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Abstract. Searching for violations of the no-hair theorem (NHT) is a powerful way to test
gravity, and more generally fundamental physics, particularly with regards to the existence
of additional scalar fields. The first observation of a black hole (BH) shadow by the Event
Horizon Telescope (EHT) has opened a new direct window onto tests of gravity in the strong-
field regime, including probes of violations of the NHT. We consider two scenarios described
by the Einstein-Maxwell equations of General Relativity and electromagnetism, to which
we add a scalar field. In the first case we consider a minimally-coupled scalar field with a
potential, whereas in the second case the field is conformally-coupled to curvature. In both
scenarios we construct charged BH solutions, which are found to carry primary scalar hair.
We then compute the shadows cast by these two BHs as a function of their electric charge
and scalar hair parameter. Comparing these shadows to the shadow of M87* recently imaged
by the EHT collaboration, we set constraints on the amount of scalar hair carried by these
two BHs. The conformally-coupled case admits a regime for the hair parameter, compatible
with EHT constraints, describing a so-called mutated Reissner-Nordström BH: this solution
was recently found to effectively mimic a wormhole. Our work provides novel constraints on
fundamental physics, and in particular on violations of the no-hair theorem and the existence
of additional scalar fields, from the shadow of M87*.
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1 Introduction

All black hole (BH) solutions of the coupled Einstein-Maxwell equations of General Rela-
tivity (GR) and electromagnetism (EM) can be described solely in terms of three classical
observable parameters: mass M , spin J , and electric charge Q. To put it in the words of John
Archibald Wheeler, “black holes have no hair”, where “hair” is loosely used to indicate all
information regarding the matter which formed or fell into the BH, all of which is supposedly
lost beyond the event horizon. This is the essence of the so-called no-hair theorem (NHT),
sometimes also referred to as uniqueness theorem: the theorem states that Kerr-Newman BHs
are the only possible stationary, axisymmetric, regular, and asymptotically flat BH solutions
of the vacuum Einstein-Maxwell equations [1–3].

There is, at present, no sign of tension between the NHT and astrophysical observa-
tions. Yet, there are plenty of hints suggesting that our understanding of gravity might be
incomplete. Some of these hints are somewhat more fundamental, including the quest for a
quantum theory of gravity, or the conflict between Hawking BH radiation and unitary evolu-
tion in quantum mechanics, as exemplified by the BH information paradox [4]. Other hints
are more observational in nature, including identifying the nature of the elusive dark matter
(DM) and dark energy (DE), which drive structure formation and the late-time accelerated
expansion of the Universe respectively. Modifications to Einstein’s GR and/or additional
fields beyond those of the Standard Model could address these problems, possibly providing
the ingredients for explaining an early epoch of cosmic acceleration, dubbed inflation. Re-
gardless of what turns out to be the explanation for DM, DE, or inflation, there is good reason
to believe that in the presence of new physics, the NHT might be a valid approximation given
current precision, but an approximation nonetheless.

This bring us to the question of whether the NHT can be evaded. A short answer is
“yes, but not without difficulty”. In recent years, there have been several attempts to endow
BHs with hair by means of additional matter fields. The metric of the resulting hairy BHs
(HBHs) presents a permanent deformation, while the HBH horizon is maintained regular
and its space-time asymptotically flat. In most of these constructions, the symmetries of the
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non-hairy metric (e.g. stationarity and axisymmetry) are preserved by the hairy metric, but
not by the full (BH plus additional field) solution, as the additional field is usually required to
have a non-trivial profile. Therefore, these solutions bypass the NHT by violating the basic
requirement of stationarity and/or axisymmetry at the level of the full solution. However,
as long as stationarity remains an isometry of the HBH, the resulting object can still play
an important role in scenarios of astrophysical interest. For an inevitably incomplete list of
important studies related to the construction and identification of observational signatures
of HBHs in various theories of gravity or in the presence of various different types of matter
fields, see for instance [5–54].

One way to violate the NHT through additional fields is by means of scalar fields, i.e.
within a system described by the Einstein-Hilbert-Klein-Gordon equations. This is a possi-
bility which is very interesting in its own right given how scalar fields, be they fundamental
or effective/composite, are not only ubiquitous in nature (for instance, ultralight scalars are
omnipresent within string theory [55–57]), but are also arguably among the most economical
and motivated candidates for explaining DM, DE, and inflation. 1 The main difficulty when
trying to evade the NHT is to ensure that the scalar field remains regular at the BH hori-
zon(s). One way of doing so is to explicitly introduce a new scale in the gravitational sector
of the theory via a cosmological constant: that is, by considering BHs in asymptotically de
Sitter (dS) or anti-de Sitter (AdS) space. Some of these attempts led to stable BHs with in-
teresting physical properties, see e.g. [73–75]. A related possibility is that of still introducing
a new scale, but this time in the scalar sector instead of in the gravitational sector [76, 77].
An important question in the quest for controlled violations of the NHT through scalar fields
is that of finding HBH solutions with primary scalar hair (i.e. a conserved charge): most,
albeit not all, known HBH solutions are instead characterized by secondary hair, which do
not make it possible to continuously connect the HBH solution to a BH solution with the
same mass but no scalar field. See [78] for a recent review on asymptotically flat BHs with
scalar hair, and [79] for a recent review on observational tests of the NHT.

Besides the fundamental realization that our understanding of gravity is likely incom-
plete, there are at least two very valid reasons for why exploring controlled violations of
the NHT is timely and interesting. The first reason is somewhat more theoretical, and is
related to the AdS/CFT correspondence (or gauge/gravity duality) [80]. The AdS/CFT
correspondence connects strongly coupled d-dimensional conformal field theories to weakly
coupled (d+1)-dimensional gravitational theories, where the gravitational part of the system
is described by an extremal charged BH in AdS space-time. Recent developments in our
understanding of the gauge/gravity duality call for a deeper investigation of the behaviour
of matter fields in the vicinity of charged BHs [81], which might develop hair. A better
understanding of hairy charged BHs will also likely open new windows into our understand-
ing of a number of condensed matter systems which are especially interesting in light of
the AdS/CFT correspondence. Examples include holographic superconductors (where the
gravity sector contains a gauge field and a charged scalar field) [82] and quantum liquids
(many-body systems with finite U(1) charge density at zero temperature) [83].

The second reason why it is timely to study controlled violations of the NHT is instead
observational in nature. In the over 100 years since GR was developed we have been steadily
accumulating indirect evidence for the existence of BHs, in a wide range of astrophysical

1For an inevitably incomplete list of examples to back up this statement, see e.g. [58–72] for examples
of models where scalar fields play the role of DM, DE, or drive inflation, and/or unify one or more of these
aspects, both in the context of General Relativity as well as within extensions thereof.
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environments and masses. At the same time, we have been unable to test that which is
the very defining property of BHs, the existence of an event horizon (EH) [84, 85]. Two
novel observational channels promise to test the geometry of space-time in the vicinity of the
EH to exquisite accuracy: gravitational waves (GWs), and very-long-baseline-interferometry
(VLBI) imaging of BH shadows. GW observations have already enabled unprecedented tests
of GR [86] and ruled out, or severely constrained, many theoretically valid alternatives (see
for instance [87–101]). See e.g. [102] for a recent review on future tests of fundamental physics
from GWs and BHs.

VLBI imaging of BH shadows is instead an extremely novel probe, but at the same time
a very promising one. A BH surrounded by a geometrically thick, optically thin emission
region (e.g. an accretion disk) will appear to a distant observer as a central dark region, the
so-called BH shadow, against the backdrop of a bright ring [103, 104]. The BH shadow is the
apparent (i.e. gravitationally lensed) image of the photon sphere, the region of space-time
where photons travel along unstable orbits. In other words, the BH shadow is the closed
curve on the sky separating capture orbits and scattering orbits. For a Schwarzschild BH of
mass M , the radius of the BH shadow is 3

√
3M , which is larger than both the event horizon

and photon sphere radii (2M and 3M respectively). Therefore, the BH shadow probes the
geometry of space-time in the proximity of the event horizon. See e.g. [105] for a recent
review on BH shadows.

