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Abstract
Advancements in the black hole shadow observations may allow us not
only to investigate physics in the strong gravity regime, but also to use them
in cosmological studies. In this paper, we propose to use the shadow of
supermassive black holes as a standard ruler for cosmological applications
assuming the black hole mass can be determined independently. First,
observations at low redshift distances can be used to constrain the Hubble
constant independently. Secondly, the angular size of shadows of high redshift
black holes is increased due to cosmic expansion and may also be reachable
with future observations. This would allow us to probe the cosmic expansion
history for the redshift range elusive to other distance measurements.
Additionally, shadow can be used to estimate the mass of black holes at high
redshift, assuming that cosmology is known.
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1. Introduction

Most galaxies harbour central supermassive black holes. The amazing shadow obtained for
the central black hole of M87 has opened up ways to probe strong gravity regimes with high
precision [1-43]. The shadow of a black hole results from its strong gravitational light bend-
ing and the capture of light rays by its event horizon. The current M87 observations have
utilized eight world-wide telescopes to form a very long base line interferometry array, reach-
ing an angular resolution of ~25 microarcsec at the wavelength 1.3 mm. Going to shorter
wavelength, adding new telescopes in the network, or building space-based interferometry in
the future can further increase the angular resolution [44—49]. This would potentially allow
us to observe black hole shadows at cosmological distances, thus making their cosmological
applications possible.

The ACDM cosmological model shows a high level of agreement with most of the avail-
able observations. Nevertheless, with the increase of observational precision, inconsistencies
emerge for some cosmological parameters measured from different observations. For exam-
ple, there is a ~4.40 tension between the local measurement of the Hubble constant employ-
ing standardizable candles and that derived from Planck cosmic microwave background
radiation observations [50, 51]. Such a tension may ask for physics beyond the ACDM model.
To solidify the observed tensions, independent cosmological probes are highly desired. In
recent studies by Freedman et al [52], they based on a calibration of the Tip of the Red Giant
Branch applied to the Type Ia supernovae to determine the distance scale. The derived Hubble
constant Hy = 69.8 & 0.8(stat) + 1.7(sys) kms™' Mpc ™", in between the Planck result and
that from Cepheid calibrations.

The tremendous advancements in gravitational wave detections and the black hole shadow
observation allow us not only to investigate physics in the strong gravity regime, but also
to use them in cosmological studies. Many years ago, long before direct detection of gravi-
tational waves, Schutz proposed using sources of gravitational waves as standard sirens in
cosmology [53]. Subsequently, this was discussed by Holz and Hughes [54]. Shortly after the
detection of GW 170817 from the merger of a binary neutron-star system, measurements of
the Hubble constant were carried out using the gravitational wave signals as a standard siren
and the redshift from its identified host galaxy taking into account the peculiar motion [55].

In this paper, we propose to use the shadow of supermassive black holes as a standard ruler
for cosmological applications. This means that, with a known mass of a black hole, its shadow
has a known physical size. With the measured angular size, it can be used to measure the dis-
tance. To the best of our knowledge, it is the first suggestion of use the shadow in cosmological
studies. Considering the angular size of the shadows, two redshift regimes can be interesting.
At low redshift with z < 0.1, the expected angular size is at the level of ~1 pas or larger for
black holes with mass > 10°M". Such low redshift distances can be used to constrain the
Hubble constant independently. At high redshift with z > a few, the shadow size is increased
by the cosmic expansion and may also be reachable with future observations [57]. This would
allow us to probe the cosmic expansion history for the redshift range elusive to other distance
measurements. Vice versa, shadow can be used to estimate the mass of black holes at high
redshift, assuming that cosmology is known. Such method could provide better accuracy in
comparison with conventional estimates.

" Note also the recent paper of Mehrgan et al [56] where the discovery of supermassive black hole with the mass of
(4.0 £ 0.80) x 10'°M is reported.
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2. Calculation of the shadow size in expanding universe

To use the shadow of supermassive black hole as a tool for cosmology, we need to understand
how the angular size of a shadow depends on its cosmological distance to the observer. In fact,
calculating the angular size of a black hole shadow in an expanding universe is not trivial. The
main reason is that the trajectories of light rays all the way to the observer are determined
simultaneously by the action of the gravity of the black hole and cosmological expansion.
This makes it difficult to proceed analytically, and exact analytical solution (valid for arbitrary
position of observer, black hole mass and expansion model) is still not found, see discussion
in [57].

So far, exact analytical solution for the angular size of the shadow is found only in the
particular case of black hole in de Sitter model with the cosmic expansion driven by the cos-
mological constant. To model Schwarzschild black hole embedded in a de Sitter universe,
Kottler (also known as the Schwarzschild-de Sitter) spacetime can be used. Angular size of the
shadow as seen by static observer was calculated in paper of Stuchlik and Hledik [59], see also
[60, 61] for other types of observers. The first calculation of the shadow angular size as seen
by observer comoving with cosmic expansion has been performed by Perlick ef al [58]. For
influence of A-term on other effects connected with light deflection see, for example [63-67].

