
 

Testing the rotational nature of the supermassive object M87*
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The Event Horizon Telescope (EHT) collaboration has recently released the first image of a black hole
(BH), opening a new window onto tests of general relativity in the strong field regime. In this paper, we
derive constraints on the nature of M87* (the supermassive object at the center of the galaxy M87),
exploiting the fact that its shadow appears to be highly circular, and using measurements of its angular size.
We first consider the simple case where M87* is assumed to be a Kerr BH. We find that the inferred
circularity of M87* excludes Kerr BHs with observation angle θobs ≳ 45° for dimensionless rotational
parameter 0.95≲ a� ≤ 1 whereas the observation angle is unbounded for a� ≲ 0.9. We then consider the
possibility that M87* might be a superspinar, i.e., an object described by the Kerr solution and spinning so
fast that it violates the Kerr bound by having ja�j > 1. We find that, within certain regions of parameter
space, the inferred circularity and size of the shadow of M87* do not exclude the possibility that this object
might be a superspinar.
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I. INTRODUCTION

Black holes (BHs) are among the most peculiar regions
of spacetime, and represent the endpoint of the evolution of
sufficiently massive stars. They are a fundamental predic-
tion of general relativity (GR) [1–3], and are believed to
hold the key for the unification of GR and quantum
mechanics [4,5]. BHs are ubiquitous in astrophysical
environments, and come in a wide range of sizes and
masses, see e.g., [6,7] for reviews. Of particular interest to
us are supermassive BHs (SMBHs), with masses in the
range 105–1010 M⊙ [8]. There is evidence that SMBHs
reside at the center of most galaxies [9,10], and power

active galactic nuclei (AGNs), central luminous regions that
often outshine the rest of the host galaxy.
Various observations suggest that a SMBH resides at the

centre of the nearby giant elliptical galaxyMessier 87 (M87)
[11,12]. Hereafter, we shall refer to this supermassive object
as M87*. In fact, since 1918 there has been evidence for a
radio core in M87 [13–15]: such a radio core represents the
signature of low-luminosity AGNs (LLAGNs) [16–18] and
by extension of SMBHs. LLAGNs consist of SMBHs
accreting matter at a rather low rate, and surrounded by a
geometrically thick and optically thin emission region
[17,19–22]. In a series of seminal simulations [23], it was
shown that the combination of the SMBH event horizon and
gravitational lensing of nearby photons leads to the appear-
ance of a dark shadow in combination with a bright emission
ring (see also [24–26]). The work of [27] demonstrated that
such image should be visible using very long baseline
interferometry (VLBI) experiments. In order to observe
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the dark shadow of M87*, Earth-scale baseline VLBI is
required.
The Event Horizon Telescope was set up with the goal of

imaging the shadow of M87*, and possibly also that of Sgr
A* (the SMBH at the center of the Milky Way). The EHT
consists of a global network of radio telescopes observing
at 1.3 mm wavelength and with Earth-scale baseline
coverage [28]. Recently, the collaboration succeeded in
detecting the dark shadow of M87* [29–34].
The no-hair theorem states that BH solutions to the

Einstein-Maxwell equations of GR and electromagnetism
are completely characterised by three parameters: mass M,
electric charge Q, and angular momentum J [35–39]. Kerr
BHs are rotating BHs with zero electric charge, whose line
element was first derived in [40]. In order for the Kerr
metric to describe a BH instead of a naked singularity
(which would violate the cosmic censorship hypothesis
[41]), the Kerr bound jaj ≤ M needs to be satisfied, where
a ¼ J=M is the rotational parameter.1 In fact, it is easy to
show that the radial coordinate of the horizon of a Kerr BH,
rh, is given by [39]:

rh ¼ M þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 − a2

p
ð1Þ

in Boyer-Lindquist coordinates. The Kerr bound is then
simply equivalent to the requirement that the argument of
the square root in Eq. (1) be positive.
However, there is no good reason to believe that the