In April 2019, the Event Horizon Telescope (EHT) collaboration, a VLBI radio tele-
scope array operating at millimeter wavelengths with Earth-wide baseline, delivered what is
probably one of the most iconic images of 21st century physics: the shadow of M87*, the
supermassive BH residing at the center of the nearby supergiant elliptical galaxy Messier
87 [106–111]. Thanks to this extraordinary feat, VLBI BH shadow imaging finally became a
reality. Early work had already established that VLBI BH shadow imaging can in principle
be used to test violations of the NHT [112–114]. More generally, several works following
the EHT detection have examined the possibility of constraining fundamental physics from
the image of M87*’s shadow, mostly in the context of deviations from GR (some of which
envisaging violations of the NHT). For an incomplete list of works in this direction, see for
instance [115–167].

Having established in the above paragraphs that exploring controlled violations of the
NHT, particularly in the context of charged hairy BHs, is timely and interesting beyond
the field of gravitational physics, in this work we shall also venture alontg this route. One
approach towards studying violations of the NHT is to build parametrized families of met-
rics deviating from the GR BH metrics (Schwarzschild, Kerr, Reissner-Nordström, or Kerr-
Newman), which are flexible but not necessarily tied to any specific theory beyond GR,
whereas another approach consists of searching for exact solutions of a coupled gravity-
matter system yielding deviations from the aforementioned metrics. It is the latter approach
we shall follow in this work. In particular, we shall focus on two specific models where the
gravitational sector is described by GR, and the matter field features a scalar field in the
presence of an electromagnetic field. Therefore, we shall consider a system described by the
Einstein-Hilbert-Maxwell-Klein-Gordon equations. Earlier works on charged BHs with scalar
hair can be found for instance in [168–172].

The first model we study features a minimally-coupled scalar field with a potential in
the presence of an electromagnetic field. The second model instead features a scalar field
conformally-coupled to gravity, also in the presence of an electromagnetic field. For both
models we shall construct charged BH solutions with scalar hair, which thus go beyond the
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charged non-rotating Reissner-Nordström BH solution of GR. We will refer to the resulting
BHs as minimally-coupled charged hairy BH (MCCHBH) and conformally-coupled charged
hairy BH (CCCHBH) respectively. We will then compute the shadows of these two BHs,
and then confront such shadows with the shadow of M87* imaged by the EHT collaboration.
In doing so, we will extract constraints on the fundamental parameters of our two models.
In this work we shall ignore the BH spin, i.e. the BH solutions we will construct are non-
rotating. We will argue that introducing rotation does not alter our results in a significant
manner, and will leave the construction of rotating charged hairy BHs to future projects.

The rest of this paper is then organized as follows. In Section 2 we consider the first
model (a minimally-coupled scalar field with a potential in the presence of an electromagnetic
field) and construct the relevant BH solution (which we refer to as MCCHBH). In Section 3
we then compute the shadow of the MCCHBH. In Section 4 we instead consider the second
model (a conformally-coupled scalar field in the presence of an electromagnetic field), and
construct the relevant BH solution (which we refer to as CCCHBH). In Section 5 we compute
the shadow of the CCCHBH. In Section 6 we compare the shadows of the two classes of black
holes we have studied against the shadow of M87* imaged by the Event Horizon Telescope,
and discuss some important caveats of our study. Finally, we provide concluding remarks in
Sec. 7. Throughout this paper we work with Planck units wherein c = ~ = G = 1.

2 Minimally-coupled charged black holes with scalar hair: MCCHBH

We begin by considering an action whose gravitational sector consists of General Relativity
(GR), supplemented by a minimally-coupled scalar field φ with a potential V (φ), in the
presence of an electromagnetic field with field-strength tensor given by Fµν . The Einstein-
Hilbert-Maxwell-Klein-Gordon action we envisage is thus given by:

S =

∫
d4x
√
−g
(

1

2κ
R− 1

4
FµνF

µν − 1

2
gµν∇µφ∇νφ− V (φ)

)
, (2.1)

where κ ≡ 8π, the electromagnetic field has 4-potential given by Aµ = (At(r), 0, 0, 0) and
field-strength tensor given by Fµν = ∂µAν − ∂νAµ. Related models have been considered
earlier in e.g. [168–175].

Let us now consider the field equations which follow from the action given in Eq. (2.1).
The gravitational field equations are obtained by extremizing the action with respect to the
metric tensor, and are given by:

Rµν −
1

2
gµνR = κ(T (φ)

µν + T (F )
µν ) , (2.2)

where the matter (right-hand side) section of the Einstein-Hilbert equations is sourced by

the scalar and electromagnetic fields, whose energy-momentum tensors (T
(φ)
µν and T

(F )
µν re-

spectively) are given by the following:

T (φ)
µν = ∇µφ∇νφ− gµν

[
1

2
gρσ∇ρφ∇σφ+ V (φ)

]
, (2.3)

T (F )
µν = Fαµ Fνα −

1

4
gµνFαβF

αβ , (2.4)

where of course since φ is a scalar field, ∇µφ = ∂µφ. Extremizing the action with respect to
the scalar field gives us the usual Klein-Gordon equation:

�φ =
dV

dφ
. (2.5)
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Finally, extremizing the action with respect to the 4-potential gives us the usual Maxwell
equations:

∇νFµν = 0 . (2.6)

Therefore, Eqs. (2.2-2.6) fully specify the dynamics of the system.
We shall now seek static spherically symmetrically (SSS) solutions to the field equations.

In general, astrophysical systems will rotate, and thus it is usually not possible to neglect
angular momentum. In doing so, the solutions we will find should be seen as approximate
descriptions of realistic astrophysical systems. However, as we shall argue later in Sec. 6,
this approximation can be justified given the current level of observational precision in VLBI
shadow imaging. Our ansatz for the SSS squared line element is given by:

ds2 = −f(r)dt2 + f−1(r)dr2 + a2(r)dσ2 , (2.7)

where dσ2 is the metric of the spatial 2-section, with positive curvature. Plugging in our
squared line element from Eq. (2.7) into Eqs.(2.2,2.4), some tedious but straightforward
algebra leads us to the following three independent differential equations:

f ′′(r) + 2
a′(r)

a(r)
f ′(r) + 2V (φ) = A′t(r)

2 , (2.8)

a′(r)

a(r)
f ′(r) +

((
a′(r)

a(r)

)2

+
a′′(r)

a(r)

)
f(r)− 1

a(r)2
+ V (φ) = −1

2
A′t(r)

2 , (2.9)

f ′′(r) + 2
a′(r)

a(r)
f ′(r) +

(
4
a′′(r)

a(r)
+ 2(φ′(r))2

)
+ 2V (φ) = A′t(r)

2 . (2.10)

To make progress, we replace V (φ) from Eq. (2.8) into Eqs. (2.9,2.10), from which we get:

a′′(r) +
1

2
(φ′(r))2a(r) = 0 , (2.11)

f ′′(r)− 2

((
a′(r)

a(r)

)2

+
a′′(r)

a(r)

)
f(r) +

2

a(r)2
= 2A′t(r)

2 , (2.12)

The field Klein-Gordon and Maxwell equations, Eqs. (2.5,2.6), in addition to the differential
equations Eqs. (2.8-2.10), are the ingredients we need to extract the hairy BH solutions (recall
we refer to the hairy BH solutions within this theory as MCCHBH).