For general case of black hole shadow in expanding Friedmann universe with matter, radia-
tion and Lambda term, one can use the Einstein—Straus model [68—74] and McVittie metric
[75-79], see also papers [80-88]. Fully analytical calculation of shadow is not trivial in these
models (see discussion in [57]), and the exact analytical solution for the size of the shadow in
the general case has not yet been found. Numerical calculation of shadow size using McVittie
metric has been performed in [57].

There is a well-known effect of increase of apparent angular size of the object if observed
by comoving observer in expanding universe [§9-92]. In modern literature, it is described
in terms of so called angular size redshift relation which relates an apparent angular size of
the object of given physical size and its redshift, see, for example [93-95]. Since formula for
angular size redshift relation does not take into account the gravity of black hole, it is not
possible to use it for exact calculation of shadow with arbitrary position of observer. Indeed,
it is assumed that there is a real object with given physical size, and the light rays emitted (or
reflected) from the surface of this object propagate through expanding universe all the time, so
light propagation is determined by expansion only. However, in the case of black hole shadow
formation, light rays propagate through the space-time with a black hole, and the black hole
gravity influences their propagation in addition to cosmic expansion. Near the black hole, light
rays are strongly affected by its gravity, and a tiny change of parameters can drastically change
the photon trajectory, from flyby travelling to capture.

Angular size redshift relation can help to calculate the shadow approximately [57]. In real-
istic situations, we have the following two conditions: the observer is very far from the black
hole, at distances much larger than its horizon; the expansion is slow enough and is significant
only at very large scales. Under these conditions, we can neglect the influence of the expan-
sion on light ray motion near the black hole, and the effect of the black hole gravity during a
long light travel to the distant observer. Therefore we can calculate the shadow in the follow-
ing way: we first find an ‘effective’ linear size of the shadow near the black hole and then sub-
stitute it into angular size redshift relation. It has been shown in the paper of Bisnovatyi-Kogan
and Tsupko [57] that this approach serves as a good approximate solution for the shadow
size in the general case of expanding FRW universe. The validity of the approximation was
checked by comparison with exact analytical solution for de Sitter case and with exact numer-
ical calculation in McVittie metric.
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Because the (physical) angular diameter distance decreases at redshift z 2 1 in the ACDM
model, we expect an increase of the angular size of a shadow at high redshift. At z ~ 10, for
a black hole with a comparable mass as that of M87, its shadow size is only about one magni-
tude smaller than that of M87.

3. Cosmology from the shadow angular size

The above studies lay a theoretical foundation for using the physical size of a shadow as a
standard ruler to measure the cosmological distance. For that, we need independent measure-
ments on the black hole mass. Then with the observed angular size of the shadow, we can
derive the angular diameter distance to the black hole.

By definition, the angular diameter distance is:

L
AG°
where L is the proper diameter of the object, and Af is the observed angular diameter. This
distance is cosmology dependent. In the flat ACDM model, it can be written as

Dy = ey

Da(z) = mlnt@% 2
where
Int(z) = / (Qo(1+2)° + Quo(1+2)* + Qp) iz, 3)
0

where H is the present value of the Hubble parameter H(z), and €20, 2,0, Qa0 are the present
dimensionless density parameters for matter, radiation and dark energy, respectively.

If for some objects we are able to measure z and D, independently, we can extract the
cosmological parameters from such kind of observations. In [57] it has been shown that the
angular size of a black hole shadow in the expanding universe can be calculated with a high
accuracy as®

3v3m
an(e) = 5 05 4)
Here oy, is the angular radius of the shadow, m = GM/c? is mass parameter, with M being the
black hole mass.

The effective physical size of a shadow is 3v/3m, which depends only on the black hole
mass. If the mass can be determined independently, this physical size can serve as a standard
ruler. With the observed angular size ag,, we can then measure the angular diameter distance
to the black hole. In figure 1, we show the ay, — z relation for different black hole masses.
The horizontal lines indicate the positions of agy, = 1 pas and 0.1 pas, respectively. From it,
we can find two interesting regimes.

