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Abstract: Hypothetical ultralight bosonic fields will spontaneously form macroscopic bosonic halos
around Kerr black holes, via superradiance, transferring part of the mass and angular momentum
of the black hole into the halo. Such a process, however, is only efficient if resonant—when the
Compton wavelength of the field approximately matches the gravitational scale of the black hole.
For a complex-valued field, the process can form a stationary, bosonic field black hole equilibrium
state—a black hole with synchronised hair. For sufficiently massive black holes, such as the one at
the centre of the M87 supergiant elliptic galaxy, the hairy black hole can be robust against its own
superradiant instabilities, within a Hubble time. Studying the shadows of such scalar hairy black
holes, we constrain the amount of hair which is compatible with the Event Horizon Telescope (EHT)
observations of the M87 supermassive black hole, assuming the hair is a condensate of ultralight
scalar particles of mass µ ∼ 10−20 eV, as to be dynamically viable. We show the EHT observations set
a weak constraint, in the sense that typical hairy black holes that could develop their hair dynamically,
are compatible with the observations, when taking into account the EHT error bars and the black
hole mass/distance uncertainty.

Keywords: ultralight particles; black hole shadow; event horizon telescope

1. Introduction

The hypothesis that all astrophysical black holes (BHs) when near equilibrium are well described
by the Kerr metric [1]—the Kerr hypothesis—yields a remarkable scenario. It means that throughout
the whole mass spectrum, ranging from solar mass BHs, with M ∼ M�, all the way until the most
supermassive black holes known, with M ∼ 1010M�, the immense population of astrophysical
BHs correspond to the very same object, with only two macroscopic degrees of freedom. One of
these is the mass, which merely rescales the BH, leaving a single degree of freedom with impact on
the BH phenomenology—the spin. The Kerr hypothesis, therefore, encodes an economical natural
order: The landscape of gravitational atoms (BHs) that compose the dark Universe is made up of
a single species, varying only in size (by, at least, ten orders of magnitude!) and spin, but otherwise
indistinguishable. Such uniformity is a trademark of the microscopic world, where all elementary
particles of a given species are indistinguishable, but not of the macroscopic world, where variety
is ubiquitous.
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Despite the current lack of tension between observations and the Kerr hypothesis, there are reasons
to consider the latter but a fair approximation, within current precision, rather than a fundamental
truth. Both fundamental problems—such as a quantum version of the laws of gravity, and how it
impacts on the physics of horizons and classical singularities—and the phenomenological problem of
accounting for the elusive dark matter and dark energy, suggest our current understanding of gravity
is incomplete. It may therefore be that the Kerr hypothesis is strictly false for astrophysical BHs at
all scales. But an alternative possibility is that the Kerr hypothesis is violated at a higher degree at
some narrow interval of scales only, wherein new physics exists, remaining an excellent approximation
outside this interval.

A concrete realisation of the latter possibility is provided by scenarios of hypothetical ultralight
bosonic particles that could constitute part of the dark matter population [2–4]. Inspired by the QCD
axion [5], and with theoretical support in string theory [6], these scenarios suggest that a landscape
of such particles, negligibly interacting with standard model constituents, might exist, leaving their
gravitational interactions as the only possible smoking gun for their identification. Amongst these,
an exciting possibility, is their interaction with BHs, which, could single out a scale (or a range of
scales) wherein BHs deviate from the Kerr paradigm.

Spinning BHs (in particular Kerr BHs) are energy and angular momentum reservoirs that
can be classically mined. A very well suited tool for such mining is an ultralight bosonic field.
Then, through the phenomenon of superradiance [7,8] an appropriate small seed of such field
(provided, say, as a quantum fluctuation) will grow into a macroscopic condensate of bosonic
particles—a Bose–Einstein condensate—storing a non-negligible fraction of the original BH mass
and angular momentum. When the energy/angular momentum transfer from the BH to the bosonic
halo saturates, the corresponding BH-halo state may or may not be stationary. If the bosonic field is
real, the BH-halo system emits gravitational radiation and slowly decays back to a Kerr BH [9]. But if
the bosonic field is complex, the BH-halo system is stationary, which is, in fact, a hairy BH—dubbed
BHs with synchronised hair [10].

BHs with synchronised hair are not absolutely stable. They are themselves prone to their own
superradiant instabilities [11–13]. However, the timescale of these instabilities is larger than the
one of the initial Kerr superradiant instability that formed the hair, and, in the right mass range it
becomes cosmologically large. A suggestive possibility is then the following. A Kerr BH develops
ultralight bosonic hair in an astrophysical time scale; the hairy BH is then effectively stable, since it is
superradiantly unstable only in a cosmological timescale. This turns out to be a realisable scenario
for supermassive BHs, such as the one recently observed by the Event Horizon Telescope (EHT)
collaboration [14–16] at the centre of the supergiant elliptic galaxy M87, henceforth referred to as the
M87 BH.

The scenario in this paper is therefore that the M87 BH is hairy, due to an appropriate ultralight
scalar field. Appropriate means its mass is in the right range to make the superradiant instability of
the original Kerr BH grow in a sufficiently small fraction of the Hubble time, yielding a hairy BH
that is stable in a cosmological time scale. Since the shadows of a Kerr and a hairy BH with the same
total mass and angular momentum differ [17], and since the EHT observation is compatible with the
M87 BH being of Kerr type, we shall then inquire how much the EHT observations constrain the
hair. As we shall see, for the most interesting mass ranges, as to make the hairy BH dynamically
viable, the EHT constraint is weak, and it is essentially compatible with a hairy BH that could have
dynamically formed from superradiance and it is in a long lived, albeit not absolutely stable, state.

