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Black holes up close

Ramesh Narayan1,2 ✉ & Eliot Quataert3

Recent developments have ushered in a new era in the field of black-hole astrophysics, 
providing a direct view of the remarkable environment near black-hole event 
horizons. These observations have enabled astronomers to confirm long-standing 
ideas on the physics of gas flowing into black holes with temperatures that are 
hundreds of times greater than at the centre of the Sun. At the same time, the 
observations have conclusively shown that light rays near a black hole experience 
large deflections that cause a dark shadow in the centre of the image, an effect 
predicted by Einstein’s theory of general relativity. With further investment, this field 
is poised to deliver decades of advances in our understanding of gravity and black 
holes through stringent tests of general relativity, as well as insights into the role of 
black holes as the central engines powering a wide range of astronomical phenomena.

Einstein’s theory of general relativity (GR) radically altered our under-
standing of the nature of space and time. In GR, space and time are 
dynamical quantities, leading to the existence of gravitational waves 
and the expanding Universe. But perhaps most remarkably, GR predicts 
a fundamentally new type of object, the black hole (BH). Unlike nor-
mal stars and planets that have surfaces, BHs in GR are defined by the 
presence of an event horizon, a region within which gravity is so strong 
that nothing can escape1–3. (There were Newtonian physics-based pre-
dictions of BH-like objects in the late 1700s by Michell4 and Laplace5, 
but their prescient ideas were too far ahead of the times and were not 
subsequently developed).

Although BHs (much like gravitational waves) were initially regarded 
as mathematical curiosities or even artefacts, starting in the 1960s BHs 
became a focus of research in both physics and astronomy6,7.

In physics, BHs have played a central role in the theoretical quest 
for a quantum theory of gravity, in part because GR predicts its own 
failure in the interior of BHs: all of the matter out of which the BH is 
made collapses to a singularity of infinite density where the equations 
of GR break down. (Roger Penrose received a share of the 2020 Nobel 
Prize in Physics for his seminal paper8 showing that such singularities 
generically form during gravitational collapse). There are also major 
theoretical puzzles in reconciling quantum mechanics and GR. The 
most traction in elucidating this tension has occurred in the context of 
understanding Hawking’s famous prediction9 that in quantum mechan-
ics BHs should actually produce a small amount of radiation (which, we 
note, is completely unobservable for any BH that has been discovered).

In astronomy, a 60-year quest has led to the amazing realization that 
BHs are not only real but also commonplace. There are tens of millions 
of stellar-mass BHs per galaxy: a few of these happen to shine as bright 
X-ray sources, and gravitational-wave measurements have detected 
dozens of mergers of stellar-mass BHs. In addition, right at the centre 
of each galaxy, there is usually a supermassive BH with a mass of about 
105–1010 M⊙ (where M⊙ ≈ 1.99 × 1033 g is the mass of the Sun).

Since the earliest discovery of BHs as quasars (enigmatic radio 
and optical sources at the centres of galaxies10,11), the quest was on to 
directly see the environment near the event horizon. In the most oppor-
tune cases, theorists predicted that such images would be dramatic12,13: a 

deficit of radiation from near the event horizon due to the strong bend-
ing of light by the BH’s gravity, together with asymmetries in the image 
because half the radiating matter near the BH would be moving towards 
us (and thus appear brighter due to the special relativistic Doppler 
shift) and half would be moving away from us (and thus appear fainter). 
As shown in Fig. 1, those predictions have now been confirmed14,15. In 
particular, seeing the dark ‘shadow’ at the centre of the image and the 
ring of emission around it is a remarkable achievement that shows 
that our GR-inspired understanding of BHs is fundamentally correct.

Making these images was, however, extraordinarily challenging: it 
required a telescope with a thousand times better angular resolution 
than the James Webb Space Telescope and was akin to taking a picture 
of a tennis ball on the Moon using a camera on Earth. Many decades of 
theoretical, telescope and software development led to these remark-
able results. We now provide additional context for understanding 
event-horizon-scale physics, what observations have been made so 
far and what the future may hold.

Black-hole accretion and gravity
This Perspective focuses primarily on two of the most well studied 
supermassive BHs: the 4 × 106-M⊙ BH, called Sagittarius A* (Sgr A*), at 
the centre of our own Galaxy16–20, and the approximately 6 × 109-M⊙ BH, 
called M87* (ref. 21), at the centre of the galaxy M87. The case for Sgr A* 
being a BH, based on measurements of the orbits of surrounding stars, is 
beyond a reasonable doubt; Reinhard Genzel and Andrea Ghez received 
a share of the 2020 Nobel Prize in Physics for this work. Observations 
of stars orbiting Sgr A* have also provided new tests of GR22–25. For our 
purposes here, Sgr A* and M87* are important primarily because they 
are nearby by astronomical standards, enabling particularly detailed 
studies (Fig. 1). (Although M87* is about 2,000 times farther away than 
Sgr A*, the event horizons of the two BHs subtend similar angles on the 
sky because of the much larger BH mass in M87*).

