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Picture of Universe: InflationDEDMAtomic Matter

Understanding the Universe
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Inflationary
Universe

Our understanding of the nature of such a universe is very limited!

http://upload.wikimedia.org/wikipedia/commons/d/d7/Cosmological_Composition_-_Pie_Chart.png


All 61 fundamental particles in the SM are found after the confirmation 
of Higgs in 2012, while the most “familiar” gravity is still nebulous

Fundamental particles and interactions 

➢ The known four basic interactions: Strong+Weak+EM+Gravity
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➢ Up to now, the General Relativity, a classical theory, is still 
the best one for gravity, raised by Einstein one century ago 

➢ The establishment of GR stands on 
the belief that the laws of physics 
stay the same inside any given 
frame of reference
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The precession of Mercury’s perihelion, Ggravitational
redshift, Gravitational lensing, etc. are all triumphs of 

the theory of GR.

About Gravity



The theory of General Relativity
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Mass tells space-

time how to curve 

and the curvature of 

spacetime tells 

mass how to 
accelerate (move)

More than one 
hundred years after 
the advent of GR, we 
still don’t know any 
solid theory superior 
to it



Gravitational Wave
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➢ The gravitational wave was first 
predicted by Einstein in 1916, 
though he himself believe it will 
never be observed. Nevertheless, 
with the progress of technology, 
to detect GW is an everlasting 
dream for scientist.

➢ The leading order GW emission is 
Quadrupole emission, which is 
proportional to G/c5，travelling in 
light speed. And hence widely 
believed that the GW can not be 
generated and detected artificially 

Roughly estimation tells that spacetime strain induced by 
the most horrible hydrogen bomb is about 10-27 





The six possible polarization modes 
of various gravitational wave
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Feb. 2016, the LIGO Collaboration 
announced that it had made the 
first ever direct detection of 
gravitational waves. A one 
hundred-year-expected event, 
which marked the start of 
gravitational wave astronomy

The highly successful third observing
run of the gravitational-wave detectors
ended in spring 2020, bringing the
number of known gravitational-wave
detections to 90, with biggest black
hole 300 times heavier than sun, which
is beyond our normal expectations

https://dcc.ligo.org/LIGO-P2000077/public
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There are four categories of gravitational waves, they are:

1. Continuous Gravitational Waves
Produced by a single spinning massive object, like the extremely
dense neutron star.

2. Compact Binary Inspiral Gravitational Waves
Produced by orbiting pairs of massive and dense (hence 
"compact") objects like white dwarf stars, black holes, and 
neutron stars.

3. Stochastic Gravitational Waves

4. Burst Gravitational Waves

Types of gravitational waves



Gravitational waves are larger than their sources,

with wave lengths starting at a few kilometers and

ranging up to the size of the Universe, frequencies

of 10-18Hz to104Hz. LIGO detects merely 10Hz more

GW, a broadband of GW is waiting for exploring,

beyond the capacity of LIGO experiment.

The space GW detection missions, a counterpart of LIGO, 
have attracted more and more attention. The space-borne 
GW antennae are more sensitive to 0.1 mHz to 1 Hz GW 
in frequency



The second generation observatory

On earth：LIGO-VIRGO-KAGRA

The third generation observatory
 Earth:  Einstein Telescope, …
 Space:  LISA、Taiji、Tianqin …

Gravitational Wave Detection

太极一号
2019年8月

LISA pathfinder
2015年12月

天琴一号
2019年12月

Scientific aims Space based: pathfinders lunched



空间引力波探测计划：LISA、太极、天琴

Taiji/LISA at ISGW2017,expecting two observatories may 
cooperate and compensate in future GW observation



国际交流

2017.5.25-29 国科大举办引力波国际研讨
会，此次会议的召集人为“太极计划”首
席科学家国科大副校长吴岳良院士、中国
科学院力学所胡文瑞院士，德国爱因斯坦
研究所所长Karsten Danzmann教授和美
国科 罗拉多大学 的著名物 理学家 Peter
Bender教授。

国科大首次主办空间引力波探测国际会议 



Why GW Detection Matters
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➢ GW is a astronomical messenger, a kind of new probe to 

the exploration of the Universe, aside from the EM signal. 