This paper is organised as follows. In Section 2 we discuss the physical scenario under which
a BH with synchronised scalar hair could form from superradiance and be effectively stable within
a cosmological timescale. In Section 3 we describe the part of the domain of existence of hairy
BHs that is dynamically viable, according to the criteria in Section 2 and that we shall study in the
remaining of the paper. In Section 4 we consider the Kerr BH shadow and we obtain an approximate
expression for the shadow areal radius, valid for arbitrary observation angle and dimensionless spin
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value. In Section 5 we analyse the shadows of the hairy BHs in the relevant domain and obtain
an approximate expression for the areal shadow radius, in terms of that of a comparable Kerr BH, i.e.,
with the same mass, and a parameter measuring the hairiness of the BH. In Section 6 the expression
obtained in Section 5 is applied to the case of the M87 supermassive BH. Then, considering the
EHT observational errors, together with the errors in the mass estimate, we constrain the hairiness
compatible with the observations. Brief final remarks are given in Section 7. Unless otherwise stated,
natural units c = 1 = G = h are used.

2. The Hair Formation and Hair Instability Timescales

The timescale of BH superradiance is extremely sensitive to the occurrence, or not, of a resonance
between the gravitational scale of the BH and the Compton wavelength of the ultralight particles.
Consider a massive, complex, scalar field, Φ, described by the Klein–Gordon equation, 2Φ = µ2Φ, with
mass µ, on the background of a Kerr BH with mass M. Maximal efficiency occurs for Mµ ' 0.4 [18]
and for a spin close to extremality; for the M87 BH, for which we take MM87 ∼ 6× 109M�1 this
resonant scalar field mass is:

µr =
0.4

MM87
' 4× 10−20 eV . (1)

At maximal efficiency, the e-folding time of the superradiant instability’s leading mode is [18]:

∆t ∼ 107τLC , (2)

where τLC is the light crossing time of the BH. For the M87 BH, ∆t ∼ 104 years. We call this the hair
formation timescale. This means that if an ultralight boson of mass µr exists, the M87 BH would develop
scalar hair in an astrophysically short time scale.

If the resonance µ = µr is missed, however, this timescale grows extremely fast: as (Mµ)−8 [23]
for the leading mode and Mµ � 1; or as 107e3.7Mµ for Mµ � 1 [9,24]. In other words, if Mµ misses
the resonant sweet spot by one order of magnitude, either above or below, the timescale of the leading
mode of the superradiant instability of Kerr becomes considerably larger than the Hubble time, and the
Kerr BH does not become hairy. On the lower end, the hair formation timescale becomes larger
than one tenth of the Hubble time for Mµ < 0.05 [13], for the M87 BH mass. Thus, a conservative
bound on the formation timescale is to take Mµ > 0.1, when the formation timescale becomes around
a thousandth of the Hubble time.

Supermassive BHs in matter rich environments, such as galactic centres, are expected to grow in
time. Thus, a supermassive BH with ∼ 109M�, such as the one at the centre of M87, will have evolved,
due to accretion and mergers, from one (or many) BHs with mass several orders of magnitude lower,
see e.g., [25]. Only when the BH grows to the size that resonates with ∼ µr does the superradiant
energy/angular momentum extraction becomes efficient producing a sufficiently non-Kerr BH. At all
other scales BHs remain Kerr-like.

Once the hairy BH forms, one must consider its leading superradiant instability. The leading
instability has an e-folding time, dubbed hair instability timescale, larger than the Hubble time if
Mµ . 0.25 [13]. Thus, a Kerr BH with mass M = MM87 becomes hairy in an astrophysical timescale
and the hair is stable in a cosmological timescale if (conservatively rounding off 0.25 to 0.3):

µMM87 ∈ [0.1, 0.3] ⇒ µ ∈ [1 , 3]× 10−20 eV . (3)

1 For the considerations in this section this approximate value suffices. More accurate values will be considered in Section 6.
This value is suggested from stellar dynamics [19] and favoured by the EHT observations [14]. A value half of this is
suggested by gas dynamics [20]. The spin of the M87 BH is largely unknown, with different claims in the literature,
see e.g., [21,22].
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We remark that there is a dependence on the BH dimensionless spin parameter a in determining
the resonant scalar field mass µr, although the instability is considerably more sensitive to Mµ than a.
If the spin is not near extremal, this changes the ideal value of Mµ given in Equation (1), which could
push down slightly, but not significantly, the lower end value of the interesting mass range given in
Equation (3) (see also discussion in Section 7).

How much energy can be extracted from the Kerr BH region into the hair? Fully non-linear
numerical evolutions of the superradiant instability of a Kerr BH triggered by a complex vector field
were performed in [26], leading to the formation of that BH with synchronised (vector) hair [27],
first discussed in [28]. These simulations showed that the maximal energy extracted was ∼ 0.09M
of the original BH with mass M. The largest energy extraction, moreover, occurred for the lowest
values of Mµ (Mµ = 0.25, for the simulations in [26]), for which the superradiant growth was slower.
The trend moreover suggests that the 9% may be close to the maximal possible value, in the vector case.
The corresponding value in the scalar case is unknown. Since the process is slower in the scalar case,
it is conceivable that larger energy extractions are possible—see [29]. But, in any case, thermodynamic
sets a limit of 29% to the rotational energy that can be extracted from a Kerr BH.

