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GR Black Holes

❖ Albeit we are nowadays familiar with the 
concept of Black Holes their acceptance as 
a physical solution of General relativity 
has been far from obvious. 

❖ BH indeed are characterised by “hard to 
digest” structures 

❖ The singularity: infinite curvature 

❖ Cauchy horizons: end of predictability 

QG i supposed to “cure” these features: if it does so just in a hidden Planck core then BH will 
be exactly as in GR. But what if the “cure” requires long range (in time and/or space) effects? 

Then we can test GR using BH…
Over time several form of regularisation of these infinities have been envisaged…

(also in connection with the information loss problem)



BH Mimickers

❖ Regular BH
❖ Bouncing Geometries
❖ Quasi-BH
❖ Traversable Wormholes
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FIG. 1: Schematic Penrose diagram of a star collapsing to a non-singular black hole with concentric

outgoing and ingoing null shells. The DTR relation is applied to the crossing point between

outgoing and ingoing shells. The corresponding four spacetime regions A, B, C and D are depicted.

That is, in spherically symmetric situations, the constraint above on the coe�cient g
rr of

the metric in the four spacetime regions at the crossing point must be satisfied.

Eq. (16) can be manipulated in order to obtain

mA(r0) = mB(r0) +min(r0) +mout(r0)�
2mout(r0)min(r0)

r0FB(r0)
, (17)

where min(r0) = mD(r0) �mB(r0) and mout(r0) = mC(r0) �mB(r0). The first three terms

on the right-hand side of the equation have a clear physical meaning: mB measures the

mass of the region between the ingoing and outgoing shell and, therefore, the original mass

of the non-singular black hole before the ingoing shell is absorbed. This is moreover the

region in which the coordinates (u, v) are defined. On the other hand, min and mout are the

mass of the ingoing and outgoing shells. These three contributions are finite, but the last

contribution has to be analyzed more carefully. The reason is that, as the point r0(v)|u=u0

gets closer to the location of the inner horizon, FB(r0) ! 0. This implies that, in order to

understand the behavior of the system at late times, we need to understand the behavior

with v of min(r0(v)|u=u0) and FB(r0(v)|u=u0) (note that mout is constant along u = u0):

8

ds2 = �e�2�(r)F (r)dt2 +
dr2

F (r)
+ r2d⌦2,

where

F (r) = 1� 2m(r)

r
.

This geometry reduces to Schwarzschild for m(r) = M 2 R, �(r) = 0.

Most conservative hypothesis: Replace the singular core 
of black holes by a smooth spacetime region in which the 
metric does not necessarily satisfy the Einstein equations.

Example

Open issue: generic instability at inner horizon (mass inflation) while evaporation time is generically infinite.

 R.Carballo-Rubio, F.Di Filippo, SL, C.Pacilio and M.Visser, JHEP 1807, 023 (2018). [arXiv:1805.02675 [gr-qc]].
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FIG. 1: Schematic Penrose diagram of a star collapsing to a non-singular black hole with concentric

outgoing and ingoing null shells. The DTR relation is applied to the crossing point between

outgoing and ingoing shells. The corresponding four spacetime regions A, B, C and D are depicted.
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FIG. 1: Schematic Penrose diagram of a star collapsing to a non-singular black hole with concentric

outgoing and ingoing null shells. The DTR relation is applied to the crossing point between

outgoing and ingoing shells. The corresponding four spacetime regions A, B, C and D are depicted.
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understand the behavior of the system at late times, we need to understand the behavior

with v of min(r0(v)|u=u0) and FB(r0(v)|u=u0) (note that mout is constant along u = u0):

8
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This geometry reduces to Schwarzschild for m(r) = M 2 R, �(r) = 0.

Most conservative hypothesis: Replace the singular core 
of black holes by a smooth spacetime region in which the 
metric does not necessarily satisfy the Einstein equations.