singularity should still exist, and hence the cosmic censor-
ship hypothesis be required, once quantum gravity effects
are taken into account. In fact, it is plausible that quantum
gravity effects, whatever they turn out to be, could “cure”
the pathologies associated to timelike singularities. In this
case, there is no reason to expect that the Kerr bound holds.
In fact, Gimon and Hořava argued in [42] that the Kerr
bound might be violated in string theory, to the point that
the observation of compact objects violating the Kerr
bound might be seen as experimental evidence for string
theory. Such Kerr-violating objects were dubbed “super-
spinars” in [42].2 Another phenomenological possibility
put forward in [44] is that quantum gravity effects might
replace the singularity by an object of finite size, for
instance a core of radius Rss. More generally, one might
interpret Rss as parametrizing the scale at which quantum
gravity effects become important.
Observing the dark shadow of astrophysical BH candi-

dates is an extremely promising route toward experimen-
tally verifying the existence of superspinars. As shown in
[44], the absence of a horizon leads to the shape and size of
the dark shadow of superspinars being potentially dramati-
cally different compared to those of a Kerr BH. While the

shadow of a Kerr BH is expected to be quite circular
(depending on the angle of observation) [45], the shadow of
superspinars can be highly noncircular (elliptical or even
triangularlike) [44]. Moreover, although the shadow of a
superspinar is generally smaller than that of its Kerr
counterpart, we find that for Rss of the same order as M
and for moderate spin a≳M, the shadow of a superspinar
could resemble that of a Kerr BH. The dark shadow of
M87* detected by the EHT is visibly highly circular.
Deviations from circularity, quantified in [29] in terms of
RMS distance from the average radius of the shadow, were
estimated to be ≲10%. As argued in [29], this detection
already qualitatively rules out several exotic alternatives to
that of M87* being a “standard” Kerr BH [46,47].
Our goal in this paper is to quantitatively explore the

bounds placed on the interpretation of M87* as either a
standard Kerr BH or as a superspinar, from the measured
circularity and angular diameter of the object in the EHT
observations. First we bound the parameter space describ-
ing M87* assuming it is a Kerr BH, in light of the inferred
circularity of the image. We focus on the observation angle
θobs and dimensionless spin parameter a� ¼ a=M, and
derive constraints on the two (see Fig. 1). We find that
the observation excludes θobs ≳ 45° for 1 ≥ a� ≳ 0.95.
Second, we examine the claim made by the EHT

collaboration in [29] that the superspinar case is

FIG. 1. Kerr black hole: deviation from circularity ΔC defined
in Eq. (5) as a function of the Kerr BH dimensionless spin
parameter a� ¼ a=M and observation angle θobs. The region
above the black line is excluded by the measured circularity of
M87* reported by the Event Horizon Telescope collaboration
in [29].

1Throughout the manuscript, we adopt the units GN ¼ c ¼ 1.
2We note that the possibility that superspinars are stable was

proven in [43].
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qualitatively ruled out by the image of M87*. Our
quantitative study in this paper shows that this statement
is not true, and that a superspinar interpretation of M87*
remains viable for certain regions of parameter space. In
particular, using the phenomenological parametrization put
forward in [44], one of our goals is to place limits on the
previously mentioned quantity Rss, setting the scale at
which quantum gravity effects become important and
prevent the appearance of a naked singularity even when
the Kerr bound is violated (see Fig. 2 and Fig. 3). We show
that for some values of Rss ∼M and for a dimensionless
spin parameter a� ≳ 1, the shadow of a superspinar has the
desired size that matches the observed angular diameter of
the M87* image, while respecting the circularity bounds.
This exotic object cannot thus be ruled out as a possible
explanation based on these quantities alone. Motivations

for relatively large values of Rss=M have been provided in
terms of the BH information paradox [48–50], which seems
to require new physics appearing at the gravitational radius
of a system rather than at the Planck scale [51–54].