The most widely used technique to study BHs is seemingly para-
doxical: contrary to their name, BHs are the central engines for some 
of the brightest and most unusual sources of radiation in the Universe. 
Astronomers use this radiation to study in detail these fascinating 
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objects. The radiation is produced by gas (outside the event horizon) 
that is spiralling into the BH via an accretion disk. Accretion converts 
gravitational potential energy into heat, which in turn can be converted 
into radiation and outflows of gas; BHs power the most spectacular 
observational sources via accretion because they have the strongest 
gravity of any object in the Universe. Indeed, the energy liberated by 
gas falling into supermassive BHs at the centres of galaxies can be so 
large that it strongly influences the formation of the host galaxy in 
which the BH resides26. BHs have thus become a central ingredient in 
our understanding of how the Universe evolved from the simplicity of 
the Big Bang to the dizzying variety of stars, planets and galaxies we see 
today27–29. The birth and growth of supermassive BHs in the first billion 
years after the Big Bang remains a major puzzle; new observational 
facilities, such as the James Webb Space Telescope, are likely to shed 
light on this longstanding problem.

Accretion disks around BHs are a major focus of research in astron-
omy. They involve rich physics including a complicated interplay of 
relativity, gravity, plasma physics, hydrodynamics, and electricity and 
magnetism. BH accretion disks, and their associated mass ejections in 
the form of relativistic jets, emit radiation across the entire electro-
magnetic spectrum, from radiowaves to gamma-rays, and are likely 
sources of high-energy neutrinos and cosmic rays. Much of the radia-
tion we observe originates close to the event horizon, where most of 
the gravitational potential energy of the inflowing matter is released. 
As a result, accretion disks around BHs are also one of our best tools 
for studying physics in strong gravity, where manifestations of GR are 
expected to be most prominent.

Gas pulled in by a supermassive BH will typically carry substantial 
angular momentum (that is, a sense of rotation), which will prevent the 
gas from falling directly into the hole. However, magnetic-field lines 
embedded in the plasma can transfer angular momentum between 
fluid parcels. This enables gas to lose angular momentum and to spiral 
in towards the centere via an accretion disk30. A large fraction of the 
gravitational potential energy released by accretion is converted to 
heat (this is inevitable because of the ‘friction’ associated with angular 
momentum transfer), and thence to the radiation we observe (this last 
step is more tricky than one might think).

In a luminous system like a quasar, the conversion of heat to radiation 
is straightforward. As gas flows in, at each radius it self-consistently 
heats up to just the temperature needed to radiate away the added 
heat. As the gas approaches the BH, it reaches a temperature of about 
105 K for a supermassive BH and of about 107 K for a stellar-mass BH. 
The former temperature leads to radiation primarily in the optical and 
ultraviolet bands, just like we observe in quasars, and the latter gives 

X-rays, as in the brightest stellar-mass BHs. In this ‘standard’ disk 
model31,32, the radiation emitted at each radius is roughly of blackbody 
form, and the total luminosity of the accretion disk is about Ṁc0.1 2, 
where Ṁ is the mass accretion rate (grams per second) into the BH and 
c is the speed of light. The net result is that about 10% of the rest mass 
energy of the accreting gas is converted to radiation, which makes such 
an accretion disk far more efficient than the best nuclear power sources 
we have on Earth (about 0.1% conversion for a fission reactor and, 
theoretically, about 1% for a maximally efficient fusion reactor).

Hot accretion
In astrophysics, an important property associated with an object of 
mass M is its Eddington luminosity, LEdd = 1038(M/M⊙) erg s−1. This is the 
limiting luminosity at which the outwards push on a parcel of ionized 
gas by radiation just balances the inwards pull of gravity. The quasars 
and X-ray-bright BHs mentioned earlier have luminosities between a 
few per cent and 100% of LEdd.