Example
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See F. Di Filippo Poster!
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trivial matching must occur at the boundary in order for the light cones to smoothly transition form
an almost Minkowskian behaviour where matter is present to an inside-black-hole-horizon behaviour
in the vacuum exterior. However, it seems possible that quantum gravity corrections are not confined
to core of the collapsing cloud but can reach the weak field regions of the space-time. After the bounce
the matter is outgoing and will eventually cross the horizon outwards thus destroying it. The process
may be entirely symmetric in time or it may have a preferred direction, depending, among other things,
on the specifics of the fluid model employed. In turn, the process may be accompanied by a transition
of the black hole to a white hole solution, the time scales of which vary from model to model.

In [34] it was assumed that the horizon remains the usual Schwarzschild black hole horizon until
the expanding matter crosses it in the outgoing direction. However this interpretation is not entirely
satisfactory as the light-cone structure close to the point where expanding boundary and horizon cross
is not well defined.

In more recent times several researchers have proposed the idea that the exterior region may
undergo a transition from black hole to white hole. In [116] the black hole to white hole transition was
proposed within a model of collapsing null shells in quantum gravity without discussing the geometry
of the transition. More recently, the exterior geometry induced by the transition was analyzed in [31,33],
where it was suggested that the time scales of the transition must be short. At the same time the
effective geometry of the quantum-gravity region was studied in [32], where it was suggested that
quantum effects may accumulate over long time scales. In any case, models with transition from
a black hole geometry to a white hole geometry can explain the change in the causal structure of the
space-time by allowing for quantum effects to ‘tilt’ the direction of the light-cones, effectively turning
the black hole horizon into a white hole horizon (see Figure 2).

As we shall see later, the lifespan of the horizon is model dependent but, for distant observers,
is usually long enough to ensure compatibility with astrophysical observation of black hole candidates.
At early times the models are well described by a classical GR collapse solution. Quantum corrections
exist for a finite time, thus restoring classicality at late times.

t

r

rb

tB{QG

Figure 2. Finkelstein diagram for the black hole to white hole transition. The grey area enclosed within
dashed lines represents the region where quantum effects are important (QG). The grey area within
solid lines represents the trapped region in the exterior space-time. The solid thick line rb represents the
boundary of the cloud. The solid thin vertical line represents the horizon in the exterior region. In this
case the transition is completely symmetric in time. The bounce occurs at the same time tB for all shells
(as in the homogeneous case). An horizon grazing photon (thin curved line), stays in the vicinity of the
horizon until right after tB. The lifetime of the white hole is the same as the lifetime of the black hole.

Dynamically, it seems more natural 
to expect that the existence of a 

repulsive core would lead generally 
to bouncing solutions 

Two main features can be associated to these solutions

The typical timescale of the bounce 

is therefore of utmost importance to understand the physical mechanisms that may prevent

these lumps of matter from collapsing completely, resulting in a singularity, and the implica-

tions that follow. In practical terms, we can divide the spacetime of a collapsing (spherically

symmetric) distribution of matter in two regions: the external one, which is idealized as

being vacuum, and the internal one which describes the interior of the collapsing matter.

In the previous section we have been dealing mainly with the external geometry. However,

the physics of the internal geometry is important as well, and in fact it might be the most

important one regarding the regularization of the singularity.

The regular core of the regular black holes discussed above can be understood as the result

of the tendency of matter towards collapsing, together with the existence of repulsive forces

of quantum-mechanical nature that are triggered when Planckian curvatures are reached.

However, from this perspective it seems unnatural that these two tendencies cancel exactly

in order to stabilize the collapsing distribution of matter at a fixed radius, no matter what

the initial conditions are. Dynamically, it seems more natural to expect that the existence of

a repulsive core would lead generally to bouncing solutions (while asymptotically stationary

solutions with a small core may be reached for very particular values of the initial conditions).