II. SHADOW COMPUTATION

We now review the computation of the shadow of Kerr
BHs and superspinars performed in [44]. Our discussion
will be very brief and we encourage the reader to refer to
[44] for detailed considerations and formulas. We begin by
considering the case of a Kerr BH, thus respecting the Kerr
bound jaj ≤ M.
The shadow of the BH is defined as the boundary

between capture orbits and scattering orbits: photons fired

FIG. 2. Superspinar: The green hatched region shows the
allowed region of parameter space for superspinars, in agreement
with the circularity and size of the EHT observation, at fixed
observation angle θobs ¼ 17°. The parameters shown are the
superspinar dimensionless spin parameter a� and radius-to-mass
ratio Rss=M. The color coding illustrates the deviation from
circularity ΔC defined in Eq. (5). The regions to the left of the
black curve on the left side of the figure, to the right of the black
curve on the right side of the figure, and above the black curve on
the top of the figure, are excluded by the circularity of M87*
inferred by the Event Horizon Telescope collaboration in [29]. In
the two regions within the green lines, the size of the superspinar
shadow matches the size reported by the EHT collaboration [34].
The intersection between the region allowed by the circularity
limits and the region allowed by the size limits is given by the
region hatched in green.

FIG. 3. Superspinar: The green hatched region shows the
allowed region of parameter space for superspinars, in agreement
with the circularity and size of the EHT observation, at fixed
dimensionless spin parameter a� ¼ 1.1. Here the parameters
explored are the superspinar observation angle θobs and radius-
to-mass ratio Rss=M. The color coding illustrates the deviation
from circularity ΔC defined in Eq. (5). The region to the right of
the black line is excluded by the measured circularity of M87*
reported by the Event Horizon Telescope collaboration in [29].
The white region to the right of the figure features extreme
deviations from circularity (ΔC ≫ 100%) and was not explored
for practical reasons. The two green lines bound the region in
which the size of the superspinar lies within the range given by
observations, Eq. (6). The intersection between the region
allowed by the circularity limits and the region allowed by the
size limits is given by the region hatched in green. One can see
that values of 5≳ Rss=M ≳ 1 are allowed, depending on the
observation angle.
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inside the shadow are captured, whereas photons fired
outside are scattered. The BH shadow is found by looking
at the photon orbits. In Boyer-Lindquist coordinates, the
geodesic equation for photons can be rewritten in terms of
an effective potential R:

ðr2 þ a2cos2θÞ
�
dr
dλ

�
¼

ffiffiffiffiffi
R

p
; ð2Þ

whereR itself depends onM and a of the spacetime as well
as on the energy E, the component of the angular
momentum along the BH spin Lz, and the Carter constant
Q of the photon (see Eqs. (2,3) in [44]).
Since photon trajectories are independent of the photon

energy, it is convenient to work with the variables ξ≡ Lz=E
and η ¼ Q=E2. For an observer at infinity at an angle θobs,
with θobs ¼ 90° denoting an observer on the equatorial
plane, ξ and η are related to the celestial coordinates of the
observer x and y by:

x¼ ξ

sinθobs
; y¼�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ηþa2cos2θobs−ξ2cot2θobs

q
: ð3Þ

Since ξ and η are ratios of constants of motion, they are
constants of motion themselves. The goal is then to look for
the values of ðξc; ηcÞ characterizing the photon orbits
(defined as the circular orbits for which E diverges for
massive particles), as in the Kerr metric they separate
capture and scattering orbits. Operationally, the photon
orbits are found by solving the two coupled algebraic
equations R ¼ 0 and ∂R=∂r ¼ 0 (closed expressions for
ξc and ηc are given in Eq. (9) of [44]). From these values of
ξc and ηc and using Eq. (3), we produce a parametric closed
curve in the x-y plane, representing the shadow of the BH.3

As in [44], we find that the shadow is slightly asymmetric
along the spin axis (it is flattened on the side corresponding
to photons with angular momentum aligned with the BH
spin), and shows amild dependence on the observation angle
(of course for an observer at θobs ¼ 0° the shadow is perfectly
circular for symmetry reasons). For a Schwarzschild BH
(a ¼ 0), the shadow is circular for any observation angle.
For a superspinar, the situation is slightly more compli-

cated, as there are formally no capture orbits. As done in
[44], besides θobs and a, we now introduce one extra
parameter, Rss, governing the scale at which quantum
gravity effects become relevant. Physically, we can imagine
that the singularity at r ¼ 0 is replaced by an object of finite
radius Rss covering the singularity. Hence, one can formally
think of “capture” orbits as those for which the turning
point is at rt < Rss.