3. The Selected Part of the Domain of Existence

The full domain of existence of BHs with synchronised scalar hair was obtained in [10,30].
These are stationary and axisymmetric solutions of the Einstein–(massive, complex)Klein–Gordon
system. The shadows of these BHs have been explored in [17,31,32]. However, a detailed study of
the shadow properties in the region of dynamical interest unveiled in the previous section remains
to be done. The goal of the reminder of this paper is to perform such study and relating it to the
EHT observations.

The part of the domain of existence describing the astrophysically viable solutions, in relation
to the M87 BH, as described in the last section, corresponds to values of Mµ in accordance with
Equation (3). For Mµ . 0.1, obtaining numerically the hairy BH solutions becomes challenging, due to
the different scales involved in the problem. So, we shall perform our analysis of the shadows in
a section of the domain of existence for 0.2 6 Mµ 6 0.5, which allowed us to obtain interpolations
with more data. The main conclusions are not substantially affected by this choice of sample. As we
shall see, the obtained trend is already informative.

In Figure 1 we exhibit the configurations analysed to obtain the behaviour of the shadows of the
hairy BHs in the dynamically viable region.

 0.2

 0.3

 0.4

 0.5

 0.95  0.96  0.97  0.98  0.99  1

M
µ

ΩH/µ

Figure 1. The section of the domain of existence of hairy black holes (BHs) to be analysed. We have
chosen sequences of representative solutions with constant Mµ—black dots. Their shadow properties
are analysed and the corresponding trends interpolated for the whole region. The dashed-dotted line
separates solutions with more (to the right) and less (to the left) than 29% of the spacetime energy in
the scalar hair.



Universe 2019, 5, 220 5 of 13

They are displayed in the configuration space (ΩH/µ, Mµ), with ΩH and µ being, respectively,
the BH horizon angular velocity and the boson mass. The synchronisation condition2 means that
ω = ΩH for this family of solutions, where ω is the frequency of the complex scalar field, that oscillates
harmonically (but with a time independent energy momentum tensor). The Kerr limit, in which the
hair vanishes, is provided by the dotted blue line; the rotating boson star limit, in which the horizon
vanishes, is provided by the solid red line.

As an alternative to the {ΩH/µ, Mµ} labelling of this section of the domain of existence of the
hairy BHs, each solution can also be labelled by the pair {p, Mµ}, where [33]:

p ≡ 1− MH
M

, (4)

MH is the horizon energy (measured by a Komar integral) and M the ADM energy. Thus, p measures
the fraction of the spacetime energy in the hair. This parameter satisfies 0 6 p 6 1; p = 0 (p = 1)
corresponds to the Kerr (boson star) limit, displayed as the dotted blue (solid red) lines in Figure 1.
In the figure, a dotted-dashed black line denotes the p = 0.29 threshold, above which the hairy BHs
cannot form from the superradiant instability of Kerr. Nevertheless, configurations with p > 0.29 are
also equally valid equilibrium solutions to the Einstein–Klein–Gordon field equations. Although at the
moment this is unclear, these configurations could perhaps form by alternative channels other than the
superradiant instability. For the analysis being performed, considering configurations with p > 0.29
increases the sample size for the shadow interpolations in Section 5.

4. The Kerr BH Shadow

The calculation of the BH shadow for a Schwarzschild and Kerr BH was introduced by Synge [34]
and Bardeen [35] respectively. A pioneering computation in an astrophysical environment was done
by Luminet [36,37] and its measurability was first assessed in [38]—see [39] for a review and [40] for
a working setup to compute shadows via ray tracing.

Given an observational setup, the observer can measure the BH shadow image3 areaA. We define
the shadow areal radius as:

S ≡
√
A
π

, (5)

which is well defined even for non-circular shadow shapes. In what follows, the shadow radius4 S
will be compared between hairy and Kerr BHs. The latter is known analytically in particular cases,
as we shall now review for our subsequent application.

4.1. Two Cases for Which the Kerr Shadow Areal Radius Is Exactly Computable

For an observer at infinity, the Kerr shadow edge is known analytically for all spin values a = J/M [39],
where J is the total angular momentum of the spacetime and the existence of a horizon requires
0 6 a2 6 M2. From this analytic knowledge of the shadow edge, however, it might not always be possible
to compute A exactly, and hence the Kerr shadow areal radius, denoted SKerr(a, θo), which generically
depends on a and the polar angle of the observer θo. But in two special cases this is possible.

The first case is when the observer is on the rotation axis, i.e., when θo = {0, π}. Then, the Kerr
shadow edge is circular due to axial-symmetry. In this case the shadow radius SKerr(a, axis) is
fully determined by a zero angular momentum spherical photon orbit with a Boyer–Linquist radial

2 The synchronization condition is an equilibrium requirement on the existence of these hairy BH solutions (i.e., within the
valid domain in Figure 1), and it is not directly used in the rest of the analysis.