This kind of bouncing behavior has been proposed in the framework of loop quantum

cosmology [13] and condensed matter models [14]. Regardless of the particular details of

each particular implementation of this idea, there are two aspects which are robust:

• Timescale: the existence of a bounce of matter distribution would be physically mean-

ingful only if the timescale for the bounce (suitably defined in terms of the proper time

of the relevant observers) is shorter than the evaporation time of the black hole,

T < T(3) ⇠ tP(M/mP)
3 (8)

(if this condition is not satisfied, the black hole formed in the collapse would evaporate

before the bounce could take place). Possible values for this timescale are

T = T(j) ⇠ tP(M/mP)
j, j = 1, 2. (9)

These two values verify T(j) ⌧ T(3).

• Modifications of the near-horizon geometry: the external geometry of the spacetimes

in which the bounce of the distribution of matter can be observed by external observers

8

where   j=3 would be the standard Hawking evaporation time.

An unavoidable non-classical region outside the 
trapping horizon 

However, in the most natural scenarios,  modifications in these geometries are by construction O(1) only after the time 𝓣. 

If obs. time Delta t then deviations from the classical geometries would be suppressed by the dimensionless quotient ∆t/𝓣
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❖ Traversable Wormholes FIG. 1. The complete geometry of static ultra-compact stars in semiclassical gravity. The exterior

geometry (white) is a perturbative solution of the semiclassical Einstein field equations, while

the interior geometry (dark gray) is a non-perturbative solution. Interior and exterior geometries

are glued at the surface of the star, the position of which is determined by the condition that

the pressure of the perfect fluid vanishes. The di↵erence between R and 2GM has been vastly

exaggerated for illustrative purposes.
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Let us define a static and spherically symmetric quasi-black hole as a 
spacetime satisfying: 

(i) the geometry is Schwarzschild above a given radius R that is defined 
to be the radius of the object, 

(ii) the geometry for r ≤ R is not Schwarzschild, and 
(iii) there are no event or trapping horizons. 

Without committing to a specific model there are two main 
quantities that can be used to characterise these solutions. 

a) The transient time 𝜏 that it takes for a collapse (or merging?) to 
settle down to the solution 

b) The degree of compactness 

there are again many uncertainties in this regard). Note however that any physical observ-

able (i.e. a quantity that can be measured in an experiment) will go back continuously to

its value for a black hole in the limit in which µ ! 0, where

µ = 1� rs
R
. (12)

This observation would seem to imply that, for extremely small µ, all observables should

di↵er by very small amounts from the values they would take for a proper black hole (we can

think about performing a Taylor expansion on the parameter µ). This depends, however, on

the functional dependence of observables on µ. We will see that this point is crucial, being

the reason why certain observables provide better chances to test these theoretical scenarios.

III. OBSERVATIONAL CHANNELS

A. Phenomenological description of deviations from general relativity

From the perspective of astrophysical observations using electromagnetic waves, black

holes are regions in spacetime that can be detected only indirectly through their gravitational

e↵ects on matter surrounding them. This has changed with gravitational wave astronomy.

However, observationally is not clear that these regions of spacetime correspond strictly to

black holes in the sense of general relativity. This is a fundamental question regardless of the

stance taken with respect to the di↵erent alternatives in Sec. II. Only a detailed analysis of

this question would make possible separating what is really known from the aspects which

can be only inferred from (most of the time, partial) theoretical arguments.

In order to illustrate this point and make quantitative statements, let us introduce a

set of phenomenological parameters encapsulating deviations from the behavior expected in

general relativity. We will compare the physics associated with each of these parameters

with the theoretical models reviewed in Sec. II, and then consider how these parameters can

be constrained observationally. These parameters are functions of the physical quantities the

most general black hole geometry that is expected to be relevant for astrophysical scenarios,

namely the Kerr geometry [29]: the mass M and the angular momentum J .

Let us start with two timescales:

1. Lifetime, ⌧+: is the amount of time in which a black hole with mass M , and in vacuum,

disappears completely (due to Hawking radiation, or some other e↵ect).