Operationally the shadow is obtained by solving R ¼ 0
and imposing r ¼ Rss to obtain values of ðξs; ηsÞ character-
ising critical orbits. A closed expression for ξs as a function
of ηs and r ¼ Rss is given in Eq. (10) in [44].4 In practice,
we vary ηs and verify that the corresponding ξs is real: if
this occurs, the ðηs; ξsÞ point belongs to the boundary of the
shadow. The set of all ðηs; ξsÞ points is used in combination
with Eq. (3) to produce a parametric closed curve in the x-y
plane, representing the shadow of the superspinar. As in
[44], we find that for θobs ¼ 90° and Rss ¼ 0 the shadow is
a line, reflecting the fact that the cross section for photon
capture by the central core is infinitesimally thin. As Rss is
increased, the shadow becomes triangularlike. For inter-
mediate θobs, the shadow becomes prolate, whereas for
θobs ¼ 0° the shadow is a circle again for symmetry reasons.
The shadows of Kerr BHs and superspinars we obtain are

symmetric upon reflection around the x-axis. The geo-
metric center of the shadow is given by ðxG ¼ R

xdA=R
dA; yG ¼ 0Þ, with dA the area element. We use the

geometric center to construct a measure of deviation from
circularity ΔC as follows. We first define the angle ϕ
between the x-axis and the vector connecting the center of
the figure ðxG; yGÞ with the point ðx; yÞ at the boundary of
the shadow we are considering. The average radius R̄ of the
shadow is then given by

R̄2 ≡ 1

2π

Z
2π

0

dϕl2ðϕÞ;

lðϕÞ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxðϕÞ − xGÞ2 þ ðyðϕÞ − yGÞ2

q
: ð4Þ

Finally, following [29], we define ΔC as the RMS distance
from the average radius of the shadow R̄,

ΔC≡ 1

R̄

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2π

Z
2π

0

dϕðlðϕÞ − R̄Þ2
s

: ð5Þ

The deviation from circularity defined in Eq. (5) can be
used to perform a comparison between the theoretical
predictions for Kerr BH and superspinar shadows, and
the EHT observation.

III. RESULTS

The EHT collaboration asserts that the deviation from
circularity in the image of M87* is ΔC≲ 10%. We use this
as an observational limit to place constraints on the
parameter space of Kerr BHs and superspinars. We begin
by considering the Kerr BH case.

3The parameter governing the parametric plot is r, and the
range of acceptable values of r is determined by imposing that
y2 ≥ 0.

4Notice that there is a typo in Eq. (10) of [44]. The expression
in round brackets on the far right of the numerator should be
ð2Mr − r2Þ and not ð4Mr − r2Þ.
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A. Kerr BH

For the Kerr BH case, the relevant parameter space is
2-dimensional, as the shape of the shadow is determined
once the viewing angle θobs and the dimensionless spin
parameter a� ≡ a=M ¼ J=M2 are known. We scan over the
region of parameter space a� ∈ ½0; 1� and θc ∈ ½0; 90°�. The
resulting deviation from circularity ΔC shown in Fig. 1,
with the black curve denoting the EHT limit ΔC < 0.1 (the
region to the right of the black curve is excluded). As we
see from the figure, the measured circularity can only
exclude the region of parameter space corresponding to
observation angles θobs ≳ 45° near the Kerr limit a� ∼ 1,
with the exact lower limit on θobs depending on the value of
a�. For instance, for a� ¼ 0.9 we find that θobs ≳ 70° is
excluded, whereas for a� ¼ 0.95 we find that θobs ≳ 45° is
excluded.
When making the additional assumption that the jet is

