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In this article, we discuss the effect of light, nongauge, bosonic degrees of freedom on the exterior
spacetime of an exotic compact object. We show that such fields generically introduce large deviations
from black hole spacetimes of general relativity near and outside the surfaces of ultracompact exotic objects
unless one assumes they totally decouple from the standard model or new heavy fields. Hence, using black
hole spacetimes of general relativity to model ultracompact exotic objects and their perturbations relies
implicitly on this assumption or on the absence of such fields.
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The landmark detection by the LIGO and Virgo
Collaboration [1] of gravitational waves (GWs) emitted
by coalescing compact objects and the explosion in the
number of recorded events of GWs that followed [2–5]
have opened up the prospect of testing the nature and
dynamics of the most compact objects in the universe. This
exploration will be furthered by future observations [6–10],
which will probe some of the most violent phenomena in
the universe in an effort to identify deviations from general
relativity (GR) in the form of nonlinear interactions
between gravity and new degrees of freedom (dof), and
possible quantum effects that might affect the structure of
black holes (BHs).
Classically, the formation of black holes as the end

points of gravitational collapse is a well-understood proc-
ess. Already by the late 1930s, there were strong indica-
tions that black holes should exist in nature, such as the
Chandrasekhar limit for the mass of a white dwarf [11]
and the Oppenheimer-Volkoff limit for the mass of a
new star [12], and can form from collapse, such as the
Oppenheimer and Snyder collapse of the pressureless
homogeneous dust model [13]. It was later shown by
Penrose and Hawking that a spacetime which meets a set of
appropriate causality and energy conditions must be either
timelike or null incomplete [14,15]. This led Penrose to
propose his cosmic censorship conjecture [16] where such
singularities are hidden inside a black hole.

The existence of BHs has been confirmed by several
observations: among these are that of Sgr A�, a super-
massive black hole at the center of the Milky Way [17,18],
as well as the images of M87� and Sgr A� obtained by the
Event Horizon Telescope [19,20]. Additionally, gravita-
tional wave observations from the LIGO-Virgo-KAGRA
Collaboration are fully consistent with the description of
BH binaries [21]. Nevertheless, with observations now
promising to probe compact objects more precisely than
ever, a lot of effort is being put into testing with higher and
higher accuracy if the objects we expect to be black holes
are indeed black holes.
The term exotic compact objects (ECOs) is used to refer

collectively to compact objects that can resemble black
holes (see Ref. [22] for a review). Boson stars are an
example of an ECO for which there is a complete classical
description [23,24]. They exist in theories where an axion
or an axionlike particle is minimally coupled to gravity
where the new degree of freedom gives rise to a self-
gravitating soliton. But for the most part, ECOs are
conjectured to exist based on theoretical arguments that
suggest quantum effects, most probably nonlocal, might
become large near the horizon. This then leads to a
significant deviation from the Kerr spacetime near the
horizon and in the interior. A characteristic example is that
of fuzzballs [25,26], arising from a combination of string
theory considerations and attempts to solve the black hole
information paradox [27,28].
Since in most cases an explicit description of the ECO, as

well as equations that govern its dynamics, are not
available, a common approach to test the black hole
paradigm with gravitational waves is to use a phenomeno-
logical description of an ECO. In this approach, which will
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be our focus here, one typically assumes that all corrections
introduced by the new unknown physics are confined to the
interior of the ECO and simply vanish in the exterior. This
leads to the equations