It is a key experiment to testing the standing gravity 

theory

➢ The high tech developed in the gravitational wave 

detection will for sure have a broad influence to society.

➢ In the past decade, there are four Nobel Prize in physics 

were awarded to the achievements relative to cosmology 

and astrophysics

Tetrahedron Constellation of Gravitational Wave ObservatoryCong Feng Qiao
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➢ The direct observation of GW by LIGO marked the start of  

gravitational-wave astronomy and cosmology

➢ In the future, with more GW detection technique developed, 

like space gravitational observatory, our views on gravity and 

cosmology will definitely be improved

➢ The NRC of the States once mentioned in a report in 2007:

The first direct detection of low-frequency gravitational waves will be 

a momentous discovery, of the kind that wins Nobel Prizes—NRC  

Why GW Detection Matters



Various GW Detections

一、Direct detection

✓ Resonant bar

✓ Laser Interferometer
– Ground based

– Space borne

– …

✓ Light clock

二、Indirect meaurements（BIPULSAR 、 NANOGrav、FAST、

BICEP、AliCPT…）



引力波的间接测量

Evidence

1974年Russell Hulse and Joseph Taylor发现
第一个脉冲双星， Binary Pulsar 1913+16

双星系统周期的变化与引力波辐射造成
的影响相吻合，简介证明了引力波的存
在

为此二人获得了1993 诺贝尔物理学奖



Indirect detection-NANOGrav

NANOGrav stands for North American Nanohertz Observatory for
Gravitational Waves. NANOGrav members are drawn from across the
United States and Canada and the goal is to study the Universe using
gravitational waves. NANOGrav uses the Galaxy itself to detect
gravitational waves with the help of objects called pulsars—exotic,
dead stars that send out pulses of radio waves with extraordinary
regularity. This is known as a Pulsar Timing Array, or PTA



Indirect detection-NANOGrav

NANOGrav was founded in October 2007 and
has since grown to over 100 members at over
40 institutions.

http://nanograv.org



FAST(Five-hundred-meter Aperture Spherical 

radio Telescope 

500米口径球面射电望远镜被誉为“中国天眼”，由中国
天文学家南仁东先生于1994年提出构想，历时22年建成，
于2016年9月25日落成启用。是由中国科学院国家天文台

主导建设，具有我国自主知识产权、世界最大单口径、
最灵敏的射电望远镜。综合性能是著名的射电望远镜阿
雷西博的十倍。2020年1月11日，500米口径球面射电望
远镜通过国家验收，投入正式运行。截至2021年3月29日，
500米口径球面射电望远镜已发现300余颗脉冲星

未来FAST组网的可能性

https://baike.baidu.com/item/%E5%A4%A9%E6%96%87%E5%AD%A6%E5%AE%B6/1242040
https://baike.baidu.com/item/%E5%8D%97%E4%BB%81%E4%B8%9C/8911651
https://baike.baidu.com/item/%E4%B8%AD%E5%9B%BD%E7%A7%91%E5%AD%A6%E9%99%A2%E5%9B%BD%E5%AE%B6%E5%A4%A9%E6%96%87%E5%8F%B0/10011951
https://baike.baidu.com/item/%E9%98%BF%E9%9B%B7%E8%A5%BF%E5%8D%9A/14765055
https://baike.baidu.com/item/%E9%98%BF%E9%9B%B7%E8%A5%BF%E5%8D%9A/14765055


AliCPT primordial GW detection

阿里项目2016年正式启动；2017年3月阿里一号观测

基地动工，选址于西藏阿里地区的天文观测基地，海
拔5250米。建成运行后可首次实现北半球地面原初引

力波观测，将与南极极点观测站、智利阿塔卡玛沙漠
观测站一起，成为国际原初引力波探测的三大基地。

https://baike.baidu.com/item/%E5%8C%97%E5%8D%8A%E7%90%83


Tips: 



