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Our ancestors, such as Cro-Magnon, always looked up at the
stars and wished to understand the mysteries of the universe,
but their view of the universe was probably quite simple: the stars
are inlaid on the inner surface of the sky, and they are very small.
However, now we know that stars and galaxies are actually extre-
mely huge, and they look small because they are too far away from
us. This indicates that the measurement of cosmological distance is
always very important in the study of the universe. Due to the
expansion of the cosmos, the stars we see are actually what they
used to be. The wavelength of light emitted from a star becomes
longer due to the expansion of the universe, which is called “red-
shift of light”. The larger the redshift, the older is the star. If we
can measure both the distances and redshifts of stars (luminous
objects), we can then establish a relationship between distance
and redshift, from which the information of cosmic expansion his-
tory can be obtained. Actually, the measurement of the expansion
history of the universe can answer the fundamental questions
about the cosmos, such as its age, geometry, composition, and so
forth.

To measure the distance at a cosmological scale, two typical
means are often used, called “standard candle” and “standard
ruler”. A type of supernovae, named type Ia supernovae (SNe Ia),
are viewed as the standard candles in the universe, and by observ-
ing them the acceleration of the cosmic expansion was discovered.
This great discovery led to the important notion that the universe
is dominated by a mysterious component, dark energy, with repul-
sive gravity. Another way of measuring distance is provided by the
standard ruler, the baryon acoustic oscillations (BAO), which is a
kind of relic imprints of primordial sound waves in the cosmic
microwave background (CMB) and the distribution of matter
(e.g., galaxies and neutral hydrogen). The standard candle and
the standard ruler measure the luminosity distance and the angu-
lar diameter distance, respectively. But, actually, the supernova
observation does not measure the absolute luminosity distances,
but the relative luminosity distances between supernovae at
different redshifts (because the true luminosity of SN Ia is not
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exactly known). To measure the absolute luminosity distances
we need to use the distance ladder provided by the observation
of nearby universe to calibrate the low-redshift distances. The
absolute distance measurements for the nearby universe are usu-
ally provided by the Cepheid observations, which can estimate
the absolute luminosities of Cepheids through measuring their
periods and then infer their absolute distances. The absolute lumi-
nosity distances of SNe Ia hosted along with Cepheids in the same
galaxies can be calibrated by the measurements for the Cepheids.
In the actual construction of a distance ladder, the independent
geometric calibrations of Cepheids are also important. For exam-
ple, the recent improved geometric distance estimates to the Large
Magellanic Cloud using detached eclipsing binaries and to the
galaxy NGC 4258 using water masers have played a crucial role
in the mission of building a distance ladder. Of course, this dis-
tance-ladder method is affected by the extinction and reddening
correction in the luminosity measurements of Cepheids and SNe
Ia, and SNe Ia observations are also influenced by the standardiza-
tion process of the Phillips relation.

The extremely precise measurements for the CMB anisotropies
by the successive three generations of satellites, COBE, WMAP, and
Planck, have pushed the studies for the cosmos into an era of “pre-
cision cosmology”. The latest Planck observation [1] has provided
precise measurements for a few cosmological parameters, such
as the densities of the components of the universe, the current
expansion rate of the universe (namely, the Hubble constant),
and the parameters related to the primordial perturbations gener-
ated from the infant universe. In particular, from a cosmological fit
to the Planck CMB observation by assuming a cosmological stan-
dard model at present, the Hubble constant can be measured to
the precision of about a few parts per thousand. The precision is
fairly high, but the problem is that the method is model-
dependent.

It should be stressed that the Hubble constant is the first cos-
mological parameter proposed by cosmologists (actually, it was
proposed by Edwin Hubble himself in the 1920s), and actually it
has been measured for about one century.