Gμν þ T int
μν ¼ 0; ð1Þ

where T int
μν describes the interior of the ECO and includes the

corrections introduced by the new unknown physics, while it
vanishes in the exterior. If one further assumes spherical
symmetry, the exterior is described by the Schwarzschild
metric, due to Birkhoff’s theorem, and the main difference
between ECOs and BHs is taken to be that the surface of an
ECO is not completely absorbent but it possesses some
reflective properties. The boundary conditions on the surface
of anECOare different from those on the horizonof the black
hole, which implies that quasinormal modes (QNMs) are
modified even when the exterior is identical. A distinctive
feature of certain ECOs is the appearance of late-time echoes
due to the formation of quasibound states between the photon
sphere and the surface of the ECO [29,30]. For a more
detailed discussion of ECOs and their phenomenology, we
refer the reader to [22].
Assuming that the new physics is entirely confined

inside the star, in analog to compact stars that indeed have
a surface, is rather reasonable when one postulates that only
new fermionic fields are involved. Beyond spherical
symmetry, the exterior does not have to be close to the
Kerr metric and the internal structure would in principle be
imprinted on the multipolar structure of the exterior. This
complicates the theory-agnostic framework for more real-
istic configurations, but it is perhaps also an opportunity to
probe the interior. Here we want to draw attention to a
different caveat: that light, nongauge, bosonic degrees of
freedom will generically endow ECOs with new charges
that can significantly affect the exterior. Hence, the agnostic
approach described above and widely used in the literature
implicitly assumes that they are either entirely absent or that
there is some mechanism that suppresses these charges.
For concreteness, we start by considering a massless

scalar field in a Schwarzschild background with no back-
reaction governed by

□ϕ ¼ 0; □ ¼ ∇μ∇μ; ð2Þ
where the only solution of the scalar equation is ϕ ¼ const.
This is due to requiring regularity of the scalar field at the
horizon, as integrating the previous equation once yields

∂rϕ ¼ C
rðr − 2MÞ ; ð3Þ

where M is the Arnowitt-Deser-Misner (ADM) mass of the
SchwarzschildBH,C is an integration constant. Therefore,C
must be zero for regularity, leaving only constantϕ solutions.
This holds more generally due to no-hair theorems [31–37],
and indeed, one can see the regularity of the scalar on the

event horizon as the essential assumption of these no-hair
theorems.
Let us now entertain the thought that there is no horizon,

but instead, there is a surface at some radius larger than 2M.
Inside that surface, Eq. (2) on a Schwarzschild background
ceases to be a good effective description. Then there is no
obvious reason for which C has to vanish. As we now
moved the surface closer to r ¼ 2M the gradient of ϕ, and
hence the backreaction on the spacetime, grows, which
contradicts the assumption that Schwarzschild would be a
good description of the spacetime all the way to the surface.
The deviation can become large even for very small values
of C if the surface is pushed close to 2M.
This simple example clearly illustrates the issue we want

to highlight, which is, however, not specific to massless
scalars. A light scalar, where light in this context means that
the inverse mass is larger than the size of the horizon,
would behave the same way near the horizon. But also, the
same issue would arise for higher spin nongauge fields.
Consider a Proca field for example. Using the Stueckelberg
trick (see Ref. [38] for a detailed review), one can restore
gauge symmetry. The additional degree of freedom with
respect to those of a gauge field is then made explicit. The
Lagrangian then takes the form [39]

L ¼ −
1

4
FμνFμν −

1

2
ðmAμ þ ∂μϕÞðmAμ þ ∂

μϕÞ; ð4Þ

where Fμν ¼ ∂μAν − ∂νAμ. In the decoupling limit m → 0,
the scalar dof decouples from the vector field and sat-
isfies Eq. (2).
It is also worth emphasizing that the diverging behavior

of the field on the horizon is a rather generic feature and not
specific to the exact form of Eq. (2). That is to say, it does
originate from the behavior of the Laplacian on the horizon,
which will be generically present if the theory is to satisfy
second-order differential equations, but it persists if other
terms are present. For example, in scalar-tensor theories
that evade no-hair theorems, regulating the divergence fixes
the value of the scalar charge [40–42]. The same pattern
holds for new charges in other theories that exhibit black
holes hairs, such as Einstein-aether theory and Hořava-
Lifshitz gravity (in which case the diverging behavior
might be on the horizon of some effective metric) [43,44].
We have illustrated qualitatively why the absence of a

horizon implies that, generically, the light field would be
nontrivial and have significant backreaction near and out-
side the location where the horizon would otherwise be. Let
us now turn our attention to BH mimickers, i.e., ECOs with
a surface that is very close to the would-be horizon, and try
to quantify how large this backreaction would be and how it
affects the metric. We assume that in the exterior of the
surface of the ECO the following equations hold:

Gμν ¼ −
1

2
gμνð∇ϕÞ2 þ∇μϕ∇νϕ≕Tϕ

μν; ð5Þ
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□ϕ ¼ 0: ð6Þ

This is consistent with the usual assumptions that all new
physics is confined in the interior, except we have allowed
for the new light scalar. Furthermore, for simplicity, we
assume staticity and spherical symmetry which lead to the
ansatz

ds2 ¼ −AðrÞdt2 þ BðrÞ−1dr2 þ r2dΩ2; ð7Þ

ϕ ¼ ϕðrÞ: ð8Þ

Following a similar approach toRef. [42],weparametrize the
deviations from the Schwarzschild metric by performing a
perturbative expansion in some bookkeeping parameter c,

AðrÞ ¼
�
1 −

2m
r

��
1þ

X∞
n¼1

AnðrÞcn
�

2

; ð9Þ

BðrÞ ¼
�
1 −

2m
r

��
1þ

X∞
n¼1

BnðrÞcn
�−2

; ð10Þ

ϕðrÞ ¼
X∞
n¼0

ϕncn; ð11Þ

wherem is a parameter that reduces to the ADMmass of the
spacetime in the case of c ¼ 0. Solving Einstein’s field
equations and the scalar equation to second order in c,
we find

−gttðrÞ ¼ 1 −
2M
r

þ
Q2

h
ðM − rÞ log

�
1 − 2M

r

�
− 2M

i
4M2r

; ð12Þ

grrðrÞ ¼
r

r − 2M
þ
Q2r log

�
1 − 2M

r

�
4Mðr − 2MÞ2 ; ð13Þ

ϕðrÞ ¼ ϕ0 þ
Q log

�
r

r−2M

�
2M

; ð14Þ

whereM is the ADMmass of the ECO’s spacetime,Q is the
scalar charge, that is, the 1=r coefficient that appears in the
expansion of the scalar field at infinity as a power series in
1=r, i.e., ϕðr → ∞Þ ¼ ϕ∞ þ Q

r þOð1=r2Þ. For the pertur-
bative equations and the relation betweenM,Q,m, and c see
Appendix. It is worth noting that Eqs. (5) and (6) are known
to admit the Janis-Newman-Winicour metric as an exact
solution [45,46]. Our perturbative solution agrees to second
order in Q with a small charge expansion of this exact
solution. We restrict ourselves to perturbative treatment, as it
is more transparent and easy to follow.

Let us now study the behavior of the metric functions
and the scalar field at the surface of an ECO, rsurface, with a
radius arbitrarily close to the would-be horizon. We then set
r ¼ rsurface ¼ 2Mð1þ ϵÞ for ϵ ≪ 1. To order Oðc2Þ, we
have

−gttðr ¼ rsurfaceÞ ¼
Q2ð− logðϵÞÞ − 2Q2

8M2
þOðϵÞ; ð15Þ

grrðr ¼ rsurfaceÞ ¼
Q2 logðϵÞ
8M2ϵ2

þO
�
1

ϵ

�
; ð16Þ

ϕðr ¼ rsurfaceÞ ¼ ϕ0 þ
Q log

�
1
ϵ

�
2M

þOðϵÞ: ð17Þ

The behavior of the Kretschmann invariant K and the trace
of the energy-momentum tensor Tϕ near the would-be
horizon is