We now have to make a well-behaved ansatz for the scalar field, which should be regular
at the horizon and fall off sufficiently quickly at infinity. Following [173, 174] we will work
under the following ansatz:

φ(r) =
1√
2

ln
(

1 +
ν

r

)
, (2.13)

where we have introduced a scalar charge parameter ν with carries dimensions of length.
Recall we discussed in Sec. 1 that one way to evade the NHT in a controlled way is by
introducing a new scale, via a cosmological constant and/or in the scalar sector. Explicitly
introducing the scalar charge parameter ν follows the latter approach. The ansatz we made
in Eq. (2.13) is well-motivated, see e.g. discussions in [173, 174] and references to these
works. Plugging the ansatz Eq. (2.13) into Eqs. (2.5,2.11,2.12), we can analytically solve for
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the 0-component of the 4-potential, At(r), as well as the function a(r) appearing in the line
element Eq. (2.7). We find that these two quantities are given by:

a (r) =
√
r (r + ν) ,

At(r) =
Q

ν
ln

(
r

r + ν

)
, (2.14)

where Q is the electric charge of the BH as resulting from Maxwell’s equations, note that
limν→0At(r) = −Q/r. Similarly, we find that the metric function f(r) is given by:

f(r) = −2
Q2

ν2
+ C1r(r + ν)− C2(2r + ν)

ν2
+ 2

r(2r + ν)

ν2

−2

(
Q2(2r + ν) + r(r + ν)(C2 + ν)

ν3
+
Q2r(r + ν) ln r

r+ν

ν4

)
ln

r

r + ν
, (2.15)

where C1 and C2 are integration constants.
Note that so far we had not specified anything about the scalar field potential. In fact,

the usual approach is to first define the potential, and from that solve for the scalar field
profile. Instead, we have started by making an ansatz for the scalar field profile, motivated
by the necessity of having a well-behaved (regular and falling fast enough at infinity) scalar
field profile. Therefore, we now have to work backwards to understand what is the potential
which can give rise to the given scalar field profile. 2 We can do so by inserting Eq. (2.15)
into Eq. (2.8), from which we get that the potential is given by the following:

V (φ) =
1

2ν4
e−2
√

2φg(φ) ,

where the function g(φ) is given by:

g(φ) =
(
e
√

2φ − 1
)2 (

1 + 10e
√

2φ + e2
√

2φ
)
Q2

+e
√

2φν
(
−6C2 − 10ν − C1ν

3 − 4e
√

2φν
(
4 + C1ν

2
)

+ e2
√

2φ
(
6C2 + 2ν − C1ν

3
))

+2
√

2φ

((
1 + 4e

√
2φ + e2

√
2φ
)
Q2 ln

ν

e
√

2φ−1

+2e
√

2φ

((
2 + cosh

√
2φ
)(

νC2 + ν2 −Q2 ln
e
√

2φν

e
√

2φ−1

)
+ 6Q2 sinh

√
2φ

))
(2.16)

In the following, rather than considering asymptotic dS or AdS space-time, we will be inter-
ested in asymptotically flat space-time, i.e. with Λ = 0. Therefore, we impose appropriate
boundary conditions such that V (0) = Λeff → 0. Following [173, 174], we fix C1 = −4/ν2.

The final step consists of re-inserting this value of C1 into the metric function f(r), and
additionally imposing that in the limit ν → 0, the metric function Eq. (2.15) reduces to that
of the standard Reissner-Nordström (RN) metric for a charged non-rotating BH. If we are
able to satisfy this condition, we would ensure that the BH solution we have found carries
primary hair. Doing so we find that the metric function, which we refer to as fMC(r) (where

2This approach is similar to the reconstruction procedure often applied in cosmology to reconstruct the
scalar field potential which can give rise to a chosen expansion history and/or observational indices, see for
instance [176–178].
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“MC” stands for “minimally-coupled”, and recall that we refer to the resulting minimally-
coupled charged BH with scalar hair as MCCHBH), is given by:

fMC(r) = −2Q2 + 2rν + 6M(2r + ν)

ν2

−

(
2Q2(2r + ν) + 2r(r + ν)(6M + ν)

ν3
+

2Q2r(r + ν) ln r
r+ν

ν4

)
ln

r

r + ν
.(2.17)

From now on, we shall fix M = 1, and thus work in units of the MCCHBH mass. Note
that in moving from Eq. (2.15) to Eq. (2.17) we have set C2 = 6M , by requiring that in the
hairless limit ν → 0 the metric function reduces to that of the standard RN metric.

Before moving forward, we can perform a few sanity checks. First of all, we can make
sure that the charged metric function for the MCCHBH in Eq. (2.17) is consistent by replacing
the above metric function into Eq. (2.12). We have explicitly verified that the metric function
we have found satisfies Eq. (2.12), with the 0-component of the 4-potential given by Eq. (2.14).
Moreover, it is easy to see that in the limit ν → 0 we recover the standard RN metric,
confirming that our MCCHBH carries primary hair. Furthermore, it is easy to check that the
metric function in Eq. (2.17) is well-behaved at large distances, since limr→∞ fMC(r) = 1,
as one would expect given that in this regime the scalar field decouples. However, unlike
the standard RN BH, the metric function Eq. (2.17) has no extremal limit since whenever
ν 6= 0 the condition fMC(r) = f ′MC(r) = 0 is no longer satisfied. Therefore, we end up with
separate Cauchy and event horizons, which we denote by rc and re respectively. Moreover,
values Q > 1 are now allowed, unlike for RN BHs, for which Q = 1 characterizes extremal
BHs.

3 Shadows of minimally-coupled charged black holes with scalar hair

Having determined the metric of the minimally-coupled charged black hole with scalar hair
(MCCHBH), we can now proceed to compute the shadow it casts. Let us begin by considering
photon geodesics parametrized by xµ(τ) in terms of an affine parameter τ . On the space-time
metric given by Eq. (2.7), the Lagrangian of the photon geodesics can be written as:

L = −fMC(r)ṫ2 +
1

fMC(r)
ṙ2 + a2θ̇2 + a2φ̇2 , (3.1)

where the dot denotes differentiation with respect to τ . Since we are considering spherically
symmetric solutions, we can safely restrict our attention to orbits confined to the equatorial
plane (i.e. θ = π/2). The equations of motion for a null geodesic confined to the equatorial
plane are given by the following:

E = fMC(r) ṫ , (3.2)

L = a2φ̇ , (3.3)

fMC(r)ṫ2 − 1

fMC(r)

(
dr

dφ

)2

φ̇2 − a2φ̇2 = 0 . (3.4)

where E and L are the photon’s total energy and angular momentum, both of which are
constants of motion along the geodesic. Plugging Eqs. (3.2,3.3) into Eq. (3.4) we can express
the equation for the radial coordinate as:(

dr

dφ

)2

= U(r) = a4(r)

(
−fMC(r)

a2
+
E2

L2

)
, (3.5)
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where U(r) can be interpreted as an effective potential.
To study the photon sphere of MCCHBHs, which will characterize the shadows they

cast, we need to focus on unstable circular orbits. We find these orbits by demanding:

U(r) =
dU(r)

dr
= 0 ,

d2U(r)

dr2
> 0 . (3.6)

Using the potential given in Eq. (3.5), the conditions for unstable circular orbits given in the
first of Eq. (3.6) translate to:

b2 =
L2

E2
=

a2

fMC(r)
, (3.7)

2
da

dr
fMC(r)− a(r)

dfMC(r)

dr
= 0 . (3.8)

The quantity b is referred to as impact parameter, and is directly related to the size of the BH
shadow. We can insert the metric function for the MCCHBH, Eq. (2.17), into Eqs. (3.7,3.8)
and (3.8), from which we get the following two equations:

b =

(
−2ν2(3ν+6r+2Q2+νr)+2ν ln( r

ν+r )(r(ν+6)(ν+r)+2Q2(ν+2r))+4Q2r(ν+r) ln2( r
ν+r )

ν4r(r+ν)

)−1/2

, (3.9)

2ν(r−3M)−2Q2 ln( r
ν+r )

ν
√
r(r+ν)

= 0 , (3.10)

As a sanity check, we can set Q = 0 and ν = 0. In this case we find that Eqs. (3.9,3.10)
describe an unstable critical curve located at rph−sch = 3, with the relevant critical impact
parameter being given by bph−sch = 3

√
3 (recall that we are working in units of MCCHBH

mass, i.e. we set M = 1). Both results agree with the standard results for an uncharged
hairless Schwarzschild BH.