12

For μ ≪ 1, and if the surface is at a proper radial distance ℓ≪rs from rs, one has 

E.g. ℓ∼ ℓP and the mass corresponding to Sgr A*, M = 4 × 106 M⊙, which yields μ ∼ 10−91 

5

C. Quasi-black holes

In order to encompass di↵erent alternatives in the
literature, let us define a static and spherically sym-
metric quasi-black hole in a rough way as a spacetime
satisfying the following conditions: (i) the geometry is
Schwarzschild above a given radius R that is defined to
be the radius of the object, (ii) the geometry for r  R
is not Schwarzschild, and (iii) there are no event or trap-
ping horizons. In other words, this kind of geometry
is qualitatively similar to that of a relativistic star, but
with a typical radius of the structure R that can be arbi-
trarily close to rs, hence violating the isotropic-pressure
Buchdahl-Bondi bound [36, 37] (Let us note in passing
that including pressure anisotropy permits one to attain
more compact configurations that are not limited by the
isotropic Buchdahl-Bondi bound [38].) In fact, in this
section we consider objects that can be characterized as
having a surface. Configurations that fall within the def-
inition above but do not have a surface (wormholes), are
described in the next section.

There are several proposals in the literature for
this kind of geometry (including gravastars [39–41],
fuzzballs [42, 43], and black stars [44, 45]), but all of
them present severe restrictions. In general terms, it is
possible to prescribe (or derive from first principles [46])
this kind of geometry only when the outer geometry is
that of non-rotating or slowly rotating black holes. Most
importantly, there is virtually no knowledge about the
dynamics of these objects; not only there are large gaps
in the understanding of their possible formation mecha-
nisms, but also of their behavior under other dynamical
processes that they may undergo after formation. For in-
stance, it is generally not clear how these objects interact
with regular matter. It is also worth stressing that these
configurations violate the assumptions of no-hair theo-
rems (e.g., [47]), so that it is in principle possible that
the external geometry is di↵erent than the Schwarzschild
geometry.

If quasi-black holes are formed, this would require the
existence of a transient before the system can settle down
in this kind of configuration. The details of this transient
are still largely unknown and would probably be rather
complex, but in a first approach we can parametrize our
ignorance in terms of another timescale ⌧ , that is essen-
tially a relaxation timescale (in the bouncing scenario dis-
cussed above, ⌧ ⇠ ⌧ (1), with possible logarithmic correc-
tions depending on the values of certain parameters [27]).
This timescale could also show up in other events such as,
for instance, the merger of two of these objects. There
have been studies proposing Hawking radiation as the
main ingredient to form these objects [48–53], although
these proposals share a number of problems (e.g., [54–
56]). As emphasized above, it is not known whether or
not it is possible that the result of the merger of two
quasi-black holes is still a quasi-black hole. However, if
this is the case, it is reasonable to assume that the final
quasi-black hole state is reached after some relaxation

timescale ⌧ .
Aside from these transients, these objects are expected

to lead to distinctive phenomenological signatures aris-
ing from interaction with light, matter and gravitational
waves — due to the large modifications of the geometry
starting at r = R. In particular, while black holes are
perfectly absorptive, quasi-black holes do not necessarily
satisfy this property (although there are again many un-
certainties in this regard). Note however that any phys-
ical observable (i.e. a quantity that can be measured in
an experiment) will go back continuously to its value for
a black hole in the limit in which µ ! 0, where

µ = 1� rs
R
. (11)

This observation would seem to imply that, for ex-
tremely small µ, all observables should di↵er by very
small amounts from the values they would take for a
standard GR black hole (we can think about performing
a Taylor expansion on the parameter µ). This depends,
however, on the functional dependence of observables on
µ. We will see that di↵erent observables display di↵erent
behaviors (e.g., polynomial or logarithmic) with respect
to µ.
In order to develop some intuition on the typical values

of µ, let us make explicit the relation between µ and the
distance between the surface and the would-be horizon.
For µ ⌧ 1, and if the surface is at a proper radial distance
` ⌧ rs from rs, one has

µ '
✓

`

rs

◆2

' 2⇥ 10�76

✓
M�
M

◆2 ✓ `

`P

◆2

. (12)

It is illustrative to consider for instance ` ⇠ `P and the
mass corresponding to Sgr A*, M = 4⇥ 106 M�, which
yields µ ⇠ 10�88.