powered by the spin and it is aligned with the spin axis (for
instance through the Blandford-Znajek mechanism [55]),
the measurement of the direction of the jet leads to θobs ¼
17° [56].5 Recently, the value θobs ¼ 17° has been used in
conjunction with simulations of the twist of the light
emitted and propagated from the Einstein ring surrounding
the shadow of M87* to estimate a� ≃ 0.9� 0.1 for a Kerr
BH [58]. In our work, we have not included any other
observation besides the deviation from circularity of the
Kerr BH, so that the constraints in Fig. 1 are derived from
the sole observation of the shadow [59]. These constraints
are therefore complementary to those of [58].

B. Superspinar

The superspinar case is slightly more complex as the
parameter space is now described by the three parameters:
the observation angle θobs, the dimensionless spin param-
eter a�, and the superspinar radius-to-mass ratio Rss=M. We
find that for low enough inclination angles the shadow is
highly circular and hence compatible with the observed
circularity of M87. Considerations on symmetry imply that
the shadow of the superspinar is a circle in the limit
θobs → 0°, independently of the values of a� and Rss. On the
other hand, for θobs ≫ 50°, the deviations from circularity
become extreme for most values of a and Rss and hence
excluded by M87*. In any case, the criticism reported in
[29] regarding the (im)possibility of M87* being a super-
spinar rely on the size of the shadow, which is expected to
be smaller than that of a Kerr BH. In fact, the size of a Kerr
BH shadow is generally of the order of ∼10M for most
values of θobs and a�. On the other hand, the shadow of a
superspinar can be smaller and less circular, depending on
the parameters θobs, a�, and Rss.
To quantify this result, we have also considered the

observation reported in [34] of the angular size of the

shadow, δ ¼ ð42� 3Þ μarcsec. Following [29], we consider
the distance to M87* to be D ¼ 16.8þ0.8

−0.7 Mpc, whereas the
mass of the object isM¼ð6.5�0.2jstat�0.7jsysÞ×109 M⊙,
withM⊙ the mass of the Sun. These numbers imply that the
size of the shadow should be

Dδ

M
≃ 11.0� 1.5; ð6Þ

where the errors have been added in quadrature and
for simplicity we have considered a symmetric region
D ¼ ð16.80� 0.75Þ Mpc.
In Fig. 2 we plot the deviation from circularity ΔC as a

function of a� and Rss=M for the superspinar case when
fixing the angle of observation to θobs ¼ 17°. For the
relatively small angle θobs ¼ 17°, the superspinar parameter
space opens up considerably. The reason is that the shadow
of the superspinar becomes more circular the more the
observation angle moves towards zero, for symmetry
reasons. The regions to the left of the black curve on the
left side of the figure, above the black curve at the top of the
figure, and to the right of the black curve on the right side of
the figure, are excluded by the inferred circularity of M87*.
In addition to circularity, we also have to consider the

constraints on the size of the shadow of M87*, which are
given by Eq. (6). The region of parameter space consistent
with this size is enclosed between the two green curves in
Fig. 2. When combining the two requirements of the
superspinar having both the correct size and circularity,
we find that the allowed range of parameter space is given
by the green hatched region in Fig. 2: this is the portion of
parameter space corresponding to the intersection of the
two region we previously described. For any of the values
of a� and Rss lying within the hatched region, the super-
spinar solution leads to a viable shadow that resembles
what has been observed in M87*, both in terms of size and
circularity. On the left side of the figure, we see that the
inferred circularity leads to the constraint 1.8≲ Rss=M ≲
3.5 for 1≲ a� ≲ 4.5. On the right side of the figure, we find
that a vertical region at values 4.5≲ a� ≲ 6.5 and for
Rss=M ≲ 3 is also allowed: this reflects the fact that for a
given value of the core radius Rss, the size of a superspinar
shadow tends to appear larger as a� is increased.
We now discuss the results we obtain when we do not