Already in the 1970s it was clear that something strange happens 
with BH accretion when the luminosity falls below about 1% of LEdd. 
Stellar-mass BHs no longer radiate like 107-K blackbodies, but instead 
have much hotter gas with a temperature T ≈ 109 K (ref. 33). Supermassive 
BHs similarly change in character. They become unusually dim relative 
to the mass available for accretion34, and they do not radiate like 105-K 
blackbodies35. Notably, Sgr A* produces hardly any radiation in any of 
the expected bands for a standard disk36,37; it is extremely dim, but at 
the same time appears to have gas at T ≈ 1010 K (refs. 38,39). The problem 
was determining how an accretion disk can be hugely hotter than a 
standard disk and yet have a lower (sometimes far lower) luminosity. 
The solution to this problem lay in the identification of a very different 
mode of accretion called ‘hot accretion’40.

The initial breakthrough came with the recognition that it is possi-
ble to have a hot accretion model if the accreting material consists of 
a two-temperature plasma, a gas in which electrons are much cooler 
than ions (here ‘ion’ refers to the ionized nucleus of an atom, in prac-
tice, mostly ionized hydrogen, that is, protons). A two-temperature 
model of accretion was first developed in a seminal 1976 paper by 
Shapiro et al.41. In this model, as ions are too massive to radiate, they 
retain most of their viscous heat, reaching temperatures close to the 
virial temperature, T ≈ 1012 K near the BH. The pressure associated with 
this large ion temperature maintains the gas in a tenuous low-density 
state. The low density in turn ensures that thermal coupling between 
ions and electrons via Coulomb collisions (the electric force) is weak, 
thus allowing the plasma to retain its two-temperature character. The 
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Fig. 1 | Event Horizon Telescope images of two supermassive BHs. a, Image 
of M87*. The colour scale corresponds to the ‘brightness temperature’ of the 
observed radiation and the tick marks indicate the orientation of linear 
polarization. b, Image of Sgr A*. Both images show a dark central region, called 

the ‘shadow’ of the BH, and an asymmetric ring of emission around it. Credit:  
D. Palumbo, adapted from published EHT results: ref. 91 under a Creative 
Commons licence CC BY 3.0; and refs. 92,93under a Creative Commons licence 
CC BY 4.0.
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electrons meanwhile radiate the energy they receive directly through 
viscous heat or by Coulomb collisions with the ions; the latter isn’t much 
because of the low density. The low density also makes the gas relatively 
transparent to its own radiation, and this allows the system to avoid 
radiating like a blackbody. Overall, the model appears to be just what 
is needed to explain Sgr A*, M87* and a host of other low-luminosity 
BHs. Unfortunately, it has a fatal flaw: it is thermally unstable42,43, which 
means that the system cannot survive for any length of time.

The next crucial breakthrough came with the recognition that there 
are in fact two different two-temperature hot accretion solutions, one 
being the above thermally unstable model and a second that is stable. 
The existence of two distinct hot solutions was first recognized by 
Ichimaru in a forgotten 1977 paper44, with related ideas in later work45; 
it was then rediscovered in the 1990s46–48 and developed in detail. The 
stable second solution underlies most current models of hot accre-
tion40,49. One of its features is that the net radiative luminosity of the 
accretion disk is less than, often much less than, Ṁc0.1 2. These hot 
accretion solutions are thus described as being radiatively inefficient.

The first object for which a quantitative hot accretion model was 
developed was Sgr A* (ref. 50). This early model predicted ion and elec-
tron temperatures near the BH of Ti ≈ 1012 K and Te ≈ (1.1 − 1.3) × 1010 K, 
respectively, and a very low radiative efficiency, ̇L Mc/ ≈ 0.00042 . A 
year later, a similar model was developed for M87* (ref.  51), with 
Te ≈ 2 × 109 K and radiative efficiency of about 0.001. In the years since, 
the hot accretion model has been the mainstay of this field, not only 
for Sgr A* and M87* but also for all low-luminosity supermassive and 
stellar-mass BHs (which are by far the dominant class of accreting BHs 
in the Universe)35,40.

Although the hot accretion model is consistent with available obser-
vations, we should bear in mind that it is not necessarily correct. The 
model requires the key assumption of a two-temperature plasma, with 
outrageously hot ion and electron temperatures, hundreds of times 
hotter than the centre of the Sun in the case of electrons and yet another 
factor of hundred hotter for ions. Magnetized plasmas are known to 
have numerous microscopic instabilities, many with rapid growth rates. 
It is hard to believe that none of these instabilities is able to tap into 
the free energy associated with the vastly different ion and electron 
temperatures and drive the plasma to a single temperature. If even 
one instability were to succeed in equilibrating the ion and electron 
temperatures, a key foundation of the hot accretion scenario would 
collapse, and the entire model would cease to be viable. As we describe 
in the next section, recent observations have provided further support 
for the two-temperature hot accretion model and have allayed some 
of the doubts.