D. Wormholes

Wormholes are tunnels connecting di↵erent regions of
spacetime and supported by large amounts of exotic mat-
ter or energy [57–62]. The most interesting class of worm-
holes are the so-called traversable wormholes, that can
be maintained open for enough time to allow geodesics
to travel through them. Let us focus for simplicity on
Morris-Thorne wormholes [63, 64]: time independent,
non-rotating and spherically symmetric solutions of gen-
eral relativity (with a suitable matter content) describ-
ing a bridge/passage between two asymptotically flat re-
gions, not necessarily in the same universe. These objects
are described by the metric

ds2 = �e�2�(x)dt2 + dx2 + r2(x)d⌦2, (13)

where x 2 (�1,+1) and one requires the absence of
event horizons and metric components that are at least
C2 in x. Asymptotic flatness for x ! ±1 requires

lim
x!±1

r(x)

|x| = 1 (14)
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locally produce and move a warp drive, with a spaceship inside, at superluminal
speeds.

A curious characteristic of the Alcubierre warp drive geometry, which is seldom
mentioned, is that in a superluminal travel between two events in spacetime A and
B, the proper time as measured by the traveller inside the bubble is not subject to
the standard relativistic time slowdown. This is due to the fact that the observer
inside the warp drive finds itself at rest in a basically flat portion of spacetime and
(classically) does not perceive the bubble motion. Indeed, observers at rest outside,
as well as internal travellers, will measure essentially the same amount of travel
duration in terms of their proper times (see Eq. (12.1)). This contrasts with what
normally happens in standard special relativity. From the traveller’s point of view
if one approaches the speed of light, the proper time duration to go from A to B
becomes arbitrarily short. Instead, using a warp drive to shorten this time duration
one would need to increase the warp drive velocity to larger and larger speeds which
will not affect the relation between the proper time of the warp drive traveller and
that of some observer outside at rest.

12.3.2.2 Traversable Morris–Thorne Wormholes in a Nutshell

Traversable Morris–Thorne wormholes [26, 27] are time independent, non-rotating
and spherically symmetric solutions of general relativity describing a bridge/passage
between two asymptotically flat regions (not necessarily in the same universe albeit
this is the case we are interested in here). They are described by a simple metric

ds2 = −e2Φ(ℓ)dt2 + dℓ2 + r2(ℓ)
[
dθ2 + sin2 θdφ2] , (12.2)

where one requires ℓ ∈ (−∞,+∞), absence of event horizons and metric compo-
nents at least C2 in ℓ. Furthermore asymptotic flatness for ℓ → ± ∞ is imposed by
requiring

lim
ℓ→± ∞

{
r(ℓ)
|ℓ|

}
= 1 i.e. r(ℓ) = |ℓ| + O(1) for ℓ → ± ∞ (12.3)

for space asymptotic flatness and

lim
ℓ→± ∞

Φ(ℓ) = Φ± = constant and finite (12.4)

for spacetime asymptotic flatness. The radius at the wormhole throat is r0 ≡
min {r(ℓ)} which can always be chosen to be at ℓ = 0.

This metric is a solution of the Einstein equations but requires a stress–energy
tensor (SET) T µ

ν = diag(−ρ(r), τ (r), pθ (r), pφ(r)) with radial tension τ (r) =
−pr (r) which violates the null energy condition (NEC) which states the positiv-
ity of the product Tµνkµkν for any null-like vector kµ. More precisely there is always

Let’s consider Morris-Thorne wormholes

• It is generally assumed that standard particles of matter and waves can 
cross traversable wormholes without experiencing appreciable 

interactions with the exotic matter opening the throat. Hence, the 
interior of wormholes is essentially transparent

• This assumption would be certainly more reasonable if the exotic matter 
inside the wormhole comes entirely from the polarization of the 

quantum vacuum. 