Kðr ¼ rsurfaceÞ ¼
Q2

16M6ϵ

þ
3
�
4M2 −Q2 log

�
1
ϵ

�
− 2Q2

�
16M6

þOðϵÞ; ð18Þ

Tϕðr ¼ rsurfaceÞ ¼ −
Q2

16M4ϵ
þ 3Q2

16M4
þOðϵÞ: ð19Þ

Hence, for the Schwarzschild metric to adequately
describe the geometry outside of an ECO, we need to
have Q=M ≪ ϵ.
If we consider for illustrative purposes BH mimickers

with a very small closeness parameter of order the Planck
length, i.e., ϵ ∼ lP, then the scalar charge per unit mass must
at least be of the same order for the corrections to the metric
to be “small.” If instead we only ask for the values of Tϕ or
K to be bounded and remain under control, then we would
need for Q=M ∼

ffiffiffi
ϵ

p
which still requires significant fine-

tuning. Furthermore, without fine-tuning the charge per
unit mass, the ECO would experience very large curvature
in the exterior as given by the Kretschmann scalar, and to
support such curvatures the interior would need to exhibit
immense stress to prevent the collapse into a BH.
Additionally, we mention that if we consider only radial
perturbations, then the potential appearing in the usual
Schrodinger-like equation [47,48] behaves near the would-
be horizon as Vðr ¼ rsurfaceÞ ∼ −Q2=ðM4ϵÞ þOð1Þ which
might indicate radial instability unless, again, Q=M is fine-
tuned. These results hold equally well for scalars with a
Compton wavelength much larger than the size of the
object.
If Eq. (6) were to remain unmodified in the interior, Q

would have to vanish by regularity at the center. Indeed, a
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no-hair theorem for stars and for shift-symmetric scalars has
been established in Ref. [49]. However, settingQ to zero by
invoking such a theorem, or arguing that it is natural for it to
be extremely small, requires making assumptions about the
physics in the interior. In particular, it requires assuming that
if new light fields exist, they are essentially decoupled from
the standard model or new heavy fields in the interior of the
ECO, which is by no means generic.
To conclude, in this note, we have highlighted a possible

subtlety of the effect light bosonic fields have on the
exterior spacetime of an ECO. In the literature, it is often
assumed that vacuum GR governs the gravitational inter-
action in the exterior of an ECO and that, invoking
spherical symmetry, for r > rsurface the geometry is
adequately described by the Schwarzschild solution. This
assumption seems to rely heavily on the idea that the
physical processes inside the object and/or presumable
quantum effects that prevent the formation of a horizon do
not affect the geometry of the exterior. What we have
demonstrated here is that this expectation is not true for
ultracompact ECOs if the physics governing their interior
includes light bosonic fields that do not totally decouple
from the standard model or new heavy fields.
Our arguments do not rely on the nature or specific

interactions of the light bosonic fields, nor do they assume
that they are crucial for the prevention of collapse and the
formation of the horizon—they merely have to be present.
This is because if they exist, their configurations tend to
diverge near the would-be horizon unless the ECO carries
zero charges associated with these fields. The fact that we
have not yet detected new light fields in nongravitational
experiments does suggest that, if they exist, they couple
weakly to the standard model at low curvatures. However,
to assume that the ECO carries zero charge translates to a
much stronger assumption about the coupling of these light
fields, the standard model fields, and new heavy fields in
the interior of the ECO. A possible workaround would be to
devise a screening mechanism where the nonlinearities in
the system conceal the scalar field all the way to the surface
of the smallest ECO. Doing so would allow for a non-
perturbative restoration of GR outside the ECO.
For simplicity, we have used spherical symmetry in our

analysis. Relaxing this assumption and assuming that the
exterior is described by the Kerr metric does not remove the
issue we point out regarding light fields. For other vacuum
spacetimes of general relativity the properties of the interior
are encoded in the multipolar structure of the exterior.
Axisymmetric spacetimes are a characteristic example,
where one has a plethora of solutions with different
properties already in general relativity [50–54]. Hence,
even if Eq. (1) would act as a good approximation for the
exterior, it would be very tenuous to suggest that any
particular solution of these equations can generically act as
an adequate approximation for the spacetime of an ECO
near its surface.