Inward bound
Two observational developments have provided a close-up view of the 
near-horizon environment of Sgr A* and M87*. The first is the continued 
progress of long-baseline interferometry, in the incarnation of the Event 
Horizon Telescope (EHT)14. The EHT is a set of radio telescopes spread 
across the Earth that can operate as a single instrument by collecting 
and storing the full electric-field information of the radiation as it hits 
the telescopes. This technique, interferometry52, allows the resulting 
array of telescopes to obtain an angular resolution of λ/D, where λ is 
the wavelength of the radiation and D is the distance between pairs of 
telescopes. Fortuitously, for D comparable to the diameter of the Earth 
and λ ≈ 1 mm (the shortest radio wavelength where Earth’s atmosphere 
does not inhibit such observations), the resulting angular resolution is 
just sufficient to see event-horizon-scale structure in M87* and Sgr A*. 
Equally fortuitously, M87* and Sgr A* emit copious radiation at mil-
limetre wavelengths so the sources are conveniently bright at just the 
wavelength where horizon-scale observations can be made. Finally, 
if these objects possess the kind of hot accretion flow suggested by 
models, then the gas would be relatively transparent at λ ≈ 1 mm, which 

means that we can look all the way down to the BH horizon without any 
obscuration by the accreting gas.

The second key observational development is the GRAVITY inter-
ferometer, in which the European Southern Observatory’s four 8-m 
Very Large Telescopes (VLTs) operate as an interferometer, creating 
images with ten-times-higher angular resolution than any single VLT 
alone could produce53. GRAVITY observes in the infrared at λ = 2 μm 
and has made spectacular contributions to our understanding of the 
Galactic Centre, including precise measurements of the BH mass and 
confirmation of GR via the precession of the orbit of the star S2 around 
the BH25. Unlike the EHT, the GRAVITY interferometer cannot directly 
resolve event-horizon-scale structure. Instead, however, it measures 
the position of the centre of light to an accuracy comparable to that 
of the size of the event horizon.

Figure 1 shows the EHT images of M87* and Sgr A*. The general fea-
tures of these images are remarkably consistent with theoretical pre-
dictions made well before the observations: a deficit of light at small 
radii in the shadow region of the image13, surrounded by a somewhat 
asymmetric bright ring of emission. Two primary constraints need to 
be satisfied to explain the EHT results. The first is that the radiation 
from the accreting gas must be produced within a region at most a 
factor of a few larger in size than the event horizon. In this case, the 
combined effects of the gravitational bending of light, which produces 
the shadow, and Doppler shifts due to the high speed of the gas, which 
produces the asymmetry in the ring, robustly produce images like 
those observed. The second constraint is that to explain the relatively 
modest azimuthal asymmetry around the ring, we must be viewing the 
rotating gas somewhat face-on, so that most of its orbital motion is not 
directed towards the observer at Earth. This is not surprising for M87*, 
in which there is independent evidence for such a viewing angle54. For 
Sgr A*, however, the implication is that the gas flowing into the BH has 
a sense of rotation that is somewhat orthogonal to that of the Galaxy as 
a whole. Earlier, the GRAVITY interferometer had provided evidence 
for just such a viewing angle. A few times a day, the BH in our Galactic 
Centre undergoes dramatic ‘flares’ in which the infrared and X-ray fluxes 
can increase by a factor of about 10–100 in less than an hour55–57. During 
one such flare, GRAVITY observed motion of the centre of light of the 
infrared emission suggestive of gas orbiting near the BH58. To cleanly 
see such orbital motion on the sky requires a viewing angle closer to 
face-on than edge-on, similar to that favoured by the EHT data.

Although the images in Fig.  1 viscerally convey the literally 
light-warping environment near a BH, the most detailed constraints 
on theoretical models of accretion physics come not from the images 
of total flux but rather from the polarization of the observed radiation. 
The millimetre and infrared emission observed in Sgr A* and M87* is syn-
chrotron radiation, produced by energetic electrons spiralling around 
magnetic-field lines. Such radiation is predominantly linearly polarized, 
with the direction of polarization emitted by the plasma perpendicular 
to the local magnetic-field direction. Observations of the polarized 
radiation by the EHT and GRAVITY are so constraining because the 
polarization directly provides information about the magnetic-field 
direction near the event horizon, and because the polarization direction 
is also influenced by the plasma through propagation effects that mod-
ify the polarization in a density- and temperature-dependent manner.

