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Introduction: Multi-frequency GW Sources
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Introduction: GW Sources in milihertz band
§ Mergers of SMBBH/IMBHs

o BBHs in galactic centers
o Seed black holes (Pop III) at extremely high redshift

§ Extreme/intermediate mass ratio inspirals (EMRIs/IMRIs)
§ Double white dwarfs in the Milky Way

o EM DWDs for verification
o Individual DWD systems
o GW foreground

§ Stellar binary black holes (+ ground-based detectors, multi-band GW)
§ GW background from astrophysical sources
§ Cosmological origin GW background 

o GW relics from early universe
o Primordial black hole binaries

§ Unknowns
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 Laser Interferometer detection of GWs
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GW-induced displacement

Wavelength: ~106-108km; frequency: ~0.001-0.1Hz
GW strength: 10-21-10-18

Arm length L: O(106km )

Δ� ∝ �
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 Taiji: Laser Interferometer detection of GWs
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Three drag free satellites: an equilateral triangle, arm length 3Gm;
Helio-centric orbit: rotating around sun trailing/leading earth by 20°;
Displacement noise (TM-TM ranging)：8pm/Hz1/2

Acceleration noise (TM)：3×10-15ms-2/Hz1/2
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Key technologies and challenges 

1. super-precision system
Interferometry 8 pm/Hz1/2 precision
Free fall test mass 3×10-15m s-2/Hz1/2

§ Optical metrology interferometry

§ Free falling test masses and Gravitational 

reference systems

§ Drag free control and micro-thrusters

§ Constellation and Satellite

2. super-complex system
Mixed signals（millions sources）
Complicated coupling

§ GW sources and waveform template bank

§ Constellation and sensitivity of detection

§ Co-design of the spacecraft with payload, 

simulation of the couplings

§ TDI and data analysis11/15/2026 ICFP From Quanta to Cosmos 8



Pathfinder: Taiji-1

§ Laser interferometer 

     precision: 102pm/ ��, 25pm/ ��

§ Gravitational reference system 

     precision: 10-10m/s2/ ��

§ Micro-thrusters: 1.5×10-7N/ ��

§ Drag free test: 10-8m/s2/ �� 

§ Temperature control: ±2.6mk

  The Taiji Scientific Collaboration, COMMUNICATIONS PHYSICS,  
https://doi.org/10.1038/s42005-021-00529-z
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GW Sources in milihertz band for Taiji 
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Waveform model for generic CBC SEOBNRE

We have constructed waveform model 
SEOBNRE based on Effective-One-
Body Numerical-Relativity technique 
for generic CBC, including orbit 
eccentricity, spin precession, higher 
modes than 22, and GR memory.
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Tested against numerical-relativity results, SEOBNRE accuracy is better than 98% for 
current LIGO and designed Taiji.
SEOBNRE has been used by many groups and applied to LIGO data analysis. 
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Fast and accurate in generating waveform template bank
Credit: Zhoujian CAO

Waveform model for generic CBC SEOBNRE
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EMRI waveform EOB-Teukolsky (ET) codes

§ Geometrized Effective-One-Body (EOB) 
formalism (Zhang, Han+, 2021) to 
calculate the orbit (p, e, iota)

§ EOB orbit sources the Teukolsky 
equation, calculate the energy fluxes and 
waveforms (Han, 2010; Han+, 2011 ……)

§ Taking the energy fluxes as the EOB 
radiation reaction term, drive the 
compact object inspiraling SMBH, 
updating orbital parameters;

§ With updated orbit, repeat the 
calculation from step 2, until the CO 
plunge into SMBH or a certain signal 
length.

Han, 2010; Han & Cao 2011; Han 2014; Han 2016; Han+ 2017, 
Cao & Han 2017, Zhang&Han+ 2020,2021
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Fluxes

waveforms

“Dirty” EMRIs: Decoupling the Teukolsky equation

Jiang & Han, SCPMA, 2024

Only related with the perturbation 
source

Only related with the background 
spacetime

For real EMRI: CO is not a test particle but an extended body, in accretion 
disc or dark matter halo, extra radiation, scale field…
àThe source term couples with space time
àVery complicated, or can not give explicit formalism
àWe find a linear property in the master equation
àThen decoupling the solution, separate the source and spacetime 
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GCBs: Double White Dwarfs

ICFP From Quanta to Cosmos

§ Verification for Taiji by using known EM DWDs with 
precise parameter measurements: J0651+2844, J0935+4411