Finally, we have focused on stationary solutions, but it is
clear that a modification of the exterior spacetime of the
ECO would also affect both their QNM spectrum and
gravitational wave signals from systems that contain such
ECOs more broadly. Attention has focused mostly on
QNMs as probes of ECOs, which implicitly assumes that
when ECOs merge the product is itself an ECO, rather than
a black hole. An interesting question, motivated further by
our results, is how deviations manifesting in the late inspiral
compare in size with deviation in the QNMs.
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APPENDIX: PERTURBATIVE EOM

Here, we present the perturbed equations of motion to
second order in c. To first order, the equations read

0 ¼ B1 − ð2m − rÞB0
1; ðA1Þ

0 ¼ B1 þ ð2m − rÞA0
1; ðA2Þ

0 ¼ ðm − rÞB0
1 þ ðmþ rÞA0

1 þ rðr − 2mÞA00
1; ðA3Þ

0 ¼ 2ðr −mÞϕ0
1 þ rðr − 2mÞϕ00

1; ðA4Þ
while to second order the equations are

0 ¼ 4rðr − 2mÞ2½ð2m − rÞB0
2 − B2�

þ c32ðr − 2mÞ − 6c12r; ðA5Þ
0 ¼ 4rðr − 2mÞ2½ð2m − rÞA0

2 þ B2�
þ c32ðr − 2mÞ − 2c12r; ðA6Þ

0 ¼ 2rðr − 2mÞ2½ðmþ rÞA0
2 þ rðr − 2mÞA00

2

þ ðm − rÞB0
2� þ c32ðr − 2mÞ − 2c12r; ðA7Þ

0 ¼ ðr − 2mÞ2½2ðr −mÞϕ0
2 þ rðr − 2mÞϕ00

2�
− 2c1c3: ðA8Þ

Imposing the boundary conditions that A1;2; B1;2;ϕ1;2

vanish at spatial infinity and solving the equations yield

A1 ¼
c1

r − 2m
; ðA9Þ

B1 ¼
c1

2m − r
; ðA10Þ
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ϕ1 ¼ −
c3 log

�
r

r−2m

�
2m

; ðA11Þ

A2 ¼
	
c32ð2m2 − 3mrþ r2Þ log

�
r

r − 2m

�

− 2m½−4c4mðr − 2mÞ þ 2c12m − 2c32mþ c32r�

�

½8m2ðr − 2mÞ2�; ðA12Þ

B2 ¼
�
4mð4c4m − 2c4rþ 3c12Þ þ c32ð2m − rÞ log

�
r

r − 2m

��
½8mðr − 2mÞ2�; ðA13Þ

ϕ2 ¼
2c1c3m
r−2m − ðc6mþ c1c3Þ log

�
r

r−2m

�
2m2

; ðA14Þ

where c1, c3, c4, c6 are integration constants. Performing asymptotic expansion at spatial infinity of the metric functions and
the scalar field to Oðc2Þ we have

−gttðr → ∞ÞjOðc2Þ ¼ 1þ −2mþ 2cc1 þ 2c2c4
r

þ c2c32m
6r3

þO
�
1

r

�
4

; ðA15Þ

grrðr → ∞ÞjOðc2Þ ¼ 1þ 2m − 2cc1 − 2c2c4
r

þ
1
2
c2ð−16c4mþ 8c12 − c32Þ − 8cc1mþ 4m2

r2

þ
1
2
c2ð−48c4m2 þ 48c12m − 5c32mÞ − 24cc1m2 þ 8m3

r3
þO

�
1

r

�
4

; ðA16Þ

ϕðr → ∞ÞjOðc2Þ ¼
−c3c − c6c2

r
þ −mc3cþ ðc1c3 −mc6Þc2

r2
ðA17Þ

þ− 4
3
ðm2c3Þc − 4

3
½mðmc6 − 2c1c3Þ�c2
r3

þO
�
1

r

�
4

; ðA18Þ

and then to second order in c, the ADM mass M and the scalar charge Q are given by

M ¼ m − cc1 − c2c4; ðA19Þ

Q ¼ −cc3 − c2c6: ðA20Þ
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