3 The shadow in the image domain is rescaled with respect to its angular size ϑ by a factorR, see Equation (12).
4 Other possible measures for the shadow size can be found in the literature, e.g., see [41].
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coordinate r. For this special case A can be obtained exactly and so can the shadow areal radius.
Using the results in [42], the latter is obtained to be, as a function of a:

SKerr(a, axis) =
√

χ + a2 , (6)

where:

χ = r2
(

3r2 + a2

r2 − a2

)
,

r
M

= 1 + 2

√
1− a2

3
cos

1
3

arccos

 1− a2√(
1− a2

3

)3


 .

Observe that for a = 0, then r = 3M, χ = 27M2 and SKerr(0, axis) =
√

27M, which are the familiar
Schwarzschild light ring coordinate, the corresponding impact parameter (squared) and shadow areal radius.

The second case is for an extremal Kerr BH (i.e., |a| = M), viewed from the equatorial plane,
i.e., with θo = π/2. Then, the shadow edge is not circular. However, the shadow shape y(x) in
Cartesian-like coordinates (x, y) simplifies into [39] (in units of M):

y(x) = ±
√

11 + 2x− x2 + 8
√

2 + x , x ∈ [−2 , 7] ,

in which case, the area A can be explicitly computed:

A =
∫ 7

−2
2 y(x) dx = (15

√
3 + 16π)M2 ,

which leads to a shadow radius:

SKerr

(
±M,

π

2

)
=

√
16 +

15
√

3
π

M . (7)

4.2. An Approximation for the Areal Radius of the Kerr Shadow

We were not able to find an exact expression for the Kerr shadow areal radius in the generic case.
We have verified, however, that as seen by an observer at infinity, SKerr(a, θo) can be estimated (within
an error . 0.8%) as:5

SKerr(a, θo) ' SKerr(a, axis) +
2|a|θo

πM

[
SKerr

(
M,

π

2

)
− SKerr(M, axis)

]
, (8)

where SKerr(M, axis) = (2 + 2
√

2)M. This approximation will be used in the following.
To make contact with the Kerr limit in the domain of existence displayed in Figure 1, we observe

that from the points along the blue dotted line therein, the Kerr spin |a| can be obtained from Mµ using:

a =
M2ΩH

M2Ω2
H + 1/4

, MΩH ' b1 + b2 Mµ + b3 M2µ2 ,

where the first expression is exact for Kerr BHs, and the second is a good approximate relation along
the Kerr existence (blue) line in Figure 1, with parameters:

(b1, b2, b3) = (−0.00926172, 1.08238,−0.209874) . (9)

5 This error was determined through a direct comparison of the approximate formula with the corresponding Kerr values.
Recall that the Kerr shadow edge is known analytically and determining the shadow areal radius amounts to solving,
numerically, the area integral. Thus the Kerr shadow areal radius, albeit obtained numerically, is computed with a precision
considerably better than 0.8%.
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Thus, for the Kerr BHs in Figure 1, the shadow areal radius becomes a function of Mµ and θo,
SKerr(a(Mµ), θo).

5. Hairy BHs Shadow in the Considered Domain of Existence

Since the shadows of the hairy BHs were obtained through a numerical ray tracing procedure [40],
they correspond to an observer at finite, rather than infinite, distance from the BH. The observer
is placed at a finite perimetral distance R =

√gϕϕ(ro, π/2), where ∂/∂ϕ is the Killing vector field
associated to axial-symmetry. The quantity R is defined for each radial coordinate ro. For two
observers {O1,O2}, respectively with {R1,R2} � M and corresponding shadow radii {S1, S2},
a simple extrapolation can provide a good approximation for the shadow radius S∞ at infinity:

S∞ ' S2 −
(

S2 − S1

1−R2/R1

)
.

In our setup, we takeR1 = 100M andR2 = 200M.

Hairy BH Shadow Approximation for θo = 17o

The angle between the M87 BH spin and the line of sight has been estimated to be 17o from
the observed jet [43]. Choosing, then, θo = 17o in order to compare with EHT’s M87 observation,
the shadow’s areal radius at infinity of the hairy BHs, Shairy(p, Mµ, θo) can be approximated within
an error . 0.8% as:

Shairy(p, Mµ, 17o) ' (1− p)

(
SKerr(a(Mµ), 17o) + β1 p M2µ

)
, β1 ' 1.21455 , (10)

The accuracy of this approximation is clear from Figure 2, where both the shadow radius of the
hairy BHs and the function Shairy(p, Mµ, 17o), are exhibited.

-3

-1.5

 0

 1.5

 3

 4.5

 0  0.2  0.4  0.6  0.8  1

(S
/M

) -
 i/

2

p

Figure 2. Areal shadow radius for hairy BHs and the analytic approximation of Equation (10).
Circles correspond to data for the individual solutions in Figure 1. Each straight line is a set with
constant Mµ in Figure 1, given by Mµ = 0.5− i/20 and i = {0, · · · , 6} as we go from the top to the
bottom straight line. The function exhibited in the y-axis is Shairy(p, Mµ, 17o)/M − i/2, as to more
clearly distinguish the different lines, where i is a function of Mµ via i = 10× (1− 2Mµ).
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The analysis of the hairy BHs data, leading to Equation (10), shows that the shadow’s areal
radius relative deviation δS, between hairy and Kerr BHs, depends very weakly on Mµ. It is therefore
accurately parameterized by a function of p only:

δS(p) ≡ 1−
Shairy(p, Mµ, 17o)

SKerr(a(Mµ), 17o)
' p + p(p− 1)A , with A ' 0.111159 . (11)

This approximation is represented in Figure 3 as a solid line, together with the corresponding
data (red circles), showing a very good agreement.
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K
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10%

Figure 3. Deviation δS between the hairy BHs shadow areal radius and that of Kerr BHs, as function of
p, for θo = 17o. The fit function p + A p(p− 1) with A ' 0.111159 captures the main features of δS.