concentrate on the value θobs ¼ 17°, and instead fix the
value of the spin parameter. In Fig. 3, we plot ΔC as a
function of Rss and the angle of observation θobs for
a� ¼ 1.1. A large deviation from circularity excludes the
whole region of parameter space to the right of the black
curve in Fig. 3. In particular, for Rss ≲ 0.1M, any inclina-
tion larger than θobs ≈ 35° is excluded. When the core
radius increases, Rss ≳ 0.1M, the lower limit on θobs gets
progressively weaker because the shadow becomes more
and more circular. For Rss ≳ 1, the trend changes and the
superspinar appears to be less circular for a larger core5See Ref. [57] for the effects of a magnetically arrested disk.
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radius. When we include the information obtained from the
size of the shadow, we find that most of the region Rss ≲M
is excluded. As in Fig. 2, the hatched region is the allowed
region of parameter space obtained by combining the
constraints from circularity as well as size of the shadow.
For larger values of Rss ≳M and a relatively low inclina-
tion angle, we obtain a portion of the parameter space in
which the shadow respects both the requirements from the
circularity (it lies to the left of the black curve) and of the
size [it lies within the two green lines describing the bound
in Eq. (6)]. For this restricted region of parameter space, we
cannot exclude the possibility that M87* might be a
superspinar. As can be seen from Fig. 3, values of
1≲ Rss=M ≲ 5 are allowed for sufficiently low observation
angles (θobs ≲ 10°). Indeed Rss=M ∼ 3 is allowed out to
θobs ∼ 35° for a� ¼ 1.1.
In Fig. 4 we show the shadow obtained for some

representative cases that are related to the results obtained
in this section. The upper row considers shadows associ-
ated to the Kerr solutions in Sec. III, while the lower row
shows cases associated to the superspinars discussed in

Sec. III for an observation angle θobs ¼ 17°. The figures on
the left column consider two cases which are excluded by
the data: the deviation from circularity for the Kerr BH is
too large, and the superspinar is too small and oblate. The
figures on the right column show two cases which are
allowed for the Kerr BH (top) and the superspinar (bottom).
We mention one final caveat pertaining to the shadows of

superspinars. In some regions of parameter space, the
shadows are highly noncircular and even present triangular-
like shapes with sharp edges [44]. We expect the sharpness
of the shadow to be an effect of the parametrization of the
core, whose radius Rss acts as a cutoff below which the Kerr
solution is no longer applicable and quantum gravity effects
take place. While phenomenologically useful, such a
parametrization is certainly a crude approximation, given
that quantum gravity effects would gradually switch on and
modify the Kerr solution outside of the core. Lacking a
complete and well motivated theory of quantum gravity, it
is hard to assess the exact impact of quantum gravity effects
on the shadows of superspinars. It is plausible, however,
that such effects might smear the shadow (and in particular
the sharp edges), possibly making it more circular and hence
leading to a larger region of superspinar parameter space
being consistent with the EHT image. We postpone a more
detailed investigation of such an issue to a future study.

IV. CONCLUSIONS

The extraordinary first detection of a BH shadow by the
Event Horizon Telescope collaboration leads to a deeper
understanding of these extreme objects. BHs are becoming
now more than ever a tangible reality which we can use to
perform tests of GR and fundamental physics. In this paper,
we have used the fact that the shadow of M87* is very close
to circular in addition to the size of the shadow to study the
possible nature of this object. We have first considered
the scenario where we take M87* to be a Kerr BH, thus
respecting the Kerr bound jaj ≤ M. We find that the
portions of parameter space with observation angle
θ ≳ 45°ð70°Þ for dimensionless rotational parameter
a� ≳ 0.95ð0.90Þ respectively are excluded.
We then tested the more exotic “superspinar” scenario.

