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暗物质暗能量研究现状发展趋势及对策



Distance measurements hold the key

C. 
Ptolemy

2



Cosmic distance ladder

geometric distance
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2009年Gruber奖：HST哈勃常数测量

对星系距离精度好于

1%的目标来自基础物

理需求，而不是天文。

H0=50-100 km/s/Mpc  

                            72±8 km/s/Mpc



哈勃常数危机6�



“Hubble tension” calls for new cosmic probes
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W. Freedman
Gruber Prize 2009



高精度距离阶梯: 是否可以构建？
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类星体几何测距(SARM)

可以同时测量距离和黑洞质量   � = ΔR
Δ�

;      �BH

纯几何测量

�不依赖于消光

�不依赖于标准化

�阶梯校正 (造父变星、超新星)

�非大样本宇宙学统计（BAO）

�系统误差检验

3C 273
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Quasars: accreting supermassive black holes

First discovered in 1963 by M. 
Schmidt

 The most luminous, long-lived objects on 
the sky
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1963 Kavli Prize 2008

106-109Msun

z=0.158



Intensity Reverberation Mapping

Quasars: accreting supermassive black holes

• Accretion disk：~103��

• Broad-line region：~10 − 100light-
day

• Torus：~pc

at 1Gpc（z=0.35）
100light day——  20micro-arcsec
                1pc——200micro-arcsec

JWST 6m： ~0.1arcsec
ELT  39m： ~5milli-arcsec

11



Quasars: accreting supermassive black holes

31 arcmin

Quasar angular size:  >108 times smaller!

a small stone (2cm) vs. the moon 

(1.7×108cm)

~micro-
arcsec
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Quasars: accreting supermassive black holes

• Sandage (1965)
• Hoyle & Burbidge (1966)
• Longair (1967)
• Schmidt (1968)
• Weinberg (1972)
• Bahcall & Hills (1973)
• Baldwin (1977)
• Elvis & Karovska (2022)
• Watson+(2012)
• Wang+(2013)
• Yoshii+(2014)
• La Francis+(2014)
• Honig+(2015)
• Cao+(2017)
• Risaliti & Lusso(2019)

Sandage Hoyle

SchmidtWeinberg

Longair

Bahcall Baldwin

Burbidge

After 1963,  an epic history of looking for quasars as a cosmic probe; most approaches 
ineffective 
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Breakthrough in 2017: infrared interferometry with VLTI

GRAVITY/VLTI, 4*8m, baseline ~100m

~10μas with spectroastrometry
Nobel physics prize in 2020
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S2 orbital precession



Breakthrough in 2017: infrared interferometry with VLTI
angular size: 46 μas, precision: 10 μas
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3C 273



Breakthrough in 2017: infrared interferometry with VLTI

• Spectroastrometry with interferometry:  angular 
size  

Resolutio
n:
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∆�

quasa
r

earth

∆�?

SARM approach: SpectroAstrometry + Reveberation 
Mapping

� =
Δ�
Δ�

geometric 
distance:

Reverberation Mapping with 2m 
telscopes 

Spectroastrometry with 
interferometry
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Reverberation Mapping
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Reverberation Mapping

Time lag: �               Physical size: ∆� = � × �   � �,  � =    � �,  � � � − � ��
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 reverberation mapping of brad-line 

regions

     Blandford & McKee (1982)

 reverberation mapping of spectroastrometry

LYR & Wang (2023)
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Reverberation Mapping

MBH= � Δ�×�2

�
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SDSS



 SA: BLR structure perpendicular to LOS
 RM: BLR structure perpendicular to iso-delay 

surface

iso-delay surface

spectoastrometry reverberation mapping

  SA：angular size ∆�

  RM：linear size ∆�
�퐴� = ∆�/∆�

RM: �BH = � × �2

SA:  �BH = �A × � × �2

SARM: SpectroAstrometry+Reverberation Mapping
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基本数学方程

(Wang et al. 2020)