A rough conclusion from this analysis is that a Kerr deviation no larger than ∼10% is compatible
with a p . 11% (dotted line in Figure 3). Indeed, the EHT measurement of the M87 BH shadow has
an error bar of around 10% as discussed in the next section where a more precise statistical analysis is
performed. To make contact with the observations, we note that for a dimensionless areal radius S/M,
the corresponding angular radius in the sky is:

ϑ = (S/M)
M
R . (12)

This relates theory with observation. Using it we will now restrict the values of p of a hairy BH
that may be compatible with the EHT M87 BH observation data.

6. Application to the M87 BH Shadow

The EHT observation measures the emission ring diameter to be 42 ± 3 µas [14]. As discussed
in [16], this emission ring diameter is not simply assumed to be the edge of the shadow.
Calibration between the emission ring diameter and the photon ring (determining the edge of the
shadow) based on GRMHD simulations leads to a 10% offset between the two. Although this offset is
estimated from Kerr, it is conceivable that a similar effect arises for hairy BHs in the region of interest
of Figure 1, which are still very much Kerr-like. Thus, we assume the M87 BH shadow diameter is 10%
smaller than the EHT’s observed emission ring, leading to an observed angular size of the shadow
(corresponding to the areal radius) of:

ϑo = ( 18.9± 1.5) µas . (13)

The error bars in Equation (13) already provide some margin to accommodate a non-Kerr BH
with the same mass. But a proper analysis must, in addition, take into account the error in the mass
measurement, which must be an independent measurement from the EHT observations. As discussed
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in [16], both the independent measurements of the M87 BH mass, by Gebhardt et al. [19] based on star
dynamics, and Walsh et al. [20] based on gas motion, actually directly measure the ratio λ = M/L,
rather than M, where L is the luminosity distance, that we identify withR. The mass in these works is
then obtained assuming L = 17.9 Mpc, since the relative error for the distance is smaller. Taking their
reported values for M and inferring the associated ratios for that distance, one has:

Gebhardt et al. (star motion): M = (6.6± 0.4)× 109M� , λ = 0.369± 0.022
(

109M�
Mpc

)
,

Walsh et al. (gas motion): M = 3.5+0.9
−0.7 × 109M� , λ = 0.196+0.05

−0.04

(
109M�

Mpc

)
.

Choosing either of these data sets, we can now analyse the domain in the (p, λ) plane that
provides an angular shadow size; using Equations (10) and (12) yields:

ϑ = λ
Shairy(p, Mµ, 17o)

M
' λ(1− p)

(
SKerr(a(Mµ), 17o)

M
+ β1 p Mµ

)
, (14)

consistent with the EHT shadow, within a certain number of standard deviations. This analysis is
performed in Figure 4.
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 0.18

 0.21

 0.24

 0.27

 0.3

 0.33

 0.36

 0  0.05  0.1  0.15  0.2

M
/L

 (
1

0
9
M

o
/M

p
c)

p

Walsh et al. (gas data), 3-sigma interval

0.5 0.2

M87 BH measured value

Figure 4. (p, λ = M/L) domain providing values of ϑ = λShairy(p, Mµ, 17o)/M consistent with the
Event Horizon Telescope (EHT) observation. (Left panel) within one and two standard deviations for
the star motion data. (Right panel): within three standard deviations for the gas data. Small numbers
indicate value of Mµ.

The left panel considers the star motion data. The shaded regions encode values of (p, λ)

consistent with the EHT shadow observation, within one and two standard deviations, for the limiting
values of Mµ in the sample of solutions analysed. We conclude that within one standard deviation,
0 < p < 0.12, and within two standard deviations 0 < p < 0.24, for Mµ = 0.2. Slightly more
restrictive values hold for Mµ = 0.5. The right panel considers the gas data. In this case, values in the
(p, λ) domain exhibited can only agree with the EHT observation within 3 standard deviations of the
observation error.

Considering the star dynamics data within one standard deviation, a hairy BH with p . 0.12 is
compatible with the EHT observations. The trend with Mµ in Figure 4 indicates, moreover, that for
even lower values of Mµ—recall Equation (3)—the accommodated p is even slightly larger. Taking the
simulations with a vector field discussed in Section 2 as an estimate of how much energy could be
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extracted dynamically into the hair, the tentative conclusion (with the caveat that the precise maximum
amount of energy extractable dynamically is unknown in the scalar case) is that dynamically viable
hairy BHs are compatible with the EHT observations, given the error bars.

The gas data, on the other hand, disfavours the hairy BHs, which is manifest in the mostly empty
right panel of Figure 4, but it is also at some tension with the Kerr model, from the EHT observations.
Within two standard deviations the data is incompatible with the model.