§ Detecting tens of thousands Galactic DWDs, measuring 
their properties and distributions;

§ Formation and evolution of compact binary stars;
§ Merger rate of compact binaries, type Ia SNs;
§ Detailed physics: mass transfer, tidal dissipation, 

electromagnetic signals; ……



§ Detecting the WD-NS binaries in the Milky way;
§ Revealing the physical processes that control the 

evolution of contact WD-NS binaries;
§ Detecting the GW foreground by numerous GCBs;
§ Constraining structure of WDs;
§ Constraining Structure and mass distribution of 

the Milky Way.
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GCBs: Double White Dwarfs

Yu et al. 2021, 2025, Zhang et al. 2025
Taiji white paper, in preparation

Taiji
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GCBs: BNSs and DWD+planets

Chen et al. 2025, Kang et al. 2021
Taiji white paper, in preparation

§ Detecting several tens BNSs with high 
eccentricities in the Milky way;

§ Detecting planets rotating around DWDs.

BNSs

DWD+planets
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MBBHs：seeds and growth

Formation of massive (binary) black holes (MBBHs):
§ Seed formation: heavy seeds (101 -102 M);  light seeds (104 -106 M).
§ Growth history: accretion and mergers, high and low spins.

ICFP From Quanta to Cosmos
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Dynamical/kinematic  
signatures

inspiraling BBHs and 
nanohertz GW background

(pulsar timing arrays)

Stellar mass function of galaxies
across cosmic time

Merger rate per galaxy
across cosmic time

Cosmic hydrodynamical
simulations for galaxy 

formation and evolution

dynamical evolution in 
stellar/gas environments

Galaxy pairs/mergers

Gas rich-nuclear activated
BBHs 

Gas poor-non-activated
BBHs 

scaling relationship 
between SMBHs
and their hostsSMBH pairs

Morphology, spectral, and 
variation  signatures

BBH orbital
evolution tracks

BBH mergers with 
milihertz GW radiation

(space-based GW detectors)

MBBHs: mergers

Population synthesis model:
Gas-poor and gas-rich mergers

Chen et al. 2020, 2023, 2024 ApJ; …
Li et al. 2026,  MNRAS
Lu 2025 (CQG)
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MBBHs: Taiji SNR

q detect mergers of BBHs with mass 104-107 M at z ~0-20;
q SNR up to several 103; BH seeds at z ~10-20.

ICFP From Quanta to Cosmos
Taiji white paper
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Precision of parameter measurements

MBBHs: parameter measurement uncertainty

ICFP From Quanta to Cosmos
Fisher Matrix and Bayesian methods

Taiji white paper



MBBHs: detection rate

Mission time Taiji
SNR≥3/5/8

LISA 
SNR≥3/5/8

3 years 76/74/71 72/71/71

5 years 128/121/119 120/118/118

10 years 235/224/217 221/217/217

• Assume the recent PTA detection of GWB 
is entirely due to cosmic BBHs, and the 
relatively high strain amplitude is due to 
the redshift evolution of the MBH-host 
relation.

• Optimistic about the Taiji detections.
11/15/2026 22Chen et al. 2020, 2023, 2024, ApJ, …ICFP From Quanta to CosmosTaiji white paper



MBBHs: EM counterparts
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Challenging to search EM counterpartsTaiji white paper

Xie et al. 2026



MBBHs: Taiji objectives
§ Measuring physical parameters (mass and spin) of MBBH systems 

with high precision and obtaining their distributions;
§ Detecting seed BHs and giving a definitive anwser to the existence 

of intermediate mass BHs;
§ Constraining the evolution processes of SMBBHs;
§ Revealing the formation and assembly history of SMBHs over 

cosmic time;
§ Searching for EM counterparts of MBBH mergers and their host 

galaxies;
§ Cosmolgical applications (measuring cosmological parameters);
§ Testing gravity theory and black hole physics (extremely high SNR 

events);
§ ……
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EMRI-Cosmic Ballet

§A compact object (CO) captured 
by a massive black hole (MBH)
§Orbit: large eccentricity and 

inclinationà strong precession; 
long duration
§CO “dances” around SMBH 

with complicated and elegant 
trajectory: “cosmic ballet”

Extreme/intermediate-mass-ratio inspirals: EMRI/IMRI

25ICFP From Quanta to Cosmos11/15/2026



EMRIs: formation channels

ØA compact object (CO) captured 
by a supermassive black hole 
(SMBH)
ØOrbit: large eccentricity and 

inclinationà strong precession; 
long duration
ØCO “dances” around SMBH with 

complicated and elegant 
trajectory: “cosmic ballet”