Quantitatively interpreting many features of the EHT and GRAVITY 
data requires comparing theoretical models of the expected radia-
tion to the observations. In doing so, the community relies primar-
ily on numerical models of plasma flowing into a BH (see Fig. 2 for an 
example). Such models solve the equations for a magnetized fluid in 
the spacetime of a rotating BH59,60. The simulations then predict the 
temperature, magnetic-field strength, density of gas and so on as a 
function of space and time. Models of radiation produced by the plasma 
together with solutions to the transport of photons from the vicinity of 
the BH to a distant observer are then used to construct synthetic data 
for comparison with observations (we note that the techniques to make 
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these predictions were developed well before the EHT observations61,62). 
There are some uncertain ingredients in such models, for example, how 
the simulations treat the electron versus proton temperature, what the 
structure of gas flowing towards the BH at large distances is and so on. 
Nonetheless, the theoretically favoured set of assumptions before the 
EHT observations have been remarkably successful at explaining most 
of the observational results.

Notably, a key conclusion of the theoretical modelling of EHT data 
on Sgr A* is that it is very hard to reconcile a single-temperature model 
with the observations; the plasma is very likely two-temperature63. We 
do not yet have a direct measurement of the ion temperature, so this 
conclusion is model dependent. Nevertheless, the EHT results now put 
the two-temperature hot accretion model on a firmer footing.

On a more quantitative note, the observed ‘brightness temperature’ 
(shown by the colour scale in Fig. 1) in the EHT images of Sgr A* and 
M87* correspond to electron temperatures Te > 1.3 × 1010 K in Sgr A* and 
Te > 5 × 109 K in M87*, close to the values predicted by models developed 
a quarter of a century ago. (The measured brightness temperature is a 
lower limit on the electron temperature; in the case of Sgr A* and M87*, 
the electron temperature is probably a factor of a few larger than the 
brightness temperature).

The detailed comparison of theoretical models with observations 
also constrains the accretion rate Ṁ onto the BH, because the accretion 
rate sets the density and magnetic-field strength in the gas and thus 
many properties of the observed radiation. For Sgr A*, in particular, 

the inferred Ṁ(ref. 64) is consistent with theoretical inferences made 
over two decades ago on the basis of the first detections of linear 
polarization in the millimetre radiation65,66. The current EHT-favoured 
models of Sgr A* and M87* have radiative efficiencies of about 10−3 and 
about 10−2, respectively, again surprisingly close to long-ago predic-
tions. Especially in Sgr A*, most of the accretion energy apparently 
goes through the horizon, rather than emerging as radiation. That is, 
the hot accretion flow in Sgr A* is radiatively inefficient, as predicted.

Testing gravity with the EHT
The region close to a BH and just outside the event horizon is where 
manifestations of GR are strongest and where gravity deviates the 
most from Newtonian physics. Here curvature of spacetime becomes 
extreme, space is ‘dragged’ by the BH’s spin and the quintessential defin-
ing feature of a BH, its event horizon, forms. The EHT, with its ability to 
make images of this region, allows us an unprecedented opportunity to 
study GR. There are few quantitative probes of matter and spacetime 
under the strong-field conditions near a BH, so observationally diagnos-
ing the near-horizon environment via interferometry is a remarkable 
opportunity to better understand the predictions of GR. In principle, 
such observations could also reveal hints of the new physics required 
by the incompatibility of GR and quantum mechanics.

We begin by discussing the event horizon. If Sgr A* or M87* were to 
possess a traditional surface rather than an event horizon, one might 
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Fig. 2 | Numerical simulation of BH accretion and the resulting 
theoretically predicted image. a, Three-dimensional rendering of the 
magnetic field (white lines) and accretion disk, showing the twisting of 
magnetic-field lines in the jet due to the rotation of the BH. b, Edge-on view of 
gas density (red, high density; black, low density) and magnetic field (white 
lines) in a GR simulation of gas accreting onto a rotating BH. c, Theoretically 
predicted synchrotron image for M87* using the simulated plasma properties. 

The inset shows the brightness of radiation on a linear scale similar to current 
EHT data (with subrings defined in Fig. 3 labelled with integer n), whereas the 
main figure shows brightness on a logarithmic scale appropriate for future 
millimetre interferometers; the latter can directly reveal the connection 
between the near-horizon environment and the jet powered by BH rotation. 
Credit: A. Chael and G. Wong.
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expect some of the millimetre-wavelength radiation emitted by the 
accretion flow to bounce off the surface and to produce a visible fea-
ture precisely in the dark-shadow region of the images in Fig. 1. The 
absence of such a feature in current EHT images already rules out certain 
kinds of surfaces, and the constraints will become tighter in the future. 
More generally, any surface would absorb the thermal and mechanical 
energy dumped on it by the hot accretion flow and would re-radiate 
this energy. By combining EHT observations with infrared constraints 
from GRAVITY and other instruments, very strong limits can be put on 
such surface radiation, making it increasingly probable that Sgr A* and 
M87* have event horizons and are thus true BHs67.