7. Final Remarks

With the advent of the first observation of a BH shadow by the EHT collaboration [14–16], a new
direct window has now been opened into the strong gravity regime surrounding BHs. Together with
the recent breakthroughs in gravitational wave astrophysics [44,45], and the precision upgrades that
are expected to follow, the shadow observation opens the tantalizing possibility of testing existing BH
models with direct observations.

In this paper, we have considered the possibility that the M87 supermassive BH has ultralight
synchronised hair. We have made the case that some of these hairy BHs could be dynamically viable as
a model of such a supermassive BH. Moreover, we have shown that the current EHT data, when taken
together with the most favoured independent measurement of the mass of the M87 BH is compatible
with the estimated range for dynamically viable hair. Thus such a hairy BH could be mistaken by
a Kerr BH within all current measurements. See [43,46–50] for other constraints on ultralight dark
matter from EHT data and, e.g., [51–54] for the impact of these data on other scenarios for M87.

Our analysis contains assumptions and some possible caveats, including:

• In Equation (1) we considered the resonant mass corresponding to the most efficient superradiant
scenario, which in particular assumes a near extremal Kerr BH. If the spin is not near extremal
(i.e., ideal to make superradiance as efficient as possible) this changes the ideal value of Mµ given
in Equation (1) in the text and, most importantly, it reduces the efficiency of the process and
increases the timescale—see Figure 6 of [18]. As the dimensionless spin of the Kerr BH varies
from 0.5 to 0.999, the timescale at maximal efficiency can vary by almost four orders of magnitude.
This still allows the formation of scalar hair in less than 1% of a Hubble time in the M87 case:
for maximal efficiency the time scale was 104 years for the M87 mass. This variation in the most
efficient Mµ could push down slightly, but not significantly, the lower end value of the interesting
mass range given in Equation (3).

• Although we have considered that the most interesting mass interval in the context of our analysis
is given by Equation (3), the analysis of hairy BH solutions was performed in a different mass
range, cf. Figure 1. This was justified in Section 3 and we believe the main conclusions are not
substantially affected by this choice of sample.

• Our work assumes the scalar hair around M87 is truly stationary, described by a minimally
coupled massive, complex scalar field and forms from superradiance. If other mechanisms can
form hairier BHs, or for other sorts of BHs with scalar hair (even if only approximately stationary),
our conclusions do not apply, as, for example, in the scenario discussed in [47,55].

• In this paper we have used a single number (the shadow aerial radius) to set constraints. Other shadow
measures could also be introduced (e.g., shadow deviation from a circle). However, due to the
precision of the EHT measurement, such quantities would be too poorly constrained, at the moment.
Such an analysis will be certainly interesting when more precise observations become possible.

• We have assumed that the M87 BH spin makes an angle of 17o with the line of sight, as suggested
from the jet [43] and also assumed by the EHT analysis.

• We have assumed that there is an offset of about 10% between the size of the photon ring
and the emission ring observed by the EHT. For Kerr this is justified by numerical GRMHD
simulations—see also [56,57] for a discussion on this point. Since the hairy BHs in the region of
interest are not very hairy, it is conceivable this offset is of a similar order.
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• The gas data [20] was included in our discussion for completeness, as it was in the EHT paper
VI [16]. However, this data is under tension even with the Kerr hypothesis, as discussed in detail
in [16]. If the gas observations were to hold, they would have major implications concerning the
Kerr paradigm. The conclusion that could be extracted here from this data is not different from
the EHT paper: it is in tension with the models that were considered (including Kerr).

It would be very interesting to repeat the current analysis for the case of BHs with ultralight
synchronised vector hair or scalar hair with self-interactions.
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Bintley, D.; et al. [The Event Horizon Telescope Collaboration]. First M87 Event Horizon Telescope Results.
VI. The Shadow and Mass of the Central Black Hole. Astrophys. J. 2019, 875, L6.

17. Cunha, P.V.P.; Herdeiro, C.A.R.; Radu, E.; Runarsson, H.F. Shadows of Kerr black holes with scalar hair.
Phys. Rev. Lett. 2015, 115, 211102. [CrossRef]

18. Dolan, S.R. Instability of the massive Klein-Gordon field on the Kerr spacetime. Phys. Rev. 2007, D76, 084001.
[CrossRef]

19. Gebhardt, K.; Adams, J.; Richstone, D.; Lauer, T.R.; Faber, S.M.; Gultekin, K.; Murphy, J.; Tremaine, S.
The Black-Hole Mass in M87 from Gemini/NIFS Adaptive Optics Observations. Astrophys. J. 2011, 729, 119.
[CrossRef]

20. Walsh, J.L.; Barth, A.J.; Ho, L.C.; Sarzi, M. The M87 Black Hole Mass from Gas-dynamical Models of Space
Telescope Imaging Spectrograph Observations. Astrophys. J. 2013, 770, 86. [CrossRef]

21. Nokhrina, E.E.; Gurvits, L.I.; Beskin, V.S.; Nakamura, M.; Asada, K.; Hada, K. M87 black hole mass and
spin estimate through the position of the jet boundary shape break. Mon. Not. Roy. Astron. Soc. 2019, 489,
1197–1205. [CrossRef]

22. Tamburini, F.; Thidé, B.; Valle, M.D. Measurement of the spin of the M87 black hole from its observed twisted
light. arXiv 2019, arXiv:1904.07923.