干涉阵列2米望远镜

流量(一维) 轮廓(二维) 单次 时域

 一维SARM：单次SA+一维RM  Wang, Songsheng, LYR, et al. 2020 

 二维SARM：单次SA+二维RM  LYR et al. 2022 

 时域SARM：时域SA+二维RM  LYR & Wang 2023 

SARM方案：测量黑洞几何距离

Δ� Δ�



 Basic equation（LYR & Wang 2023）

observable
Line profile and SA

observable
Continuum

unknown
Transfer 
Function

BLR 
geo. & dyn.

distance

Line Profile Variation

Photocenter：
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SARM: SpectroAstrometry+Reverberation Mapping



 Basic equation（LYR & Wang 2023）

observable
Line profile and SA

observable
Continuum

unknown
Transfer 
Function

BLR 
geo. & dyn.

distance

Line Profile Variation

Super-cluster

Photocenter：

BLR clouds 

SA Variation @ slit 1

SA Variation @ slit 2

SA Variation @ slit 3

Continuum Variation

Line Profile and SA at one epoch
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SARM: SpectroAstrometry+Reverberation Mapping



SARM: 分析流程

宽线区尺度

黑洞质量

距离

相位曲线谱线轮廓

反响映射数据



时域SARM

波长

时
间

谱线轮廓

谱线相位



距离误差：0.08dex -> 0.03dex

                         18% -> 7%

时域SARM
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Epochs S/Ns

S/N of VLTI 3C 273 
data

5%精度，50次观测

时域SARM
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orange：RM
blue：SARM

Li
ne

 P
ro

fil
e 

Va
ria

tio
n

SA Variation @ slit 1

SA
 V

ar
ia

tio
n 

@
 s

lit
 3

SA
 V

ar
ia

tio
n 

@
 s

lit
 2

SA
 V

ar
ia

tio
n 

@
 s

lit
 2

C
on

tin
uu

m
 V

ar
ia

tio
n

Distance

BH Mass

SARM: SpectroAstrometry+Reverberation Mapping
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Epochs S/Ns

Advantages：Serval SA epochs sufficient to constrain BLR 

properties 

(condition：under  the same continuum cadences)

S/N of VLTI 3C 273 
data

SARM: SpectroAstrometry+Reverberation Mapping
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(Wang et al. 2020)

Application to NGC 3783

∆�
� ~30%



Application to more quasars
 SARM analysis on four quasars in collaboration with GRAVITY team 

33LYR+2024 GRAVITY 
Collaboration+2024



GRAVITY+ by 2025:  sensitivity×15; 300-500 quasars observable  

Future Perspectives

R. Genzel

F. Eisenhauer
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Quasar as a cosmic probe
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 100-200 quasars，Hubble constant with a precision ~1%

Songsheng, LYR+2021 GRAVITY 
Collaboration+2022
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ANU 2.3m

Lijiang 2.4m

CAHA 2.2m

WIRO 2.3m

Hawaii

IRTF 3m

NTT 3.6m

 2-3m class  telescope 
network

Quasar spectral monitoring campaign
 since 2012  more than 150 quasars



Credit: ESO/H. Heyer, L. Calçada



Point Source Imaging (Spectroscopy), 10ks, 10



Fundamental Physics

Cosmology

Exoplanets

Black Holes

Galaxies

Stars/-formation

10 µas angular resolution

astrometryEarth 150 km10 pc

10 kpc 0.1 AU = 1 Schwarzschild R. 

1500 km Greenland 15 km1 pc

1 Mpc 10 AU Saturn Orbit

>1 Gpc 1/10 pc SN1987A

100 Mpc 1000 AU TDEs 



结论: 光干涉将高精度测量宇宙几何
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GRAVITY+: 4*8m, by 2025

Future SA observations

MROI: 10*1.4m, by 
2027
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CHARA: 12*2m, by 
2028

TMT ELT GMT
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Quasars, galaxies and cosmology

Quasars coevolve with 
galaxies 

Quasar rulers for cosmos 