Moving on to spacetime curvature outside the horizon, this is phys-
ically parameterized by the metric, a mathematical construct that 
describes the geometry of spacetime. GR predicts a unique form for 
this metric—the Kerr metric2—with only two parameters: M, the mass 
of the BH, and a*, a dimensionless number between 0 and 1 that quanti-
fies the spin of the BH. (In principle, a third parameter, Q, the electric 
charge of the BH, is allowed68, but astrophysical BHs are unlikely to 
have large enough Q to make a difference69). The prediction of GR that 
a BH is fully described by just two numbers makes a BH fundamentally 
different from any other type of astronomical object; for example, to 
describe a planet requires specifying its mass, rotation, radius, num-
ber of mountains, atmospheric properties, how big the oceans are 
and so on. A demonstration that the spacetime near a BH is perfectly 
described by the Kerr metric, and that no additional terms are present 
in the metric, is the holy grail of classical GR. The EHT has now brought 
us substantially closer to achieving this goal.

At first sight, it would appear that the predicted signatures of gravity 
in the observed image of an accreting BH would be inextricably lost 
in the complicated and not-fully-understood details of the accretion 
process. Fortunately, this is not the case. GR predicts that there are 
unique signatures of strong gravity in the image12,70,71. Gravitational 
bending of light is so strong around a BH that there is a characteristic 
radius, the photon orbit, at which even light must travel in a circular 
orbit around the BH. For radiation emitted by plasma close to the BH, 
GR predicts that some of the light in the image ends up in ‘subrings’ 
characterized by an integer n: the number of times the light undergoes 
half of a roughly circular orbit around the BH (Fig. 3). Remarkably, the 
sizes and shapes of the subrings are determined entirely by the metric; 

the only role of accretion is to light up these features for us to make 
observations. Thus, the subrings provide a direct map of the metric.

One worry is that the various subrings in the image overlap and the 
n > 0 subrings carry only a small fraction of the total flux. (In fact, the 
higher-order subrings, which are the cleanest probes of the metric, 
have exponentially suppressed fluxes). Fortunately, this does not make 
the entire enterprise impractical. In a brilliant insight, Johnson and 
Lupsasca72 showed that interferometry separates out the signals from 
different subrings and places them in different and easily distinguished 
regions of data space (specifically, in different interferometric base-
lines). This allows us the opportunity to study subrings individually 
despite their low fluxes.

There are a number of proposals for precisely testing the Kerr nature 
of the BHs in Sgr A* and M87*. In the currently favoured accretion geom-
etries, the shape of the dark shadow at the centre of the EHT images 
depends on both BH mass M and spin a* so that a higher-fidelity image 
may allow both parameters of the BH to be independently measured, 
as well as any deviations of the spacetime from the Kerr metric to be 
searched for67,73–75. Measuring the shapes of the photon subrings is an 
even more robust approach as those features of the image depend solely 
on the spacetime, not the accretion flow structure76,77.

The goal of testing the Kerr nature of the BH spacetime using astro-
nomical observations of Sgr A* and M87* is incredibly exciting. It will 
undoubtedly require arrays with more telescopes (to see fainter 
features in the image) and higher angular resolution (to study the 
narrow photon subrings; Fig. 3). The latter is particularly challeng-
ing and requires going to either higher frequencies (where Earth’s 
atmosphere does not cooperate) or longer baselines. Longer baselines 
will ultimately require satellites in space to resolve the n ≥ 2 photon  
subrings.