Extreme/intermediate-mass-ratio inspirals: EMRI/IMRI

26



Formation channels of EMRIs/IMRIs

§ Gas-poor: two-body relaxation; 
Formation and disruption of 
binaries around SMBH
§ Heavy IMRIs from galaxy 

mergers or galactic nuclei 
assembly 
§ Light IMRIs in stellar clusters 

and dwarf nuclei 
§ AGN discs: Formation of 

EMRIs and IMRIs in gas-rich 
galactic nuclei

Credit: LRR 26, 2, 2023
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EMRI/IMRI properties

§ Event rate: O(10-100)/year
§ Radiate low-frequency GWs for 

SMBH, high frequency for 10-
100 solar mass BHs
§ Long-weak-complex signals
§ Localization: < 1 deg2; 

Luminosity distance: 1%
§ Intrinsic parameter (mass, spin) 

accuracy: 10-4~10-5 

Credit: P. Shen & W. B. Han

EMRI orbits and waveform

28ICFP From Quanta to Cosmos11/15/2026

Example waveforms



EMRIs: parameter uncertainties
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EMRI horizon and SNRs by Taiji;
Parameter estimation uncertainties:
accurate determination of MBH 
spins and metric.

Taiji white paper



bEMRI-a multiband GW source

LISA white paper: LRR 26:2, 2023

Chen & Han, 2018
Han & Chen, 2019

A bounded binary can be captured by a SMBH, form a b-EMRI: 
can be observed by LIGO and LISA at the same time.

Sciences of b-EMRI: 
1 . weighting the remnant of BBH merger accurately; 
2. measuring the kick velocity of BBH merger; 
3. test GW dispersion ……

30ICFP From Quanta to Cosmos11/15/2026



EMRI-Test BHs and GR with superb accuracy

§The CO likes gravity satellite around 
MBH, maps space-time of MBH with 
superb accuracy: SNR > 20, mass and 
spin 10-4~-5, quadrupole <10-3 M3 G2/c4

§Test BH: no-hair theorem, only mass, 
spin and charge?
§Horizon exist? à BH or exotic 

compact object?
§Deviations from GR: reflect on inspiral  

One way membrane

31ICFP From Quanta to Cosmos11/15/2026

Schwarzschild BH R-N BH

Angular momentum J

Kerr BH K-N BH
K-N BH

Angular momentum J

Charge Q

Charge Q

Charge Q



EMRIs/IMRIs: Taiji objectives

§ Detecting EMRIs with MBH mass at redshift up to a=4 with a broad peaking around 
z=1, and accurately measuring their extrinsic and intrinsic physical parameters;

§ Detecting both light and heavy IMRIs and accurately measuring their physical 
parameters;;

§ Detecting rare events, including XMRIs and unique b-EMRIs, constraining the spin of 
Sgr A* and  precisely testing GR by using multiband GW observations;

§ Confirming the existence of IMBHs and obtaining distribution of IMBHs and MBHs 
at the low-mass end;

§ Inferring the demographics of EMRIs and IMRIs, revealing their formation 
mechanisms and constraining relevant relativistic processes;

§ Testing the no-hair theorem and GR as well as modified gravity theories beyond GR;
§ Searching for multi-messenger counterparts of wet EMRIs and constraining accretion-

disk physics;
§ Probing environments of MBHs/IMBHs through their effects on EMRI/IMRI signals.
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Stellar BBHs: formation channels

Formation mechanisms of sBBHs
§ Evolution of massive binary 

stars;
§ Dynamical interactions in 

dense stellar clusters, including 
globular clusters, open clusters 
and nuclear clusters;

§ Hierachical triples;
§ AGN disks around 

supermassive black holes.

ICFP From Quanta to Cosmos
Taiji white paper
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Stellar BBHs/: Taiji detection

4 year operation: ~14 BBHs
10 year operation: ~56 BBHs

Zhao et al. 2023, MNRAS
Cai et al. 2023, Fund. Res. ICFP From Quanta to Cosmos

Taiji white paper
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Stellar BBHs: Taiji detection

Zhao et al. 2023, MNRAS
Cai et al. 2023, Fund. Res. 