To make progress, we have to solve the above equations. We solve Eq. (3.10) numerically.
For purely pedagogical purposes, in Tab. 1 we show our numerical solutions of Eqs. (2.17,3.10)
for two representative values of the hair parameter, ν = 0 , 2. In particular, for each of the
two values of the hair parameter (the first of the two of course corresponding to a hairless
BH), we consider various values of the BH charge Q, and for each of them we compute the
radial coordinate of the Cauchy horizon rc, the radial coordinate of the event horizon re, and
the radial coordinate of the photon sphere rph. Recall that all three the radial coordinates,
as well as the hair parameter ν which has dimensions of length, are measured in units of
the MCCHBH mass M . As expected, for the hairless case only solutions with Q < 1 are
allowed. Q = 1 constitutes the extremal RN case, for which the Cauchy and event horizon
coincide, and the photon sphere is located at rph = 2M . If the hair parameter is non-zero,
as we anticipated earlier, values Q > 1 are allowed.

Our results show, quite unexpectedly, that by turning on the scalar hair parameter
ν, the radial coordinates of all three the Cauchy horizon rc, the event horizon re, and the
photon sphere rph are modified with respect to the hairless case. Turning on the scalar hair
parameter always makes rc decrease. For sufficiently small electric charge values, Q . 0.7,
we find that re decreases as well, although it increases for larger Q. Finally, rph appears to
increase regardless of the value of Q.

Finally, let us consider the four-vector Kµ tangent to the photon’s path, which using
Eqs. (3.2,3.3,3.5) is given by::

Kµ =
dxµ

dτ
=

(
a2

bfMC(r)
,
√
U(r), 0, 1

)
. (3.11)
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Q rc(ν = 0) re(ν = 0) rph(ν = 0) rc(ν = 2) re(ν = 2) rph(ν = 2)

0 − 2 3 − 1.742 3

0.1 0.005 1.995 2.99332 � 10−3 1.740 2.997

0.2 0.020 1.980 2.97309 � 10−3 1.735 2.990

0.3 0.046 1.954 2.93875 � 10−3 1.725 2.977

0.4 0.083 1.917 2.88924 � 10−3 1.712 2.959

0.5 0.133 1.866 2.82287 � 10−3 1.695 2.935

0.6 0.200 1.800 2.73693 � 10−3 1.673 2.906

0.7 0.286 1.714 2.62694 � 10−3 1.647 2.870

0.8 0.400 1.600 2.48489 � 10−3 1.617 2.829

0.9 0.564 1.436 2.29373 � 10−3 1.581 2.781

1 1 1 2 0.002 1.540 2.725

1.1 − − − 0.006 1.492 2.661

1.2 − − − 0.014 1.437 2.588

1.3 − − − 0.029 1.373 2.504

1.4 − − − 0.055 1.299 2.407

1.5 − − − 0.095 1.210 2.295

1.6 − − − 0.158 1.101 2.162

1.7 − − − 0.261 0.954 1.998

1.8 − − − 0.524 0.649 1.780

Table 1. Numerical solutions of Eqs. (2.17,3.10) for two representative values of the hair parameter
of the minimally-coupled charged black hole with scalar hair (MCCHBH), ν = 0 , 2. For each of the
two values of the hair parameter, we consider various values of the BH charge Q, and report rc, re,
and rph, the radial coordinates of the Cauchy horizon, event horizon, and photon sphere respectively.
Recall that all three radial coordinates, the hair parameter ν which has dimensions of length, and the
charge Q are measured in units of the MCCHBH mass M . Note that the hightest value Q = 1.8 we
report does not result in an extremal charged BH, since rc 6= re.

We want to compute the angle ψ between Kµ and Dµ, with Dµ = (0, r, 0, 0) the 4-vector of
a static distant observer located at r = r0. The angle ψ is given by [179]:

ψ = cos−1

(√
U(r)

U(r) + fMC(r)a2

)
. (3.12)

A few comments on how the value of ψ in Eq. (3.12) is used to compute the shadow size
are in order. In particular, there are two main approaches towards computing the sizes of
BH shadows in the literature. In the first approach, one projects the photon four-vector to
the observer’s frame using suitable tetrads at infinity. We use a second approach, similar to
that used in [180, 181]. In asymptotically flat space-times, for observers located at infinity
or sufficiently far, the two methods return the same answer. In fact, in the absence of
rotation, we expecte that the shadow of the BH is a perfect circle with coordinates obeying
the equation X2+Y 2 = R2

S , where (X,Y ) = (RS cosw,RS sinw) with w ∈ [0, 2π]. Therefore,
RS is understood to be the shadow’s radius and is given by r0 tanψ for a distant observer.
Note that we are considering asymptotically flat space-time. See e.g. [182–184] for important
works on shadows of BHs in asymptotically de Sitter space-times.
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By making use of our numerical solution, of which we gave some representative examples
in Tab. 1, we can now compute the MCCHBH shadow as a function of the hair parameter
ν. In Fig. 1 we plot both the angle ψ as a function of r0 for various choices of the electric
charge Q and hair parameter ν (upper panels), and the resulting MCCHBH shadows (lower
panels).

Figure 1. Upper panels: plot of the angle between the four-vector tangent to the path of a photon
on the photon sphere and the position coordinate of a static distant observer, ψ, versus the radial
coordinate of a distant observer r, for several values of the electric chargeQ and scalar hair parameter ν
of the minimally-coupled charged hairy black holes (MCCHBHs) studied in this section. In particular,
for any given value of Q (represented by a given color), the right panel allows the comparison between
a MCCHBH (dashed curves) and a Reissner-Nordström BH (solid curves) with the same electric
charge Q. Lower panels: shadows cast by the MCCHBH, as seen by a static distant observer. The
underlying values of the electric charges Q and scalar hair parameter ν follow the same colour-coding
as the upper panels, with the right panel allowing for a comparison between a MCCHBH (dashed
curves) and a Reissner-Nordström BH (solid curves) with the same electric charge Q.

The lower panels of Fig. 1 illustrate a few important points. As we see from the lower left
panel, where we plot the shadow at a fixed value of the hair parameter ν but varying the value
of the electric charge Q, increasing the electric charge at fixed hair parameter ν = 2 makes
the shadow shrink. This is exactly the same behaviour one sees for the standard Reissner-
Nordström BH (ν = 0), where increasing the electric charge also makes the shadow shrink.
In the lower right panel, we can compare the hairless Reissner-Nordström BH (solid curves)
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against a hairy BH (dashed curves) with the same electric charge. We see that the effect of
the hair parameter is to make the shadow larger. The effect is that, even increasing Q (which
would on its own shrink the shadow, as we discussed above), the size of the hairy BH shadow
can in principle be larger than that of the Schwarzschild BH for which r = 3

√
3. Therefore,

we can expect that observations of BH shadows at known BH mass can in principle set an
upper limit on the hair parameter. The results shown in Fig. 1 confirm the expectations from
our numerical results shown in Tab. 1.