23. Detweiler, S.L. Klein-Gordon equation and rotating black holes. Phys. Rev. 1980, D22, 2323–2326. [CrossRef]
24. Zouros, T.J.M.; Eardley, D.M. Instabilities of massive scalar perturbations of a rotating black hole. Annals Phys.

1979, 118, 139–155. [CrossRef]
25. Volonteri, M.; Haardt, F.; Madau, P. The Assembly and merging history of supermassive black holes in

hierarchical models of galaxy formation. Astrophys. J. 2003, 582, 559–573. [CrossRef]
26. East, W.E.; Pretorius, F. Superradiant Instability and Backreaction of Massive Vector Fields around Kerr Black

Holes. Phys. Rev. Lett. 2017, 119, 041101. [CrossRef]
27. Herdeiro, C.A.R.; Radu, E. Dynamical Formation of Kerr Black Holes with Synchronized Hair: An Analytic

Model. Phys. Rev. Lett. 2017, 119, 261101. [CrossRef]
28. Herdeiro, C.; Radu, E.; Runarsson, H. Kerr black holes with Proca hair. Class. Quant. Grav. 2016, 33, 154001.

[CrossRef]
29. Brito, R.; Cardoso, V.; Pani, P. Black holes as particle detectors: evolution of superradiant instabilities.

Class. Quant. Grav. 2015, 32, 134001. [CrossRef]
30. Herdeiro, C.; Radu, E. Construction and physical properties of Kerr black holes with scalar hair.

Class. Quant. Grav. 2015, 32, 144001. [CrossRef]
31. Cunha, P.V.P.; Grover, J.; Herdeiro, C.; Radu, E.; Runarsson, H.; Wittig, A. Chaotic lensing around boson

stars and Kerr black holes with scalar hair. Phys. Rev. 2016, D94, 104023. [CrossRef]
32. Vincent, F.H.; Gourgoulhon, E.; Herdeiro, C.; Radu, E. Astrophysical imaging of Kerr black holes with scalar

hair. Phys. Rev. 2016, D94, 084045. [CrossRef]
33. Delgado, J.F.M.; Herdeiro, C.A.R.; Radu, E. Violations of the Kerr and Reissner-Nordström bounds: Horizon

versus asymptotic quantities. Phys. Rev. 2016, D94, 024006. [CrossRef]
34. Synge, J.L. The Escape of Photons from Gravitationally Intense Stars. Mon. Not. Roy. Astron. Soc. 1966, 131,

463–466. [CrossRef]
35. Bardeen, J.M. Timelike and Null Geodesies in the Kerr Metric. In Black Holes; Witt, C., Witt, B., Eds.;

CRC Press: Boca Raton, FL, USA, 1973; p. 215.
36. Luminet, J.P. Image of a spherical black hole with thin accretion disk. Astron. Astrophys. 1979, 75, 228–235.
37. Luminet, J.P. An Illustrated History of Black Hole Imaging: Personal Recollections (1972–2002). arXiv 2019,

arXiv:1902.11196.
38. Falcke, H.; Melia, F.; Agol, E. Viewing the shadow of the black hole at the galactic center. Astrophys. J. 2000,

528, L13. [CrossRef]
39. Cunha, P.V.P.; Herdeiro, C.A.R. Shadows and strong gravitational lensing: A brief review. Gen. Rel. Grav.

2018, 50, 42. [CrossRef]
40. Cunha, P.V.P.; Herdeiro, C.A.R.; Radu, E.; Runarsson, H.F. Shadows of Kerr black holes with and without

scalar hair. Int. J. Mod. Phys. 2016, D25, 1641021. [CrossRef]
41. Grenzebach, A.; Perlick, V.; Lämmerzahl, C. Photon Regions and Shadows of Accelerated Black Holes. Int. J.

Mod. Phys. 2015, D24, 1542024. [CrossRef]

http://dx.doi.org/10.1103/PhysRevLett.115.211102
http://dx.doi.org/10.1103/PhysRevD.76.084001
http://dx.doi.org/10.1088/0004-637X/729/2/119
http://dx.doi.org/10.1088/0004-637X/770/2/86
http://dx.doi.org/10.1093/mnras/stz2116
http://dx.doi.org/10.1103/PhysRevD.22.2323
http://dx.doi.org/10.1016/0003-4916(79)90237-9
http://dx.doi.org/10.1086/344675
http://dx.doi.org/10.1103/PhysRevLett.119.041101
http://dx.doi.org/10.1103/PhysRevLett.119.261101
http://dx.doi.org/10.1088/0264-9381/33/15/154001
http://dx.doi.org/10.1088/0264-9381/32/13/134001
http://dx.doi.org/10.1088/0264-9381/32/14/144001
http://dx.doi.org/10.1103/PhysRevD.94.104023
http://dx.doi.org/10.1103/PhysRevD.94.084045
http://dx.doi.org/10.1103/PhysRevD.94.024006
http://dx.doi.org/10.1093/mnras/131.3.463
http://dx.doi.org/10.1086/312423
http://dx.doi.org/10.1007/s10714-018-2361-9
http://dx.doi.org/10.1142/S0218271816410212
http://dx.doi.org/10.1142/S0218271815420249