8 Well-known formula o = L/D,(z) for apparent angular size o of object of known physical size L is written for
the case when an influence of central gravitating object on light rays propagation is negligible. In case of BH, its
gravitation significantly affects the motion of light rays near BH, and formula (4) provides only approximate solu-
tion for angular size of the shadow. It is valid in approximations that observer is far from BH and that the cosmic
expansion is negligible near BH. These conditions are justified for all the observed cosmological objects. In such
approximations, additional influence of BH gravity on light propagation in expanding universe can be reduced only
to use the effective linear size (radius) of the object (3v/3m) instead of real one (2m). Validity of this approximate
formula is proven in our previous paper [57].
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(1) Nearby galaxies, z < 0.1. For supermassive black holes in nearby galaxies, their shadow
radius can be larger than 1 pas if their mass is above 10°M. The observed radius for
MS87 is indicated by the red circle in figure 1. If we can observe the shadow for a sample
of nearby galaxies (illustrated by the orange circles) with independently measured black
hole mass, we can then obtain their angular diameter distances to constrain the Hubble
constant.

For small z we have D4 (z) ~ c¢z/Hp, and we obtain:

ow(z) = 3v3m 2 L 5)
Cc Z

Therefore the Hubble constant can be found as

Hy = T = ez (6)
Dy 3v3m

It should be emphasized that to find the Hubble constant, it is not enough to measure
the size of only one shadow with a known mass and redshift. The reason is that nearby
galaxies experience not only cosmological expansion, but also have their own peculiar
velocities, which can make a significant contribution to the redshift. To measure a sample
of nearby galaxies at different environments can help mitigate the influence of the pecu-
liar velocities on the Hj estimate. Only in the case that the peculiar motion of a particular
galaxy can be well measured, it is possible to remove its effect, and thus to estimate the
H, from a single event (e.g. [55]).

(2) At large cosmological distances, we can find the angular diameter distance by indepen-
dently measuring the black hole mass and the angular radius of its shadow:

D, = 3Y3m %)

Qsh

Peculiar velocities are negligible in comparison with cosmological expansion velocities
for high redshifts. If we can also measure the redshift, we can get the dependence of
angular diameter distance on redshift, D4(z), and thus probe the cosmic expansion history
at high redshifts.

We note that size of 3v/3m is derived in the ideal situation when shadow is observed against
the background of light sources behind the BH. In the case of accretion flow near BH, the
situation is more complicated, and the size of bright ring may be slightly larger, depend-
ing on emission profile. In addition, there may be photons from light sources between the
observer and the BH that reach the observer and give images of these sources inside the
shadow, although they were not affected by the black hole. In this situation, the value 3v/3m
can be considered only as a starting point of investigation. Also, in this paper we have consid-
ered only Schwarzschild black hole, whereas the presence of spin may also slightly affect the
shadow size, together with deformation of the shadow shape, see, e.g. [96]. Accurate numer-
ical modelling is required for every individual BH to obtain an exact relation between its mass
and the effective linear size of the bright emission ring, as it was done for BH in M87 [44—49].
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Figure 1. Using of black hole shadow as a standard ruler in cosmology. Five black
curves show predicted angular radius ag, of black hole shadow for supermassive black
holes with masses 10°, 107, 10%, 10° and 10'" M, (from the bottom to the top) as a
function of redshift z. They are calculated by formula (4), for cosmological parameters
Hy = 70(kms~ Y Mpc~!,Q,,0 = 0.3,240 = 0.7.Dashed lines show the value oy, = 1 pias
(blue) and ay, = 0.1 pas (violet). Orange rings used as a shadow symbol are drawn
conditionally, they show in which areas of the parameters to observe to use the
method. Observations at small redshifts (left part of figure) with current or one order
of magnitude better accuracy could provide a possibility to obtain the Hubble constant.
Parameters of black hole in M87, namely z = 0.00428 [62] and «, ~ 21 pas (diameter
equals to 42 pas [44]), are shown by red ring. Current measurements of the angular size
of the shadow along with an independently known distance allowed to obtain the black
hole mass in M87 [44, 49]. Observations at high redshifts (right part of figure) with
better sensitivity could provide us a possibility to study cosmology by measurement the
function D4(z), or to estimate the black hole mass, assuming that cosmology is known.

4. Observational prospects

The accuracy of using the black hole shadow as a standard ruler is determined by the accuracy
of g, measurements, and the independent black hole mass estimations.

The observed shadow size of M87 has reached an accuracy of about 10% with the angular
diameter of 42 & 3 pas [44]. As shown in figure 1, the expected shadow radius is larger than
1 pas up to z ~ 0.1 for black holes with mass above 10° M, To realize such measurements,
improvements in the shadow observations are necessary to increase the angular resolution at
the level of about one order of magnitude comparing to the current observations. It should
be reachable by including multiple space-based telescopes into the ground VLBI array [97].
High angular resolution in millimeter wavelengths can be achieved by planned space observa-
tory Millimetron [98]. In the high redshift regime, an angular resolution of about 0.1 pas is
demanded. This can be extremely challenging. As mentioned in [42], the VLBI technology in
optical bands is needed, which can increase the resolution by orders of magnitude due to the
shorter wavelengths employed.
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For the mass determination of supermassive black holes, there are different ways. The
direct methods are based on stellar or gas dynamics near black holes, which have been
applied to very nearby ones. For example, see mass estimates for Sgr A* [99, 100] and M87
[101, 102]. The precision is at the level of about 10% without considering the possible large
bias between different observations.