• The traversability property (the lack of a physical surface) represents 
the main difference between wormholes and quasi-black holes. 
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where one requires ℓ ∈ (−∞,+∞), absence of event horizons and metric compo-
nents at least C2 in ℓ. Furthermore asymptotic flatness for ℓ → ± ∞ is imposed by
requiring

lim
ℓ→± ∞

{
r(ℓ)
|ℓ|

}
= 1 i.e. r(ℓ) = |ℓ| + O(1) for ℓ → ± ∞ (12.3)

for space asymptotic flatness and

lim
ℓ→± ∞

Φ(ℓ) = Φ± = constant and finite (12.4)

for spacetime asymptotic flatness. The radius at the wormhole throat is r0 ≡
min {r(ℓ)} which can always be chosen to be at ℓ = 0.

This metric is a solution of the Einstein equations but requires a stress–energy
tensor (SET) T µ

ν = diag(−ρ(r), τ (r), pθ (r), pφ(r)) with radial tension τ (r) =
−pr (r) which violates the null energy condition (NEC) which states the positiv-
ity of the product Tµνkµkν for any null-like vector kµ. More precisely there is always

Let’s consider Morris-Thorne wormholes

• It is generally assumed that standard particles of matter and waves can 
cross traversable wormholes without experiencing appreciable 

interactions with the exotic matter opening the throat. Hence, the 
interior of wormholes is essentially transparent

• This assumption would be certainly more reasonable if the exotic matter 
inside the wormhole comes entirely from the polarization of the 

quantum vacuum. 

• The traversability property (the lack of a physical surface) represents 
the main difference between wormholes and quasi-black holes. 



Phenomenology: parametrising the uncertainties
Let us start with introducing two timescales: 

Lifetime, τ+: is the amount of time in which a black hole with mass M, and in vacuum, disappears completely (due to 
Hawking radiation, or some other effect). 

Relaxation, τ−: is the amount of time in which O(1) transient effects taking place after violent dynamical processes 
(formation of the black hole, merger,...) dissipate. We propose to use the reciprocal of of the imaginary part of the lowest 

quasi-normal mode as this governs the damping rate under excitations…

These two timescales describe the interval of time t ∈ [τ−, τ+] in which the system is expected to be evolving slow enough such 
that it can maintain stable structural properties. Within this interval of time, we can define the following parameters: 
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2. Absorption coefficient, κ: measures the fraction of the energy that is lost inside the region r ≤ R. E.g. excitation of 
internal degrees of freedom in the bulk, or to propagation into some other spacetime region.

3. Elastic reflection coefficient, Γ: if there is a certain amount of energy falling onto the object and reaching r = R, this 
coefficient measures the portion that is reflected at r ≥ R due to elastic interactions (i.e., energy which is not 

absorbed and bounces back). The coefficient for inelastic interactions is then 
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be modulated by functions with compact support. Hence there could be a maximum radius such that ε(r ≥ r⋆) = 0. 

1. Size, R = rs(1 + �): the value of the radius below which the modifications to the

classical geometry are O(1). We will use the more convenient parameter � � 0. Note

that this parameter is related to µ in Eq. (12) as µ = �/(1+�). For � ⌧ 1 it follows

that µ ' �, so that these two parameters can be used interchangeably.

2. Absorption coe�cient, : measures the fraction of the energy that is lost inside the

region r  R. This can be due to the inelastic interaction with the horizonless object,

when exciting internal degrees of freedom in the bulk, or simply due to its propagation

into some other spacetime region (consider, for instance, a wormhole).

3. Elastic reflection coe�cient, �: if there is a certain amount of energy falling onto the

object and reaching r = R, this coe�cient measures the portion that is reflected at

r � R due to elastic interactions (i.e., energy which is not absorbed and bounces back).

4. Inelastic reflection coe�cient, �̃:this coe�cient measures the portion of energy that is

absorbed by the object and then emitted back. , i.e., it measure the amount of energy

that is inelastically reflected. It is related to  and � by �̃ = 1� � �.

5. Tails, ✏(r) ⌧ 1: small modifications of the geometry that decay with the radius,

typically polynomial but which can be modulated by functions with compact support.

Hence there could be a maximum radius such that ✏(r � r?) = 0.