Energy extraction from spinning BHs
In the popular imagination, a BH is an object that eats whatever it can 
lay its hands on and returns nothing to the external Universe. Although 
largely true, there is an important exception. In a penetratingly simple 
analysis, Penrose78 showed that a spinning BH has free energy associ-
ated with its rotation that can be accessed from outside the hole. He 
described an explicit example involving particles in orbit around the 
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emitting point traced forwards in GR to an observer at the far right. The light 
trajectories are labelled by the integer number n of half-orbits the photons 
undergo around the BH. Adding the contribution from all radiating plasma, the 
observer sees an image consisting of a concentric set of rings; the n = 0 rays will 
produce a relatively broad diffuse ring, whereas the n = 1 and higher rings will 
be progressively sharper (Fig. 2). b, Brightness temperature (Tb) in the image as 
a function of position (this is a theoretical zoom-in on the brightness near the 
rings in Fig. 1); the projected location of the centre of the BH is at an x-axis 

position of 0 in this figure, where the flux is very small (corresponding to the 
dark ‘shadow’ in Fig. 1). The different subrings in the image, corresponding to 
the trajectories in a, are labelled. The observed properties of the n ≥ 2 subrings 
are determined primarily by GR, relatively independent of the accretion flow 
properties. At the current EHT resolution, what we observe is dominated by the 
direct n = 0 image, which has most of the flux, along with some contribution 
from n = 1 (Fig. 2). Future observations will be able to quantitatively determine 
the structure of the n > 0 rings, providing a strong test of GR. G, Newton’s 
gravitational constant; M, mass of the BH. Credit: G. Wong (panel b).
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BH, which showed one way in which this energy might be extracted. 
The mechanism depends on frame dragging, the extraordinary pre-
diction of GR that space exterior to a spinning object is dragged in the 
direction of rotation.

While the relevance of Penrose’s particle-based toy example to 
astrophysics is unclear79, a related mechanism that involves magnetic 
fields69 looks very promising. Consider the magnetic-field configu-
ration shown in Fig. 2a,b in which a bundle of magnetic-field lines is 
bunched around the rotation axis of a spinning BH. Because of frame 
dragging, the regions of these field lines close to the equatorial plane 
will be pulled around by the BH, whereas the same lines farther out will 
feel no such pull. This will induce spiral outgoing waves in the field lines, 
as in Fig. 2a, which will carry energy and angular momentum to large 
distances80. Correspondingly, the BH will spin down, losing angular 
momentum and mass energy.

Accreting BHs, especially of the supermassive variety, are well known 
for their relativistic jets: powerful collimated outflows of radiation and 
magnetized plasma moving out in twin oppositely directed beams at 
close to the speed of light. The prototypical example is M87*, which 
has a famous jet (Fig. 4) whose power exceeds the radiative power 
of the BH’s accretion disk. The energy carried by such jets far away 
from the BH and into the surrounding galaxy turns out to be a major 
source of heating that strongly influences how the surrounding  
galaxy grows.

It is tempting to associate relativistic jets with the magnetic version 
of the Penrose process. Indeed, there is strong theoretical support for 
this proposal as computer simulations of hot accretion onto spinning 
BHs show that something similar to the observed jets forms spontane-
ously under fairly generic conditions81. Moreover, in some cases, the 
mechanical power in the simulated jet is larger than 100% of Ṁc 2, far 
larger than the 0.1% (for example, Sgr A*) or 1% (M87*) that comes out 
as radiation from a hot accretion disk, or even the approximately 10% 
(typical quasar) from a radiatively efficient standard disk. If the Penrose 
process is indeed the power source behind the multitude of relativistic 
jets found in the Universe, and if we could prove this, it would imply 
that rotating BHs all over the Universe are returning a part of their 

energy to the Universe, and that they are doing so by frame dragging, 
a central prediction of GR.

If we can prove specifically that the jet in M87* gets its power by 
bleeding spin energy from the BH, this would be a spectacular veri-
fication of frame dragging and the Penrose process. The combina-
tion of EHT images, polarization, and, better yet, videos based on 
time-resolved images, appears to be a promising tool to do this. For 
example, frame dragging probably imprints signatures on the shapes 
of polarized images, which may be observable in the future82. The 
harder step would be to show that frame dragging is the primary  
reason for the presence of the jet and that the energy actually flows 
out of the spinning BH.

Theoretical models indicate that the outflowing power in a jet pow-
ered by the magnetic version of the Penrose process depends on both 
the BH spin a* and the amount of magnetic flux threading the BH hori-
zon ΦBH, with jet power a∝

*
Φ2

BH
2  (refs. 69,81). There is a limit to how rapidly 

a BH can spin; the limit corresponds to a* = 1, which loosely speaking 
is when the horizon rotates at the speed of light. If there is not also a 
limit to how big ΦBH can grow, nature could make jets arbitrarily pow-
erful by increasing ΦBH without bound. It turns out that there is in fact 
a limit on ΦBH. If we try to squeeze more and more field lines close to 
the event horizon, the magnetic pressure builds up and pushes new 
lines away. The limiting magnetic flux is reached when the outwards 
push of the magnetic field just matches the inwards push of the accret-
ing gas. A system in this limiting state is called a magnetically arrested 
disk (MAD). All other things being equal, a MAD system will have the 
most powerful jet. This maximum jet power is determined purely by 
the BH spin a* and the mass accretion rate Ṁ  (ref. 81).