Even if the Kerr bound is violated, quantum gravity effects
might prevent the appearance of a naked singularity by
replacing the singularity with a larger object on a scale Rss.
First we studied the specific case of observation angle
θobs ¼ 17°, the angle of the jet [56]. From the requirement
on the size and circularity of the superspinar shadow, we
found that within the portion of the parameter space
hatched in green in Fig. 2 we cannot exclude the possibility
that M87* might be a superspinar. Then we studied the
case of arbitrary observation angle, with results shown in
Fig. 3. For the specific case of a� ¼ 1.1, we find that the
inferred circularity of the shadow alone requires that for
Rss=M ≲ 0.1, any angle larger than θobs ≳ 35° is excluded.
From the combination of limits on the circularity and size

FIG. 4. Top: shadows of a Kerr BH for a� ¼ 0.999 and for an
observation angle θobs ¼ 90° (left) and θobs ¼ 17° (right). Bot-
tom: shadows of a superspinar for a� ¼ 1.1, an observation angle
θobs ¼ 17°, and for Rss ¼ 0.5M (left) and Rss ¼ 2.5M (right). The
unit of length on the x axis is M. The shadows on the left-hand
side are excluded by the EHT image: the deviation from
circularity for the Kerr BH is too large, and the superspinar is
too small and oblate. The shadows on the right-hand side are
instead allowed by the EHT image. Note that from Eq. (6) the
radius of the EHT image is ≈5.5 in units ofM, which is consistent
with the two shadows on the right-hand side.
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of the shadow, again for the case a� ¼ 1.1, we find that a
superspinar with 1≲ Rss=M ≲ 5 at low observation angles
is allowed as a possible candidate for M87*. Our main
conclusion is that superspinars with dimensionless spin
parameter a� > 1 are possible explanations for M87*.
The remarkable image from the Event Horizon

Telescope allows for tests of fundamental physics from
the observation of the dark shadow of M87*.6 We look
forward to improvements in VLBI technologies, allowing
for space-based interferometry or observations on smaller
wavelengths (and hence higher resolution) which would
allow more thorough tests of the scenarios we have
considered. At any rate, there is no doubt that future
images of BH shadows will provide exciting tests for
fundamental physics and exotic objects which might shed

light on physics operating at energy scales we can only ever
dream of reaching on Earth.
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Théorique: Les Astres Occlus: Les Houches, France
(1973), pp. 215–240.

[46] C. Bambi, Testing black hole candidates with electromag-
netic radiation, Rev. Mod. Phys. 89, 025001 (2017).

[47] E. Berti et al., Testing general relativity with present and
future astrophysical observations, Classical Quantum Grav-
ity 32, 243001 (2015).

[48] S. W. Hawking, Particle creation by black holes, Commun.
Math. Phys. 43, 199 (1975).

[49] S. D. Mathur, The information paradox: A pedagogical
introduction, Classical Quantum Gravity 26, 224001
(2009).

[50] D. Marolf, The black hole information problem: Past,
present, and future, Rep. Prog. Phys. 80, 092001 (2017).

[51] S. D. Mathur, A proposal to resolve the black hole infor-
mation paradox, Int. J. Mod. Phys. D 11, 1537 (2002).

[52] S. D. Mathur, The Fuzzball proposal for black holes: An
elementary review, Fortschr. Phys. 53, 793 (2005).

[53] G. Dvali and C. Gomez, Black hole’s quantum N-portrait,
Fortschr. Phys. 61, 742 (2013).

[54] S. B. Giddings, Astronomical tests for quantum black hole
structure, Na t. Astron. 1, 0067 (2017).

[55] R. D. Blandford and R. L. Znajek, Electromagnetic extrac-
tions of energy from Kerr black holes, Mon. Not. R. Astron.
Soc. 179, 433 (1977).

[56] F. Mertens, A. P. Lobanov, R. C. Walker, and P. E.
Hardee, Kinematics of the jet in M 87 on scales of 100–
1000 Schwarzschild radii, Astron. Astrophys. 595, A54
(2016).

[57] D. N. Sob’yanin, Black hole spin from wobbling and
rotation of the M87 jet and a sign of a magnetically arrested
disc, Mon. Not. R. Astron. Soc. 479, L65 (2018).
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