Universe 2019, 5, 220 13 of 13

42. Teo, E. Spherical photon orbits around a kerr black hole. Gen. Relativ. Gravit. 2003, 35, 1909–1926. [CrossRef]
43. Walker, R.C.; Hardee, P.E.; Davies, F.B.; Ly, C.; Junor, W. The Structure and Dynamics of the Subparsec Jet in

M87 Based on 50 VLBA Observations over 17 Years at 43 GHz. Astrophys. J. 2018, 855, 128. [CrossRef]
44. Abbott, B.P.; Abbott, R.; Abbott, T.D.; Abernathy, M.R.; Acernese, F.; Ackley, K.; Adams, C.; Adams, T.;

Addesso, P.; Adhikari, R.X.; et al. [LIGO Scientific Collaboration and Virgo Collaboration]. Observation
of Gravitational Waves from a Binary Black Hole Merger. Phys. Rev. Lett. 2016, 116, 061102. [CrossRef]
[PubMed]

45. Abbott, B.P.; Abbott, R.; Abbott, T.D.; Abraham, S.; Acernese, F.; Ackley, K.; Adams, C.; Adhikari, R.X.;
Adya, V.B.; Affeldt, C.; et al. [LIGO Scientific Collaboration and Virgo Collaboration]. GWTC-1: A
Gravitational-Wave Transient Catalog of Compact Binary Mergers Observed by LIGO and Virgo during the
First and Second Observing Runs. Phys. Rev. 2019, X9, 031040. [CrossRef]

46. Davoudiasl, H.; Denton, P.B. Ultralight Boson Dark Matter and Event Horizon Telescope Observations of
M87. Phys. Rev. Lett. 2019, 123, 021102. [CrossRef]

47. Hui, L.; Kabat, D.; Li, X.; Santoni, L.; Wong, S.S.C. Black Hole Hair from Scalar Dark Matter. J. Cosmol. Astropart.
Phys. 2019, 1906, 038. [CrossRef]

48. Chen, Y.; Shu, J.; Xue, X.; Yuan, Q.; Zhao, Y. Probing Axions with Event Horizon Telescope Polarimetric
Measurements. arXiv 2019, arXiv:1905.02213.

49. Bar, N.; Blum, K.; Lacroix, T.; Panci, P. Looking for ultralight dark matter near supermassive black holes. J.
Cosmol. Astropart. Phys. 2019, 1907, 045. [CrossRef]

50. Roy, R.; Yajnik, U.A. Evolution of black hole shadow in the presence of ultralight bosons. arXiv 2019,
arXiv:1906.03190.

51. Bambi, C.; Freese, K.; Vagnozzi, S.; Visinelli, L. Testing the rotational nature of the supermassive object M87*
from the circularity and size of its first image. Phys. Rev. 2019, D100, 044057. [CrossRef]

52. Tian, S.X.; Zhu, Z.-H. Testing the Schwarzschild metric in a strong field region with the Event Horizon
Telescope. Phys. Rev. 2019, D100, 064011. [CrossRef]

53. Vagnozzi, S.; Visinelli, L. Hunting for extra dimensions in the shadow of M87*. Phys. Rev. 2019, D100, 024020.
[CrossRef]

54. Contreras, E.; Rincón, A.; Panotopoulos, G.; Bargueño, P.; Koch, B. Black hole shadow of a rotating
scale–dependent black hole. arXiv 2019, arXiv:1906.06990.

55. Clough, K.; Ferreira, P.G.; Lagos, M. Growth of massive scalar hair around a Schwarzschild black hole.
Phys. Rev. 2019, D100, 063014. [CrossRef]

56. Narayan, R.; Johnson, M.D.; Gammie, C.F. The Shadow of a Spherically Accreting Black Hole. Astrophys. J.
2019, 885, L33. [CrossRef]

57. Gralla, S.E.; Holz, D.E.; Wald, R.M. Black Hole Shadows, Photon Rings, and Lensing Rings. Phys. Rev. 2019,
D100, 024018. [CrossRef]

c© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1023/A:1026286607562
http://dx.doi.org/10.3847/1538-4357/aaafcc
http://dx.doi.org/10.1103/PhysRevLett.116.061102
http://www.ncbi.nlm.nih.gov/pubmed/26918975
http://dx.doi.org/10.1103/PhysRevX.9.031040
http://dx.doi.org/10.1103/PhysRevLett.123.021102
http://dx.doi.org/10.1088/1475-7516/2019/06/038
http://dx.doi.org/10.1088/1475-7516/2019/07/045
http://dx.doi.org/10.1103/PhysRevD.100.044057
http://dx.doi.org/10.1103/PhysRevD.100.064011
http://dx.doi.org/10.1103/PhysRevD.100.024020
http://dx.doi.org/10.1103/PhysRevD.100.063014
http://dx.doi.org/10.3847/2041-8213/ab518c
http://dx.doi.org/10.1103/PhysRevD.100.024018
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	The Hair Formation and Hair Instability Timescales
	The Selected Part of the Domain of Existence
	The Kerr BH Shadow
	Two Cases for Which the Kerr Shadow Areal Radius Is Exactly Computable
	An Approximation for the Areal Radius of the Kerr Shadow

	Hairy BHs Shadow in the Considered Domain of Existence
	Application to the M87 BH Shadow
	Final Remarks
	References