4 Conformally-coupled charged black holes with scalar hair and their shad-
ows: CCCHBH

In the previous part of the work we focused on BHs within the context of GR supplemented
by a minimally-coupled scalar field with a potential in the presence of an electromagnetic
field. This time we will instead consider a different theory, still featuring an additional scalar
field φ. The action we consider is the following:

S =
1

2κ

∫
d4x
√
−g
[
R− FµνFµν −

κ

6

(
φ2R+ 6∂µφ∂

µφ
)]
, (4.1)

where we have conformally coupled the scalar field to gravity. Black hole or black brane
solutions in similar models have been studied earlier in e.g. [185–192]. The gravitational field
equations associated to the action in Eq. (4.1) are given by:

Rµν −
R

2
gµν = 2TM

µν + T φµν , (4.2)

where the energy-momentum tensors for the scalar and electromagnetic fields, T
(φ)
µν and T

(M)
µν

respectively, are given by the following:

T (φ)
µν =

κ

6

(
φ2(Rµν −

R

2
gµν) + gµν∇2(φ2)−∇µ∇ν(φ2) + 6∇µφ∇νφ− 3(∇φ)2gµν

)
,(4.3)

T (M)
µν = FµρF

ρ
ν −

F 2

4
gµν . (4.4)

(4.5)

respectively. The evolution of the electromagnetic field is given as usual by Maxwell’s equa-
tions:

∇µFµν = 0 . (4.6)

The scalar field equations take the form:(
�− R

6

)
φ = 0 , (4.7)

However, as noted earlier in [190, 191], things simplify considerably on-shell. While T
(M)
µν is

traceless (i.e. T
(M)µ
µ = 0), the trace of T

(φ)
µν reads:

T (φ)µ
µ = −φ (Rφ− 6�φ) , (4.8)
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which manifestly vanishes on-shell when Eq. (4.7) holds. Then, taking the trace of Eq. (4.2)
on-shell gives R = 0. Plugging this back into Eq. (4.7) simplies the equation to:

�φ = 0 (4.9)

In conclusion, Eqs. (4.2,4.6,4.9) fully specify the dynamics of the system.

As in Sec. 2, we shall now seek static spherically symmetric solutions of the equations
of motion. We consider once more a line element given by:

ds2 = −f(r)dt2 + f−1(r)dr2 + r2dσ2 . (4.10)

The full solution (metric function, which we shall denote by fCC(r), and scalar field profile)
within this theory had been found previously by Astorino in [193], and is given by:

fCC(r) = 1− 2M

r
+
Q2 + S

r2
, (4.11)

φ = ±
√

6

8π

√
S

Q2 + S
. (4.12)

where the continuous parameter S characterizes the conformally-coupled scalar hair, and
can be viewed as a scalar charge. As one can see in [193], the scalar charge S emerges as
an integration constant, characterizing primary hair. The BH solution with metric function
given by Eq. (4.11) is commonly referred to in the literature as “constant scalar hairy charged
BH ”, reflecting the fact that the scalar field has a constant but non-zero value. We shall refer
to this solution as conformally-coupled charged hairy black hole (CCCHBH). The CCCHBH
solution is parametrized by two charges: the electric charge Q, and the scalar charge S.
The fact that the scalar charge appears in the metric function with power unity (unlike the
electric charge which appears quadratically) will play an important role in our subsequent
discussion. 3

The geometry of the CCCHBH solution is very similar to that of the Reissner-Nordström
charged BH, since the positions of Cauchy and event horizons are given by (recall that we
are working in units of CCCHBH mass) rc,e = 1∓

√
1−Q2 − S. If we only consider positive

values for S, then the CCCHBH solution effectively describes a non-extremal RN BH since
0 < S < 1 , 0 < Q <

√
1− S. One can view this solution as describing a RN BH with

effective charge Qeff =
√
Q2 + S. Equivalently, one can view the CCCHBH solution as a RN

BH with extremal limit given by Qext =
√

1− S, such that Qext < 1 for S > 0.

However, there are two other possible regimes. In particular, one might allow for neg-
ative scalar hair, S < 0. In this case, one has to consider the following two situations:
−Q2 < S < 0 or S < −Q2. The first range can actually be discarded since, as shown
in [196], the kinetic term of the resulting action is trivial. More interesting is the regime
where S < −Q2. In this case, one can set the coefficient in the 1/r2 term of the CC-
CHBH metric function to be negative. As discussed in a number of works, and most recently
in [196], the resulting so-called mutated Reissner-Nordström BH can effectively mimic a so-
called Einstein-Rosen bridge, or wormhole [197, 198], a tunnel-like structure connecting two

3It is interesting to mention that this solution is closely related to the so-called “BBMB black hole” [194,
195]. However, the presence of the electromagnetic field improves the properties of the full solution, since the
scalar field in the BBMB BH is non-regular. Furthermore, it was recently shown in [190] that the CCCHBH
solution in Eq. 4.12 is stable against perturbations.
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disparate points of space-time. 4 We remark that the mutated RN solution we are dealing
with only mimics a wormhole, and we leave the question of whether the effective wormhole
solution resulting within the regime S < −Q2 is traversable [230] to a future study. Instead,
in the following we will be interested in understanding the effect of the scalar charge S on
the BH shadow. Therefore, for the case of the CCCHBH solution, the parameter S will play
the role of hair parameter. This is analogous to how the parameter ν played the role of hair
parameter for the MCCHBH solution studied in Sec. 2. Finally, we note that since within
this regime the radial coordinate of the Cauchy horizon becomes rc < 0, there is no Cauchy
horizon, but only an event horizon.

5 Shadows of conformally-coupled charged black holes with scalar hair

Having discussed the metric of the conformally-coupled charged black hole with scalar hair
(CCCHBH), now want to compute the shadow it casts. To proceed, we can follow a com-
pletely analogous set of steps as in Sec. 3 to find the CCCHBH equivalent of Eqs. (3.7,3.8).
Doing so we find:

b2 = r2

fCC(r) , (5.1)

2fCC(r)− r dfCC(r)
dr = 0 . (5.2)

Explicitly plugging in the metric function given in Eq. (4.12), simple manipulations bring us
to the following expression for the radial coordinate of the CCCHBH photon sphere:

rph =
3

2

(
1±

√
1− 8

9
(Q2 + S)

)
, (5.3)

For the case where the BH carries no charge, neither electric nor scalar, i.e. Q = S = 0, we
know that we should recover the Schwarzschild limit rph = 3. From this we infer that we
should only consider the positive sign in Eq. (5.3). In the case where the scalar charge is
positive, S > 0, it is easy to show that rph and rc,e are real-valued if and only if 0 < Q < 1
and 0 < S ≤ 1−Q2, with the resulting solution describing a non-extremal RN BH. From our
earlier discussion, we can also consider the regime S < −Q2, where the solution describes
a mutated RN BH, effectively mimicking a wormhole. In this regime, demanding that rph
and rc,e be real-valued leads to non-trivial conditions. We show this in Fig. 2, where the
yellow-shaded region in the Q-S plane is that allowed by the condition that rph and rc,e be
real-valued. As is clear from the figure, within this regime values of the electric charge Q > 1,
which would not be allowed for a standard RN BH (the extremal RN BH has Q = 1), are
now allowed if the scalar charge is sufficiently negative. We are not aware of any theoretical
argument which sets a lower limit to the (negative) amount of scalar hair S.

As we did in Sec. 3, we now compute ψ, the angle subtended between the four-vector
tangent to the photon’s path and the four-vector of a static distant observer at r = r0. We
show the result in the upper panels of Fig. 3, for selected values of Q and S, considering both

4Wormhole solutions usually need to be sustained by an exotic matter component which violates the null
energy condition [198]. An alternative possibility is that the null energy condition might be effectively violated
in a controlled way in theories of gravity beyond General Relativity. This is achieved without the need to
introduce exotic matter components, thanks to the effective stress-energy tensor due to the beyond-GR terms.
This possibility has been studied widely especially in recent years: for an incomplete list of recent important
works in this direction, see e.g. [199–229].
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Figure 2. Regime of validity of the CCCHBH solution given by Eqs. (4.11,4.12), obtained by imposing
that the radial coordinates of all three the photon sphere rph, event horizon re, and Cauchy horizon
rc be real-valued, within the regime S < −Q2, with S and Q the scalar charge and electric charge
respectively. Recall that in this regime the CCCHBH solution describes a mutated Reissner-Nordström
black hole, which effectively mimics a wormhole. The allowed area in the S-Q parameter space is
shaded in yellow.

positive (left panel) and negative (right panel) values of S. For the case where S > 0, we see
that ψ decreases as S is increased, meaning that increasing the amount of BH hair reduces
the shadow size. This is consistent with the behaviour of hairless RN BHs, where increasing
the amount of electric charge decreases the BH shadow size. For the case where S < −Q2, we
see that increasing the magnitude of S (more negative S) increases ψ and hence the shadow
size. Therefore, the mutated RN BH/effective wormhole has a shadow which is larger than
that of the corresponding Schwarzschild BH, something which cannot occur for the standard
RN BH. Therefore, we expect the limits on the amount of scalar charge S from the EHT
shadow of M87* should be qualitatively different for the two regimes S > 0 and S < −Q2.