韦伯探测器和工作照晶格间存在强弹性耦

, 所以天线端面的振幅随入射

频率时, 
发生共振。振动通过固定在天线
上的传感器变成电信号。

 该实验装置是一个重1.4吨的铝棒，
在垂直于圆柱轴线的对称截面上
支承。

Direct detection of GW强弹性耦



➢由于地面引力波探测装置受尺度和地球环境影响，

探测更低频率，有重要宇宙学意义的引力波信号需要

把探测器放到太空中

国际上，最早开始发展的空间激光干涉引力波探测计划的是20
世纪70年代欧洲航天局（ESA）提出的，后与NASA合作发展的原
LISA（Laser Interferometer Space Antenna）项目，后来由
于NASA的退出LISA改变方案变为eLISA（evolved LISA）。2017
年6月，NASA重新回归，项目也随之回到LISA，但发射时间有所
提前。ESA宣布将引力波探测作为两个重大科学项目之一，列在
L3阶段任务。eLISA的技术演示项目LISA-Pathfinder已于2015
年12月发射，对eLISA相关技术进行了完美的演示和检验。



Space-Based 
Gravitational Wave Detection

空间太极计划
Taiji Program

In Space



测距指标
Position 

noise

加速度残差
Accelerate noise

轨道
Orbit

臂长（公里) 
Armlength 

(10km）

频段
Frequency

Launch  
发射时间

太极
Taiji

8pm/Hz1/2 3×10-15ms-2/Hz1/2 太阳
Sun

300万（2012） 0.1mHz-1Hz 2033

LISA 12pm/Hz1/2 3×10-15ms-2/Hz1/2 太阳
Sun

500万（1995）
100万（2011）
250万（2017）

0.1mHz-1Hz 2034

天琴
Tianqin

1pm/Hz1/2 1×10-15ms-2/Hz1/2 地球
Earth

17万（2015） 0.1mHz-1Hz 2032-2036？

空 间 引 力 波 探 测 涉 及 太 阳 轨 道 和 地 球 轨 道 的 选 择 问 题 ： 早 在 2011 年 NASA 撰 写 的 报 告

《Gravitational-Wave Mission Concept Study Final Report》中已有较详细的讨论。

地球轨道问题，其中包括：轨道噪声、温度变化、太阳阴影、科学测量时间不连续等问题

根据研究报告，学界认为：空间引力波探测太阳轨道应是最优方案，地球轨道方案风险性极大

Taiji Program in Space VS  Others



空间“太极计划”结构、指标

太极计划(Taiji) LISA eLISA

探测器臂长 3×109m 5×109m 1×109m

测距精度 5-10 pm Hz-1/2 18 pm Hz-1/2 11pm Hz-1/2

激光功率 2W 2W 2W

望远镜直径 ~50cm 40cm 20cm

无拖曳水平 3×10-15ms-2Hz-1/2 3×10-15ms-2Hz-1/2 3×10-15ms-2Hz-1/2



➢ 2019年8月31日太极一号在酒泉卫星发射中心发射成功

➢同年12月天琴一号也成功发射



太极一号”卫星在轨测试成功，我国空间引力波探测迈
出第一步，入选了由两院院士评选的2019年中国十大科

技进展新闻。同时，也入选了中国科学院率先行动计划
第一阶段重大科技成果及标志性进展。

太极一号卫星亮相中国航天大会



1Blueprint in space-borne GW detection

✓Key techs in Space-borne GW detection

• 高精度惯性传感器

• 激光干涉技术

• 无拖曳控制技术

• 超静超稳卫星平台技术



Challenges in Space-borne Gravitational Wave Detection

◆ Many of technologies for the aim of GW detection are 

above the current technological level

◆ In case one of the satellites is out of order, the whole    

observatory will be greatly influence

◆ Three-spacecraft plan is almost incapable of testing the 

gravitation wave polarizations predicted in theories other 

than general relativity

✓ One of the solutions: Tetrahedron Constellation of 

Gravitational Wave Observatory(TEGO)