A traditional way of measuring the Hubble constant is to use the
distance ladder for measuring the nearby-universe distances order
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by order. A drawback of this method is that for every rung of the
ladder there may exist some poorly understood systematic errors.
Currently, the precision of measuring the Hubble constant has
reached about two percent, which is an amazing advancement
for this method [2].

Nevertheless, there appeared a severe situation that the results
derived from the two methods, the CMB observation that is a mea-
surement for the early universe and the distance-ladder observa-
tion that is a measurement for the late (nearby) universe, are in
great discrepancy (namely, tension). The tension between them
has reached the statistical confidence level of astonishing 4-6 stan-
dard deviations. The Hubble constant is very important for cosmol-
ogy because it is involved in all the calculations concerning
cosmological distance and time in the theoretical cosmology, and
thus precisely measuring the Hubble constant is of extreme signif-
icance. More importantly, the local measurement of the Hubble
constant provides a crucial end-to-end test for the current “stan-
dard model of cosmology”, called ACDM (lambda cold dark mat-
ter). Therefore, the “Hubble tension” has led to a severe crisis for
cosmology [3,4]. Since the current estimate of Hy, from CMB
depends on the ACDM model, if both the local and CMB measure-
ments are confirmed, this will imply that the standard ACDM
model is not correct, and that some “new physics” has to be
invoked to fix the tension on Hy.

To solve the crisis, the first step is to find a method of measuring
the nearby-universe distances that should be independent of a dis-
tance ladder and of a cosmological model. Such an independent
measurement could provide a third-party arbitration for the cur-
rent “Hubble tension”. Thanks are given to active galactic nuclei
(AGNs) and quasars for such a unique opportunity. Their spectra
are characterized by broad emission lines, which are from ionized
clouds in the so-called broad-line regions (BLR). These celestial
objects are just siting a position allowing us to conveniently mea-
sure linear (physical) and angular sizes of the BLRs of AGNs and
quasars through reverberation mapping (RM) technique and spec-
troastrometry (SA). Fortunately, a geometric way of precisely mea-
suring cosmological distances can be achieved by a joint analysis.
The first efforts have been made by a Chinese team through GRAV-
ITY/VLTI and RM campaign.

AGNs actually refer to supermassive black holes (SMBHs) in the
centers of galaxies, which are one of the brightest objects in the
universe. Understanding the physics of BLR of SMBH is helpful in
measuring the basic parameters of black holes, such as black hole
mass, linear angular scale, etc., which plays an important role in
the study of SMBHs. In the past few decades, RM has become the
main method to study the kinematics and geometry of BLR and
to measure the mass of SMBH as AGN, and great progress has been
made in this aspect. It identifies the BLRs in time domain, instead
of spatially, by monitoring spectroscopically the response of broad
emission lines to the variations of continuum fluxes.

Since 2012, through joint observations by the Bok 2.3-meter
telescope in Steward Observatory, University of Arizona, and the
Lijiang 2.4-meter telescope in Yunnan Observatory, Chinese Acad-
emy of Sciences, the RM continuous observations for more than 50
AGNs are performed and their time delays between the variations
of continuum and emission lines are also successfully measured,
providing better understandings of the super-Eddington accretion
onto black holes, the BLR physics, and their potential as a new
probe of cosmological distances. By means of SA, the terminal
instrument, GRAVITY, equipped at the Very Large Telescope Inter-
ferometer (VLTI), can achieve a spatial resolution of up to 10
microseconds in the near infrared band. It can successfully reveal
the structure, kinematics, and angular size of the BLR of the AGN
3C 273 with an unprecedentedly high spatial resolution, and it
can provide the measurements of the angular structure of BLR in

a direction perpendicular to the line of sight. RM observations pro-
vide the physical linear sizes of BLRs, and thus a joint analysis of SA
and RM observations of AGNs can directly measure absolute angu-
lar diameter distances (D, ). This measurement method is a purely
geometrical measurement without any physical assumptions, thus
it does not rely on any existing distance ladders, nor on the correc-
tions to light extinction, reddening and standardization necessary
for traditional tools. As it measures the angular diameter distance
to AGN directly, this method can avoid some of uncertainties that
inhabited in the traditional distance measurement ways reason-
ably and systematically.