6 Constraints on the amount of scalar hair from the Event Horizon Tele-
scope shadow of M87*

Let us recall what we have done so far. In Sec. 3 and Sec. 4, we have computed the shadows
of the BHs resulting from two theories of GR plus a scalar field, in the first case minimally-
coupled and in the second case conformally-coupled. The resulting BH solutions, denoted
MCCHBH and CCCHBH respectively, were found to carry primary scalar hair. For the
MCCHBH, the relevant hair parameter is associated to an explicit scale introduced in the
scalar field profile and denoted by ν. For the CCCHBH, the relevant hair parameter is the
scalar charge S. Both BHs also carry electric charge Q. In this section, we shall set joint
limits on the electric charge and the hair parameter of these two clases of BHs, using the
Event Horizon Telescope (EHT) image of the dark shadow of M87*. As we have already
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Figure 3. Upper panels: plot of the angle between the four-vector tangent to the path of a photon
on the photon sphere and the position coordinate of a static distant observer, ψ, versus the radial
coordinate of a distant observer r, for several values of the electric charge Q and scalar charge S of
the conformally-coupled charged hairy black holes (CCCHBHs) studied in this section. The left and
right panel consider values of Q and S within the two regimes S > 0 and S < −Q2 respectively.
Recall that in the latter regime the CCCHBH solution describes a mutated Reissner-Nordström black
hole, which effectively mimics a wormhole. Lower panels: shadows cast by the CCCHBHs, as seen by
a static distant observer. The underlying values of the electric and scalar charges Q and S follow the
same colour-coding as the upper panels, with the left and right panels considering the regimes S > 0
and S < −Q2 respectively.

shown in Fig. 1 and Fig. 3, the size of the resulting shadow can depend rather strongly on
the amount of scalar hair. We can therefore expect the image of M87* to set meaningful
constraints on the hair parameters ν and S.

The EHT collaboration reports in [106, 111] that the angular size of the shadow of M87*
is δ = (42 ± 3)µas and the distance to M87* is D = 16.8+0.8

−0.7 Mpc. Finally, associating the
crescent feature in the image of M87* with the emission surrounding the BH shadow, and
further knowing the distance to M87*, the EHT collaboration estimated the mass of M87*
to be M = (6.5±0.9)×109M� [111]. We can combine these numbers into the single number
dM87∗ which measures the angular size of M87*’s shadow in units of mass, and therefore
enables a direct comparison to the shadows we already computed. In particular, dM87∗ is
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given by:

dM87∗ ≡
Dδ

M
≈ 11.0± 1.5 . (6.1)

The detected angular size of M87*’s shadow in units of its mass, as given in Eq. (6.1), is
remarkably consistent with that of the Schwarzschild BH (recall for a Schwarzschild BH
d = 6

√
3 ' 10.4. Within 1σ uncertainties, Eq. (6.1) gives 9.5 . dM87∗ . 12.5, which easily

encompasses the Schwarzschild value 6
√

3.
We begin by considering the MCCHBH solution whose shadow we computed in Sec. 3,

and with hair parameter given by ν as introduced in Eq. (2.13). In Fig. 4, we plot the
diameter of the resulting BH shadow as a function of the hair parameter ν for selected values
of Q, together with the 1σ credible region on dM87∗ from the EHT detection (left panel).
The results reflect the behaviour we had already observed in Fig. 1. Subsequently, we scan
the Q-ν parameter space and select the region where the diameter of the resulting shadow
respects the limit set by the EHT detection of the shadow of M87* as given in Eq. (6.1). The
resulting allowed region of parameter space is shaded in purple in the right panel of Fig. 4.

Figure 4. Left panel : diameter of the shadow of the minimally-coupled charged black holes with
scalar hair (MCCHBH) computed in Sec. 3 in units of mass M , as a function of the hair parameter
ν, for various values of the MCCHBH electric charge Q. The grey shaded region indicates the 1σ
credible region for the diameter of the shadow of the supermassive BH M87* imaged by the Event
Horizon Telescope, as given by Eq. (6.1). Right panel : the purple-shaded region is the region of Q-ν
parameter space where the diameter of the resulting MCCHBH shadow is compatible with the shadow
of M87* within 1σ. If we restrict our attention to the observationally viable region for which Q�M ,
we see that the EHT sets a rough upper limit of ν . O(M) on the amount of scalar hair carried by
the MCCHBH.

As we see from the allowed region of parameter space shown in the right panel of Fig. 4,
there are qualitatively two different situations depending on the size of Q. For 0 < Q < 1, the
standard region allowed for a RN BH, we find a rough upper limit of ν . 1 (recall this means
ν .M as the hair parameter ν carries dimensions of mass). Then, as we increase Q beyond
the RN limit Q = 1, we find both upper and lower limits on ν, such that 1.2 . ν . 1.6
is required for the resulting shadow size to be consistent with that of M87*. Once Q gets
sufficiently large (Q & 2), basically any value of ν becomes allowed. The result, as one
can appreciate from the lower right panel of Fig. 1 and the values of rph shown in our
numerical examples in Tab. 1, is due to the fact that for Q & 0.1, Q and ν essentially work
in opposite directions: increasing the former would make the shadow size decrease (as we
expect for standard RN BHs), whereas increasing the latter would make the shadow size
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increase. Therefore, for sufficiently large Q, one can in principle always find an equally large
ν such that the resulting shadow size is compatible with that of M87*. Therefore, we expect
their allowed regions of parameter space to be positively correlated.

At this point, it is important to point out that we expect realistic astrophysical BHs
to carry a small amount of electric charge. That is, Q� M . This is a purely observational
requirement arising from the fact that we have not observed BHs which carry a significant
amount of electric charge, close to the RN limit Q = 1. If we therefore restrict our attention
to the observationally viable region of parameter space where Q � 1, we are able to set a
rough upper limit of ν . O(M) on the amount of scalar hair carried by the MCCHBH.

We now turn our attention to the CCCHBH solution whose shadow we computed in
Sec. 4, and with hair parameter given by S as introduced in Eq. (4.11). In Fig. 5, we plot the
diameter of the resulting BH shadow as a function of the hair parameter S for selected values
of Q, alongside the 1σ credible region on dM87∗ from the EHT detection, for the two regimes
we have discussed earlier: S > 0 (left panel), and S < −Q2 which can described a mutated
RN BH/wormhole (right panel). Subsequently, we scan the Q-S parameter space and select
the region of parameter space where the diameter of the resulting shadow respects the limit
set by the EHT detection of the shadow of M87* as given in Eq. (6.1). The resulting allowed
region of parameter is shaded in teal in Fig. 6, for the two regimes we have discussed earlier:
S > 0 (left panel) and S < −Q2 (right panel).

Figure 5. Diameter of the shadow of the conformally-coupled charged black holes with scalar hair
(CCCHBH) computed in Sec. 5 in units of mass M , as a function of the hair parameter S, for various
values of the MCCHBH electric charge Q. The grey shaded regions indicate the 1σ credible region for
the diameter of the shadow of the supermassive BH M87* imaged by the Event Horizon Telescope,
as given by Eq. (6.1). The left and right panel consider values of Q and S within the two regimes
S > 0 and S < −Q2 respectively. Recall that in the latter regime the CCCHBH solution describes a
mutated Reissner-Nordström black hole, which effectively mimics a wormhole.