These phenomenological parameters (and function) allow to measure our ignorance about

the actual properties of astrophysical black holes: for a black hole in general relativity,2

⌧+ = 1, ⌧� ⇠ 11M, µ = 0,  = 1, � = 0, ✏(r) = 0. (16)

Regarding the first parameter ⌧+, we expect it to be at most ⌧+ = T
(3) as defined in Eq. (8)

due to Hawking radiation. But this is still infinite for any practical purposes for astrophysical

black holes. The rest of the parameters are unchanged in the semiclassical approximation.

Hence testing the (semiclassical) black hole picture essentially means constraining the value

of these parameters. The closest these parameters are to their value in eq. 16, the more

confident we will be that astrophysical black holes are proper black holes (especially if we

2 The estimation of ⌧� is obtained taking the inverse of the imaginary part of the lowest quasi-normal mode

which governs the damping rate under excitations [add reference]
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Phenomenology: parametrising the uncertainties
How can we discriminate in GW astronomy GR black holes from the above mentioned mimickers? 

Use parametrisation…

It is always possible to introduce additional parameters or functional relations.  

However, in practical terms this just implies that we are including additional parameters that would provide more freedom to 
play with the observational data.  

The set introduced is minimal, but still interesting enough to give a detailed picture of the observational status of black holes. 

τ+ τ- μ κ Γ ε(r)

Classical
GR BH ∞ ~10 M 0 1 0 0

Regular BH undertermined ~10 M 0 1 0 Non-zero
Bouncing 

Geometries 
(long lived)

𝓣(2) Model 
dependent 0 1 0 non-zero and 

r*= O(rs)

Quasi-BH ∞ Model 
dependent

Model 
dependent

Model 
dependent

Model 
dependent 0?

Wormholes ∞ unknown >0 Model 
dependent 1-κ 0?



EM channels
1. Stars orbiting the BH mimicker

FIG. 2: The orbits of stars around Sgr A* can be used in order to constrain its radius.

More interesting for the present discussion is the remark that these observations also

constrain the size of Sgr A* (Fig. 2). The values of the periastron in these orbits provide

upper bounds to the value of R (equivalently, �). For the purposes of estimating the order

of magnitude of this quantity, it is enough to consider the star S2 (also known as S0-2)

[39, 40] which is one of the most precisely tracked. The periastron of S2 is 17 light hours

[[Note: I am using the value in [40]; update this value if necessary]], while the Schwarzschild

radius of Sgr A* is 40 light seconds. Therefore,

�  O(103). (14)

Given that this kind of observation is essentially geometric in nature, the remaining phe-

nomenological parameters that describe the physical intrinsic properties of the dark object

remain unconstrained in practice. It may be possible however to constrain in the future

the tails ✏(r), though this would require gathering data for several stars with much shorter

orbital periods [48] and which remain close enough to Sgr A* [49]. More details in this

regard are given in Sec. III B 3.

2. Infalling matter

We have discussed in the previous section that tracking the trajectories of stars around

Sgr A* permits to place an upper bound on the spatial extension of the latter, on the

basis that these stars have been observed to travel freely without colliding with the central

supermassive object (CMO in the following). Observations of stars orbiting CMOs at the

center of galaxies are restricted to Sgr A* due to technological limitations, so that this

16

• Tracking several stars we can determine the mass of Sgr A* and our 
distance from it. M = 4×106 M⊙ and d = 8 Kpc

• Most close orbiting star S2 constraints the radius of Sgr A*: The 
periastron of S2 is 17 light hours, while the Schwarzschild radius 
of Sgr A* is 40 light seconds. Therefore, ∆ ≤ O(103).
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2. Infalling matter.
Naive expectation:  
strong constraints from absence of thermal radiation from hard surface in the case of Quasi-BH.  
However quite generally radiation emitted as a consequence of smash of matter on a hard surface 
rather than a horizon will be subject to strong lensing…  indeed the escape solid angle is

For  r→rs

FIG. 3: Only a fraction �⌦/2⇡ of geodesics emitted at a point on the surface r = R can escape

for ultra-compact configurations.

constraint only applies to this particular astronomical source. However, another source of

information comes from matter infalling on the CMO.