The models that successfully explain EHT observations of M87*, 
especially the polarization data (Fig. 1), require M87* to be in the MAD 
state64. This is consistent with the presence of a powerful jet in this 
system. GRAVITY- and EHT-based models indicate that Sgr A* also may 
be in the MAD state. Indeed, it is plausible that most hot accretion flows 
in the Universe are MAD, as once a system has reached the MAD limit, 
the field lines are pinned to the BH by the inflowing gas. The only way 
to eliminate the field is by bringing in magnetic flux of the opposite 

ALMA 230 GHz
1,300 light years

VLBA 43 GHz
0.25 light years

EHT 230 GHz
0.0063 light years ~4′ (20 kpc)

a b

Fig. 4 | Radio and millimetre images of the relativistic jet in M87*. a, The 
three images92,94,95 go from a scale of 0.006 light years in the EHT image at the 
bottom, which is similar to the size of the BH horizon, to a scale of 1,000 light 
years at the top, comparable in size to the core of the M87 galaxy. b, Large-scale 
image96 that covers an area 100,000 light years across (kpc = 3,260 light years), 
showing that the jet stirs up a volume that includes the whole galaxy and 

beyond. Credit: left, EHT Collaboration; ALMA (ESO/NAOJ/NRAO), Goddi et al.; 
VLBA (NRAO), Kravchenko et al.; J. C. Algaba, I. Martí-Vidal; right, F. N. Owen,  
J. A. Eliek and N. E. Kassim, National Radio Astronomy Observatory, Associated 
Universities; reproduced with permission from ref. 96; https://doi.org/10.1086/ 
317151 (American Astronomical Society).
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sign and cancelling out what is already there. The new flux should have 
the precise magnitude to avoid under- or overshooting, which seems 
unrealistic.

Curiously, Sgr A* does not show any obvious sign of a jet. If this system 
is in the MAD state, as models suggest, then a plausible explanation for 
the lack of a powerful jet is that the BH spins very slowly. This hypoth-
esis will be tested once the BH spin is measured. Alternatively, it could 
be that a jet is actually present83–85 but is stifled by the surrounding 
environment, which prevents the jet from travelling to large distances 
from the BH where it could be more readily observed.

Looking forwards
In reflecting on the diverse science enabled by the initial EHT and 
GRAVITY results for Sgr A* and M87*, it is inspiring to realize that this 
is but a taste of what is to come. We are at the beginning of what will 
be a many decades journey to increasingly precise observations of 
the environment around BH event horizons. In the future, improved 
infrared interferometery and spectroscopy with bigger telescopes 
will detect stars even closer to the BH in Sgr A* and will better charac-
terize the near-horizon environment via measurements of orbits and 
observations of flares. If we are lucky, we may discover a radio pulsar 
in orbit around Sgr A*; precision timing of this pulsar would be a game 
changer86. Future generations of millimetre interferometers, both on 
the ground and in space, will reveal far more details of the near-horizon 
environment. This will enable stringent tests of GR using the photon 
subrings. A second key advance will be directly observing emission 
farther from the BH, elucidating the connections between the accretion 
inflow, the (likely) spinning BH and the outflowing jet, all of which are 
critical for understanding the broader role of BHs in the formation of 
structure in the Universe.

In parallel to these advances in our understanding of BHs using light, 
observations of gravitational waves from merging BHs (a topic beyond 
the scope of this Perspective) will continue to improve dramatically. 
The timing of radio pulsars in our Galaxy is approaching the needed 
sensitivity to detect the gravitational-wave background produced by 
mergers of about 109-M⊙ BHs87. Next-generation ground-based detec-
tors will be able to observe stellar-mass BH mergers across the cosmos88; 
detailed studies of the brightest of these events will test the uniqueness 
of the Kerr BH solution. In the 2030s, the space-based Laser Interfer-
ometer Space Antenna (LISA) gravitational-wave observatory will be 
launched and will detect mergers of about 105−7-M⊙ binary BHs, as well 
as stellar-mass objects spiralling in towards a massive BH89.

Data availability
EHT data for Fig. 1 are available at https://github.com/eventhorizon-
telescope.

Code availability
Figure 1 and the right panel of Fig. 2 were created using the ehtim 
(eht-imaging) software package90 which is available at https://github.
com/achael/eht-imaging.
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