As we could have expected given our earlier separate discussions about the two regimes
S > 0 and S < −Q2, the limits in Q-S parameter space we obtain are qualitatively different
within these two regimes. In fact, as we see from Fig. 5, increasing the absolute value of the
hair parameter S leads to the shadow size decreasing for S > 0 and increasing for S < −Q2.
For the case where S > 0, which requires Q <

√
1− S we see that we can place upper limits

on the hair parameter S of order S . O(0.1) (recall this means S . O(0.1)M2 as the hair
parameter S carries dimensions of mass squared) for Q . 0.6, with the upper limit getting
tighter as Q is increased (for Q = 0, one gets S . 0.4). For Q & 0.7, the upper limit on S
drops to 0, meaning that for larger values of the electric charge, no amount of positive scalar
hair/charge is allowed by the EHT detection of the shadow of M87*. In other words, not
only is a positive amount of scalar charge excluded at 1σ, but more generally this exclusion
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Figure 6. The teal-shaded region is the region of Q-S parameter space where the diameter of the
resulting shadows of the conformally-coupled charged black holes with scalar hair (CCCHBHs) are
compatible with the shadow of M87* within 1σ, as given by Eq. (6.1). The left and right panels
consider values of Q and S within the two regimes S > 0 and S < −Q2 respectively. Recall that in
the latter regime the CCCHBH solution describes a mutated Reissner-Nordström black hole, which
effectively mimics a wormhole. If we restrict our attention to the observationally viable region for
which Q � 1, we see that the EHT sets a rough upper limit of S . 0.4M2 within the regime S > 0
and a rough lower limit of S & −1.5M2 within the regime S < −Q2, on the amount of scalar hair
carried by the CCCHBH.

extends to RN BHs with Q & 0.7. As we see in Fig. 5 (left panel), this is due to the fact that
increasing S within this regime decreases the shadow size more than what is allowed by the
EHT observation. For instance, we see that the Q = 0.8 case (orange curve in the left panel
of Fig. 5) is completely outside the 1σ EHT-allowed grey region, regardless of the value of
S, and hence is excluded.

However, if we restrict our attention to the observationally viable region of parameter
space for which Q�M , due to the lack of observation of BHs carrying a significant amount
of electric charge, then we see that we can set a rough upper limit of S . 0.4M2 on the
amount of scalar hair carried by the CCCHBH assuming S > 0.

Within the regime S < −Q2, where the solution carries a negative amount of scalar
hair/charge, and values of Q beyond the RN limit Q = 1 are allowed, we see a qualitatively
different behaviour. Here we find that, for any value of Q, there is a restricted range of
values of S for which the resulting shadow has a size consistent with that of M87*. The
reason is that, within this regime, Q and S operate in opposite directions, and hence their
allowed regions of parameter space are expected to be negatively correlated. In fact, within
this regime, raising Q acts to further decrease the shadow size, whereas lowering S acts to
increase the shadow size. Therefore, for any given value of Q, however extreme, one can
always find an equally extreme range of values of S for which the resulting shadow has a
size compatible with the 1σ region allowed by the EHT observation of M87*: this behaviour
works analogously, albeit in the opposite direction, compared to the positive Q-ν correlation
we saw earlier for the MCCHBH. In this sense, the EHT observation is, at the level of
angular size of the shadow, consistent with M87* being a wormhole described by an effective
mutated Reissner-Nordström metric arising from a theory with a scalar field conformally-
coupled to GR. 5 As an important caveat it is worth noting that this conclusion was reached

5Recently, in an interesting study [231], a novel method for detecting wormholes via perturbations in the
orbit of stars near supermassive BHs was proposed and applied in [232]. Another interesting method was
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by exclusively considering the shadow size, since we have not included any other observation.
We therefore advise the reader to treat this intriguing conclusion with caution. Finally, if
we once more restrict to the observationally viable region of parameter space where Q� 1,
then we see that we can set a rough limit of −1.5 . S/M2 . 0 on the amount of scalar hair
carried by the CCCHBH assuming S < −Q2.

In closing this section comparing the shadows we computed to that of M87*, three
important comments and caveats on our results are in order. The first is that both the
MCCHBH and CCCHBH solutions we have considered are static, i.e. non-rotating. In
other words, we have loosely speaking considered Reissner-Nordström BHs with scalar hair.
However, most of the BHs we have observed, including M87*, carry spin [119]. This spin can
have a potentially important effect on the resulting shadow. In order to be fully consistent, we
should therefore have incorporated rotation from the very beginning, studying Kerr-Newman
BHs carrying scalar hair.

However, for standard BHs we know that the effect of angular momentum is to make
the shadow asymmetric or oblate, since the effective potential on the side corresponding to
photons with angular momentum aligned with the BH spin is higher, resulting in the BH
shadow being flattened along the corresponding side. Such a deviation is small, resulting in
a deviation from circularity ∆C which is & 10% only for high observation angles, θobs ' π/2,
when the BH is viewed edge-on. For M87*, it is believed that the mechanism powering
the BH jet is the Blandford-Znajek mechanism, or a closely related one, wherein the jet is
powered by the magnetic field of the accretion disk extracting energy from the BH spin. If
the jet is powered by the BH spin, one expects the two to be roughly aligned. In this case, the
observation angle of M87* should roughly equal that of the jet, θobs ≈ 17◦, so that the BH is
viewed nearly face-on. For such low observation angles, the effect of spin is expected to be
very small in terms of oblateness. Hence the shadow sizes we have computed earlier and used
to compare our results against the EHT observation should hold to very good approximation.

Of course, the previous statement is true for standard hairless BHs. While we expect
this conclusion to qualitatively hold for hairy BHs as well, it is possible that the presence of
scalar hair might amplify the effect of the BH spin on the shadow oblateness/size, or make
this effect non-trivial. To completely address this issue, it would be interesting to explicitly
construct the rotating versions of the MCCHBH and CCCHBH, for instance by making use
of the Newman-Janis algorithm. Since doing so would considerably complicate our analysis
and would be beyond the scope of the present work, we leave this issue for a follow-up project.

The second important caveat is that our constraints on the scalar hair parameters ν and
S are of course model-dependent, and only hold for the specific MCCHBH and CCCHBH so-
lutions obtained within the specific (minimally- or conformally-coupled) scalar field theories.
In principle, it could be desirable to find a more model-independent measure of the amount
of BH hair. One interesting possibility in this sense is that put forward in [237], where the
amount of (ultralight) scalar hair is measured via a parameter p = 1 −MH/M , where MH

is the Komar mass (or horizon energy), and M is the ADM mass. The hair parameter p is
bounded within the range 0 ≤ p ≤ 1, with larger values of p indicating a larger amount of
hair. The work of [237] finds that the EHT observation of the shadow of M87* is consistent
with at most p ≈ 10%. It would be interesting to make contact with this measure of the
amount of hair, and we again leave this issue for a follow-up project.

proposed in [233], making use of peculiar (anti-chirp) signatures imprinted in the waveform of gravitational
waves produced by a BH orbiting a wormhole. See e.g. [234–236] for further examples of observational tests
of the existence of wormholes.
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The final caveat is related to our identification of the dark region in the image of M87*
as the apparent image of the photon sphere. One might legitimately worry that the size
of the shadow might be sensitive to the accretion flow details, making the size of the dark
region unsuitable for comparison against theoretically computed shadows: a concern along
these lines was recently raised in [238]. While this concern most certainly holds for the
bright ring surrounding the dark region (whose size, morphology, and luminosity all depend
very sensitively on the details of the accretion flow), it is known that for advection dominated
accretion flow (ADAF) the dark region in VLBI-detected images is indeed the apparent image
of the photon sphere: this was recently confirmed in [239]. The ADAF model is believed to
accurately describe the accretion flow around low-redshift supermassive BHs, including M87*
and SgrA* [240]. In this case, one can truly hope to use the morphology (and in particular
the size) of the dark region in the image of M87* to learn about fundamental physics. We
thus believe that our approach of comparing the size of the dark region imaged by the EHT
against the angular size of the shadows we computed theoretically is relatively robust against
details of the accretion flow.