Tetrahedron Constellation of 

Gravitational Wave Observatory

✓ Recently, we propose a Tetrahedron 
Constellation of Gravitational Wave 
Observatory (TEGO) as a spare 
scenario for Taiji Project, which 
composed of four identical 
spacecrafts (S/Cs). The laser 
telescopes and their pointing 
structures are mounted on the S/C 
platform and are evenly distributed 
at three locations 120 degrees apart

Hongbo Jin and QCF,  Science China 2024

Tetrahedron Constellation of Gravitational Wave ObservatoryCong Feng Qiao



Some Merits of TEGO

✓ The TEGO structures form automatically a stable mass 
center for the platform. The time delay interferometry 
(TDI) are used to suppress the frequency noise of GW
detector

✓ The second generation time delay interferometry (TDI) 
would be employed to suppress the frequency noise of 
Gravitational Wave

✓ More importantly, comparing to the on-going 
configurations of LISA, Taiji, and Tianqin, the TEGO 
has more combinations of optical paths and hence more  
sensitive to GW signals, which implies that more GW 
modes beyond the predictions of General Relativity, 
the polarizations, might be detected



Some Merits of TEGO

✓ The cost increase not much in comparison with the 

three-satellite project, while with rich returns.

✓ The extreme high technique requests may be alleviated a 

bit

✓Much more precise in pinpointing the sources of GW

✓ It is even sensitive to the Dark matter and Dark Energy 

issues

✓ ……

Tetrahedron Constellation of Gravitational Wave ObservatoryCong Feng Qiao
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R= 1 AU for S/C1, S/C2 and S/C3；
for S/C4, R = (1 + 0.0163738) 
AU ; α、β、γ are phases

A few technical analyses on TEGO



A few technical analyses on TEGO

Tetrahedron Constellation of Gravitational Wave Observatory

 Variations of the arm lengths,
Laser path distance between 
S/Cs, within a year

Cong Feng Qiao

 In the space-borne 
observatories with three 
spacecrafts in triangle, the 
laser frequency noise are the 
dominant one, which is also 
the case for TEGO



Michelson TDI configuration from the optical path combination of two arms. 
Note, the optical path differences are below the limits of noise canceling

A few technical analyses on TEGO



1

2

4

3

Amplitude of six polarization modes 
in TEGO
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I. TEGO系统通过增加一个航天器和相应的光学路径组

合，能够同时对六种引力波极化模式进行高灵敏度探

测。这为研究引力波的极化特性提供了更多的自由度

和更高的灵敏度。

II. TEGO采用多种时间延迟干涉仪（TDI）配置，有效抑

制激光频率噪声。这种改进使得TEGO在探测引力波

信号时具有更高的信噪比。

III. 通过在航天器平台上均匀分布的激光望远镜和指向结

构，TEGO形成了一个稳定的质量中心。与传统的三

航天器配置相比，增加的第四个航天器和望远镜提供

了安全备份，增强了系统的可靠性。

Summary and Comments

Tetrahedron Constellation of Gravitational Wave Observatory
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IV. TEGO的设计允许直接探测广义相对论之外的引力波模

式，如标量纵向模式。这为验证和扩展现有的引力理

论提供了新的实验平台 。

V. TEGO成本相对于三星计划并没有增加多少，但收益倍

增。

VI. TEGO是我们最近提出的一个空间引力波探测天文台方

案。初步分析发现TEGO存在稳定的卫星轨道，可以开

展引力波探测实验。未来还需要更多的人员参与。

Summary and Comments

Tetrahedron Constellation of Gravitational Wave Observatory



Cong Feng Qiao 42

VII. 可以预期，未来十余年将是引力波天文学大发展的年

代，人类有望对全波段引力波进行观察，从而对引力

理论、宇宙演化有新的认识。

Summary and Comments

Tetrahedron Constellation of Gravitational Wave Observatory
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Backups



649次香山科学会议——中国空间引力波探测计划和国际协作联盟

2019.4.17-18 北京香山饭店
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