband Gravitational Wave
Observations of Stellar Binary Black Holes at the Low to Middle and High
Frequencies, MNRAS, 522, 2951-2966 (2023).

Table 3. Median values and 68% confidence intervals of the distributions of parameter estimation uncertainties for multiband BBEHs

S el low iﬁ:h high Low {;ﬂdﬂL high low ”;::;f;n{ i high low m:;r{nu high
LT 1.6x107" 1.6 10" 1.6x 10 1.6x1072 1.6x107 1L.6x10° 48x1077 47x10% 47x10° Tox10* TEx107? 77x1072
AMIGO 23x 100 22x 10! 22x 102 L1x1072 L1x107! 10x10"° 64x10% 64x1077 63x10% 68x105 67x100% 66 x103
ET-CE 9.0x107 B9x102 88x107! 26x107* 25x10? 25x107F 72x107° 7ix107¢ 70x107 18x107* 18x1077 17x1072
LT-AMIGO 1.1 x 101 1.1 x 100 L1x10!  83x1073 B2x102 Bi1x107! 22x10% 22x1077 21x10% 42x100% 42x100* 41 x%x10°3
LT-ET-CE 7A3x107 72x1002 7TAx107! 19x107%  19x107  18x102 61x%107 60x10% S59x1077 19x100% 19x100% 1.8 %1073
AMIGO-ET-CE 35x107* 3s5x100? 35%x107? 17x107* L7x107 16x100? 34x107 34x1077 34x10% Lax1w07t 1ax10* 1.1 x1073
LEAMIGO-ET-CE  3.3x100%  33x100Y 32x102  16x10% lLex107? 16x102 42x10% 42x10% 41x1007 88x107% 87x100% 86 =104

Note: first column denotes the GW detector name or different combinations of them. Second, fourth and third columns show the low and high values
of 68% confidence interval and the median value of the distribution of AQuyq among 100 realizations of multiband BEHs. The fifth to seventh

columns, the eighth to tenth columns and the last three columns show the corresponding results for the oy /dy distribution, the oy / M.

distribution, and the ¢, distribution, respectively.

2023/05/16 ICTP-AP Hangzhou

GW detection in space

Wei-Tou Ni

96



OUTLOOK

* 2030-2050 will be the golden decades for space GW
detection

* LISA-like missions will be launched
* Both first-generation middle-frequency
and pHz space GW mission will be implemented

* It is a great decade to do multi-messenger astro
cosmology

* An Example for future direction:
Cosmology to 0.1 % or below
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