Maser observations provide another dynamic approach to determine the central BH mass
[103—-108]. The megamaser cosmology project (MCP) [105, 106] has conducted maser obser-
vations for a number of galaxies with redshift up to z ~ 0.05, well into the Hubble flow.
They can observe not only rotation velocities of masers in the disk near the BH, but also their
accelerations by long term monitoring. Thus they can estimate the BH mass independent of
the distance to the galaxies. The precision for BH mass estimate can reach a few percent. It
is noted that with both the velocity and the acceleration information, the linear size of the
disk, and thus the angular diameter distance to the galaxies can be determined. This allows an
independent measurement of the Hubble constant [106, 109, 110].

We note that to dynamically estimate the BH mass, the distance D to the galaxies is always
involved. However, for different observables, the degeneracy between the BH mass and the
distance can be different. Considering the Keplerian motion of stars or gas clouds, the velocity
measurement leads to M oc D. With the period measurement from astrometric observations,
we have M oc D?. Their combination can give rise to a different degeneracy of M oc D'. In
Gillessen et al [100], they show ¢ >~ 2.19 for Milky Way BH mass measurement by monitor-
ing the stellar orbits near the BH. In this case, if adding the shadow observations, we have
the relation of equation (4) with M oc D. Thus the combination of the shadow data and the
stellar motion data can help to break the degeneracy between M and D, and the two quantities
can be determined simultaneously. For maser observations, although they can determine the
mass and distance separately already, the shadow data can potentially provide an independent
observable. The combination of them can expectedly lead to better determination of both the
BH mass and the distance D.

For higher redshifts, reverberation mapping (RM) method [111-114] can be used, which is
another way to determine the mass of black holes dynamically. At the current stage, for RM
measurements, the systematic uncertainties of the virial factor can be as large as about 0.3
dex, with its value primarily depending on the bulge properties of AGN host galaxies [115].
Other systematics can also contribute to about a factor of a few to the black hole mass estimate
[116]. Other indirect methods use correlations between observables and the black hole mass
[117-122]. Except the very direct dynamic measurements, the uncertainties for the black hole
mass estimate from other methods are still large at the current stage. With better observations
and theoretical understandings, this situation can change and the black hole mass can be better
determined. In a recent study by Wang et al [123], they combine the data from GRAVITY and
the reverberation mapping for the AGN broad-line region of 3C 273 to derive simultaneously
the BH mass and the distance. Their mass estimate precision is ~50%. Such analyses depend
on the model of the AGN broad-line region. Adding the shadow data, if achievable, can poten-
tially suppress the influence of systematics involved in the model assumption, thus help the
determinations of M and D.

At very high redshifts, quasar searches and black hole mass estimates have been done
extensively. For example, in paper [124], they reported a quasar at z = 7.085, and estimated
its mass is M = (2.0753) x 10°M,. In [125], they detected a quasar at z = 7.5, and the cen-
tral black hole is estimated to have the mass of 7.81‘?:3 x 108M,. Although the mass esti-
mates have large uncertainties, it has been shown that supermassive black holes with mass
of 10’~°M, already existed at high redshifts. Thus the shadow observations are in principle
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doable although with great challenges. If the independent black hole mass measurements can
be improved, the shadow can be used to probe the cosmic expansion history at very high red-
shifts. Alternatively, with known cosmology, the shadow observations provide an independent
way to estimate the black hole mass at high redshifts. This can help us to understand better the
physics of supermassive black holes [126, 127].

Admittedly, the method proposed here to use the shadow as a standard ruler is still far from
reachable in the near future. Both the shadow observations and the BH mass determinations
are very challenging. However, with the fast observational developments, we foresee that the
shadow observations can not only provide us knowledge to understand better the BH physics,
but also shine light on cosmology in the future.

5. Concluding remarks

We have shown that the shadow of a black hole can be used as a standard ruler in cosmology.
Two redshift regimes can be interesting considering the redshift dependence of the angu-
lar size of the shadow. Shadows of low redshift black holes can be used to constrain the
Hubble constant. One order of magnitude better angular resolution would be enough to do
that. Shadows of high redshift black holes, with the angular size increased by cosmic expan-
sion, would allow us to probe the cosmic expansion history via independent determination of
the angular diameter distance. Additionally, shadows can be used to estimate the mass of black
holes at high redshift if the cosmology is known accurately. We emphasize that, unlike known
methods where statistical analysis is needed (BAO), our method makes it possible to use an
individual object as a standard ruler.
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