With this idea, recently, writing in Nature Astronomy, Wang
et al. [5] reported a direct measurement on the absolute Dj of
AGN 3C 273, the first quasar discovered at the redshift of 0.158,
and gave its cosmological indication for Ho. The result is very
meaningful for cosmology, as it is totally different from the local
distance-ladder measurement in that it does not rely on the
order-by-order measurements of local distances, avoiding the
cumulated systematics caused by the local distance ladder. Of
course, in the method, it is no need to assume a cosmological
model. Therefore, it is an independent distance measurement.

Measuring Dy with SMBH, such a research has proposed a new
way for measuring the cosmic distance and provided a new, inde-
pendent measurement for the Hubble constant. Due to the limita-

tion of only one event being observed, the measurement value of

H, given from the observation of 3C 273 is 71.57]02 km s~ Mpc ™},

and one can see that the current uncertainty is about 15%. How-
ever, it is worth noting that the quasars like 3C 273 are not unique
in the universe, and according to the current observational ability
of GRAVITY, its observational sample is going to increase. There-
fore, the cooperative observation of GRAVITY-RM is expected to
further improve the measurement accuracy of Hy in the forthcom-
ing years, providing independent and accurate measurement of Hy
to help solve the “Hy crisis”. It should be noted that there is a pro-
ject in progress to make measurements for 50 AGNs, for which the
measurements in the redshift range of 0.5 <z < 2 will be a big
challenge, because the relevant RM observation needs longer time
due to the time dilation effect of (1 +z) and the mid-scale tele-
scope with a 4-5 m aperture is also needed.

In fact, recently, some other promising new cosmological
probes have been discussed. For example, in the circumstance of
the first ever image of the supermassive black hole M87* being
recently captured by the Event Horizon Telescope, the possibility
of using the shadows of supermassive black holes as a new stan-
dard ruler in the study of cosmology has been recently discussed
and investigated [6,7]. In addition, the multi-messenger observa-
tions for the event of binary neutron star merger (GW170817) have
shown that the future gravitational wave (GW) observations would
play a crucial role in the study of cosmology. In the multi-messen-
ger observations involving the observation of GWs, the sources of
GWs in this type of observations are also called cosmological
“standard sirens”, by which a true distance-redshift relation can
be established. Since the waveform of GW encodes the information
of absolute luminosity distance, the GW observations can provide
an absolute distance measurement without using the local dis-
tance ladder. The analysis for GW170817 as a standard siren gave
an independent measurement of the Hubble constant, with the
precision of about 15% [8], and a further forecasting analysis has
shown that about 50 similar standard sirens can achieve about
2% measurement for the Hubble constant, similar to the precision
of the current distance-ladder result, which will be realized in
the near future [9]. Therefore, the future GW standard siren obser-
vations from the third-generation ground-based detectors, e.g.,
Einstein Telescope and Cosmic Explorer, and the space-based
detectors, e.g., LISA, Taiji, and TianQin, will definitely become a
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new powerful cosmological probe (see Ref. [10] for a brief review). [7] Qi JZ, Zhang X. A new cosmological probe using supermassive black hole
It is expected that these new distance measurement methods shadows. Chin Phys C 2020;44:055105.

. . . [8] Abbott BP, Abbott R, Abbott TD, et al. A gravitational-wave standard siren
would play important roles in helping answer fundamental ques- measurement of the Hubble constant. Nature 2017;551:85.
tions in cosmology in the future.

[9] Chen HY, Fishbach M, Holz DE. A two per cent Hubble constant measurement
from standard sirens within five years. Nature 2018;562:545.
[10] Zhang X. Gravitational wave standard sirens and cosmological parameter
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