7 Conclusion

The apparent simplicity of black holes, as exemplified by the no-hair theorem, will be thor-
oughly tested in the coming decade. These tests will be enabled owing to exquisitely precise
probes of gravity in the strong-field regime, including gravitational waves and VLBI black
hole shadow imaging. At the same time, advances in our understanding of the AdS/CFT
correspondence call for more detailed studies on the behaviour of charged black holes in the
presence of matter fields. We therefore believe that the time is ripe, from both the observa-
tional and theoretical points of view, to study controlled violations of the no-hair theorem,
and observational signatures thereof. This is the big picture goal of our work.

We have considered two physical systems, where the gravitational sector is described
by General Relativity, supplemented by the presence of an electromagnetic field. We have
then added a matter source in the form of a scalar field, in the first case minimally-coupled,
and in the second case conformally-coupled to gravity. We have then studied BH solutions
within these two systems, finding that both carry primary scalar hair: we have referred
to the two BH solutions as MCCHBH (minimally-coupled charged hairy black hole) and
CCCHBH (conformally-coupled charged hairy black hole) respectively. The hair parameters
characterizing the MCCHBH and CCCHBH were denoted by ν and S respectively. It is worth
noting that the CCCHBH admits a regime where the scalar charge satisfies S < −Q2, with
Q the BH’s electric charge. The resulting mutated Reissner-Nordström BH was earlier found
to effectively mimic a wormhole [196]. Subsequently, by studying the motion of photons in
the vicinity of these two charged hairy BHs, we have computed the shadows they cast as a
function of their electric charge and hair parameter.

Finally, we have proceeded to confront these shadows with the shadow of the super-
massive BH M87*, as recently detected by the Event Horizon Telescope collaboration. We
have exploited the fact that the angular size of M87*’s shadow is remarkably consistent with
that of a Schwarzschild BH (once its mass is known) to set limits on the parameters of the
two charged hairy BHs we have considered: electric charge Q, and hair parameter ν or S.
For the case where the scalar field is minimally-coupled, the results are given in the right
panel of Fig. 4 (1σ confidence region). We find that a large region of Q-ν parameter space is
allowed by the EHT observation. However, if we restrict our attention to the observationally
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preferred region where Q�M (with M the BH mass, given the lack of observation of BHs
carrying significant electric charge), we are able to set a bound of ν . O(M).

We have then repeated the analysis for the case where the scalar field is conformally-
coupled, studying the two regimes S > 0 and S < −Q2 separately. The results are given in
Fig. 6, with the two different regimes corresponding to the left and right panels respectively
(1σ confidence regions). If we again restrict to the observationally preferred region where
Q � M , we see that we can set an upper limit of S . 0.4M2 within the first regime, and
a lower limit of S & −1.5M2 within the second regime. It is therefore interesting to note
that the Event Horizon Telescope observation of M87* is in principle consistent with the
object in question being a mutated Reissner-Nordström black hole, which effectively mimics
a wormhole. As an important caveat it is worth noting that this conclusion was reached by
exclusively considering the shadow size, since we have not included any other observation.
We therefore advise the reader to treat this intriguing conclusion with caution.

There are a huge number of avenues for follow-up work, including tying up a few loose
ends and caveats which we have discussed at the end of Section 6. For example, it would
be interesting to extend our study to include rotation, therefore focusing on Kerr-Newman
black holes with scalar hair. Moreover, the intriguing mutated Reissner-Nordström regime in
the conformally-coupled case is definitely worth further study. If M87* truly is a wormhole,
it would be interesting to look for orthogonal signatures which could confirm this nature,
including the motion of test particles in its vicinity. Finally, beyond the two well-motivated
but still specific models we have studied in this work, it would be interesting to use the shadow
to M87* to provide more general model-agnostic tests of the no-hair theorem, for instance
characterizing the amount of scalar hair as done in [237]. We leave these very interesting
issues to future work. Overall, our work is among the first to provide concrete constraints on
new physics beyond the Standard Model from the Event Horizon Telescope image of M87*:
in particular, we are among the first, together with [237], to provide concrete tests of the
no-hair theorem. The time is ripe to be working at the interface of theory and observations
in the quest towards understanding gravity in the strong-field regime, and we believe our
work represents a small but concrete step in this direction.
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[210] A. Övgün and K. Jusufi, Stable Dyonic Thin-Shell Wormholes in Low-Energy String Theory,
Adv. High Energy Phys. 2017 (2017) 1215254, [1611.07501].

– 31 –

https://doi.org/10.1103/PhysRevD.101.084021
https://arxiv.org/abs/2001.01351
https://doi.org/10.1007/JHEP04(2020)157
https://arxiv.org/abs/2001.01478
https://doi.org/10.1103/PhysRevD.88.104027
https://doi.org/10.1103/PhysRevD.88.104027
https://arxiv.org/abs/1307.4021
https://doi.org/10.1016/0003-4916(74)90124-9
https://doi.org/10.1016/0003-4916(74)90124-9
https://doi.org/10.1140/epjc/s10052-018-6065-9
https://arxiv.org/abs/1807.09559
https://doi.org/10.1103/PhysRev.48.73
https://doi.org/10.1103/PhysRev.48.73
https://doi.org/10.1103/PhysRevLett.61.1446
https://doi.org/10.1103/PhysRevD.77.089903, 10.1103/PhysRevD.76.087502
https://arxiv.org/abs/0710.2041
https://doi.org/10.1016/j.physleta.2008.10.065, 10.1016/j.physleta.2009.04.065
https://arxiv.org/abs/0809.1623
https://doi.org/10.1103/PhysRevD.82.044021
https://doi.org/10.1103/PhysRevD.82.044021
https://arxiv.org/abs/1003.0741
https://doi.org/10.1088/0264-9381/29/24/245006
https://arxiv.org/abs/1208.4619
https://doi.org/10.1103/PhysRevD.86.127504
https://arxiv.org/abs/1209.5862
https://doi.org/10.1103/PhysRevD.87.067504
https://arxiv.org/abs/1301.6878
https://doi.org/10.1103/PhysRevD.87.067503
https://arxiv.org/abs/1303.5158
https://doi.org/10.1088/0264-9381/30/23/235013
https://arxiv.org/abs/1306.4750
https://doi.org/10.1103/PhysRevD.92.024015
https://doi.org/10.1103/PhysRevD.92.024015
https://arxiv.org/abs/1505.01314
https://doi.org/10.1088/0264-9381/33/12/125005
https://doi.org/10.1088/0264-9381/33/12/125005
https://arxiv.org/abs/1510.02284
https://doi.org/10.1103/PhysRevD.94.084042
https://arxiv.org/abs/1608.03918
https://doi.org/10.1155/2017/1215254
https://arxiv.org/abs/1611.07501


[211] L. Sebastiani, S. Vagnozzi and R. Myrzakulov, Mimetic gravity: a review of recent
developments and applications to cosmology and astrophysics, Adv. High Energy Phys. 2017
(2017) 3156915, [1612.08661].

[212] P. H. R. S. Moraes, R. A. C. Correa and R. V. Lobato, Analytical general solutions for static
wormholes in f(R, T ) gravity, JCAP 1707 (2017) 029, [1701.01028].
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[220] M. Calzà, M. Rinaldi and L. Sebastiani, A special class of solutions in F (R)-gravity, Eur.
Phys. J. C78 (2018) 178, [1802.00329].
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