§ Identifying multiple formation channels
§ Detecting high mass stellar BBHs and 

probing their environment
§ Early warning for higher frequency 

(groundbased) GW detectors and enabling 
multiband and multimessenger observations

§ Constraining the formation mechanisms of 
stellar black holes

ICFP From Quanta to Cosmos

Detecto
r localization Luminosity 

distance Chirp mass Mass ratio

Taiji 0.33-200 deg2 0.053-0.1 8.6×10-7-2.2×10-4 0.0061-2.2
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Cosmology: standard sirens

ICFP From Quanta to Cosmos

§ Bright and dark sirens: accurately measuring the Hubble constant, potentially solve the Hubble 
tension;

§ Combination with other probes: tightly constraining other cosmological parameters and the 
evoluvtion of dark energy.

Taiji white paper, in preparation



Cosmology: processes in the early universe

q (first order) phase transition in the early universe
q inflation 
q reheating/preheating 
q primordial perturbation induced GW
q cosmic domain wall 
q cosmic string
q numerous beyond standard models… Credit: Zongkuan Guo
11/15/2026 ICFP From Quanta to Cosmos 37



Cosmology: processes in the early universe

§ probing or set upper limit on cosmic origin SGWB 
§ understanding the physical processes in the early 

universe
§ electroweak phase transition and new physics
§ revealing the nature of inflaton and determining the 

energy scale 
Credit: Zongkuan Guo
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Cosmology: forecast examples 

Cosmic-string like flat GWB Sound wave like GWB 

Taiji white paper



Cosmology: Taiji objectives

§ Measuring the Hubble constant with standard sirens;
§ Probing inflation by measuring the SGWB due to quantum 

fluctuations; 
§ Probing the nature of the electroweak symmetry breaking;
§ Probing the existence of cosmic strings due to high scale 

symmetry breakings;
§ Detecting the SGWB of cosmological origins.
§ …

11/15/2026 ICFP From Quanta to Cosmos 40



Fundamental physics: dark matter

Nature of dark matter:
Direct test by ULDM (wave matter) effects on the detectors;
Indirect test by Dark matter effects on the density profile around MBHs.

Tang and others
Taiji white paper
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Fundamental physics: dark matter

Nature of dark matter:

GW signals from scalar, vector, and axion clouds around MBHs
ICFP From Quanta to Cosmos 4211/15/2026



Fundamental physics: 
Gravitational Quantum field theory

Predicted polarizations: two tensor modes, two vector modes, and one scalar mode
Taiji is only sensitive to the two tensor modes and one scalar mode (like a massless breathing scalar mode)

Polarization map
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Fundamental physics: Primordial black holes
SNR contour maps by 
Taiji for induced GWs 
for different width of 
the power spectrum
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Fundamental physics: Taiji objectives

§ Testing gravity theories, including general relativity, modified 
gravity, theories with extra dimensions and polarizations;

§ Testing the non-gravitational interaction between DM and 
ordinary matter;

§ Testing the existence of ultralight bosons;
§ Testing the formation mechanics of primordial black holes;
§ …
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Mixed signals with background and foreground noises
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Taiji Data Challenge

KEY contributions：
§ Integration of multiple sub-

systems: laser interferometry, 
drag-free control, test-mass 
and gravitational reference 
sensor, etc;

§ State-of-the-art signal 
waveform models; 

§ Complex and multi-source 
instrumental noises extracted 
from numerical simulations;

§ Signal-noise-orbit couplings.

§ Taiji Data Challenge Simulation Platform

Simulation framework [M. Du+, SCPMA (2025)]

@ IMECH

@ NSSC

@ MicroSate

@ SHAO, PKU, UCAS, BNU ...
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Taiji Data Challenge

§ Taiji Data Challenge Mock Dataset 

Global-fit data Eccentric HM MBHB data

EMRI data Level-0 raw data
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Summary

Taiji as a pivot facility for millihertz GW detection:
§ formation and evolution of compact objects, and their evolution 

with host galaxies; 
§ nature of black hole and gravity; 
§ expansion and evolution history of the universe, dark matter 

and dark energy;
§ origin of the universe and fundamental physics in the early 

universe.
Many breakthroughs in astrophysics, cosmology, and fundamental 
physics to come!
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Thank you for your attention!

5011/15/2026 ICFP From Quanta to Cosmos



11/15/2026 51

LISA+Taiji+Tianqin network：
Better localization and measurement precision

Ruan, Liu, Guo, Wu, & Cai 2020, NatAs
Gong, Luo, & Wang 2021, NatAs

Space GW detectors：mergers of MBBHs

量子宇宙