Before than that, we need a small pause and study the strong lensing of outgoing geodesic

caused by the gravitational field of the CMO. For a surface below the photon sphere rph =

3rs/2, and a congruence of outgoing null geodesics originated at a point of this surface (see

Fig. 3), the null geodesics that escape the gravitational field of the object are inside the

solid angle [55] (see also [56])

�⌦

2⇡
= 1�

r
1� 27

4

⇣rs
R

⌘2 ⇣
1� rs

R

⌘
. (15)

The geodesics that do not fall inside this cone are strongly curved and come back to the

surface r = R. Note that, in the limit R ! rs (in which � ' µ ' 0), one has

�⌦

2⇡
=

27

8
µ+ O(µ2). (16)

Therefore, only a small fraction of the light emitted from the surface of the object will escape

to infinity. After this important remark we can study two di↵erent ways in which matter

falls on the CMO namely the case in which stars collide with the CMO (triggering a “stellar

disruption event” [50]) and the case in which the CMO is surrounded by an accretion disk.
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Therefore, only a small fraction of the light emitted from the surface of the object will escape to infinity! 

• Tracking several stars we can determine the mass of Sgr A* and our 
distance from it. M = 4×106 M⊙ and d = 8 Kpc

• Most close orbiting star S2 constraints the radius of Sgr A*: The 
periastron of S2 is 17 light hours, while the Schwarzschild radius 
of Sgr A* is 40 light seconds. Therefore, ∆ ≤ O(103). 9

the distances involved in the orbits of the stars discussed
in the previous section are large in comparison with the
gravitational radius of the Sgr A*. However, another
source of information comes from matter infalling on the
CMO. It is reasonable to expect that processes involving
matter in the surroundings of the gravitational radius
constitute a better probe of the features of the CMO.

In order to describe these processes, we need to briefly
review some aspects of the behavior of geodesics around
the gravitational radius of the CMO that are caused
by the strong gravitational fields in the near-horizon re-
gion. Both ingoing and outgoing geodesics are interest-
ing phenomenologically, as the former describe the ap-
proach of particles and waves to the CMO, while the
latter describe how and when the radiation produced in
di↵erent processes escapes from the gravitational field of
the CMO. We can just focus on null geodesics, given
that these determine the boundaries of the lightcones
in which timelike geodesics have to be contained. As
is usually done in spherical symmetry, we can restrict
attention to the ✓ = ⇡/2 plane without any loss of gen-
erality, and reduce the geodesic equation for trajectories
xµ(�) = (t(�), r(�),⇡/2,'(�)) to

✓
dr

d�

◆2

+

✓
1� 2M

r

◆
L2

r2
= E2. (18)

The conserved quantities E = (1 � 2M/r)dt/d� and
L = r2d'/d� correspond to the energy and angular mo-
mentum of the null geodesic. The derivation of these
equations is described in most general relativity text-
books (see, for instance, [119]). The second term in the
left-hand side of the equation above acts as an e↵ective
potential. Circular trajectories (dr/d� = 0) can occur
at maxima or minima of this e↵ective potential, being
respectively unstable or stable. It is straightforward to
check from Eq. (18) that there is only one bound circular
orbit, at

rph =
3

2
rs = 3M. (19)

The surface defined by r = rph, known as the photon
sphere, plays an important role in the discussions below.

Null geodesics that cross or reach the photon sphere
have a maximum angular momentum L? that can be di-
rectly evaluated from Eq. (18) by imposing the condition
that (dr/d�)2

��
r=rph

� 0,

L  L? = 3
p
3ME. (20)

The main implication of the existence of this maximum
angular momentum is that outgoing geodesics inside the
photon sphere cannot cross the latter if L > L?. A similar
comment applies to ingoing geodesics outside the photon
sphere.

Let us now consider for instance an object with a sur-
face at r = R  rph such that every point on the surface
emits electromagnetic radiation isotropically in its local

FIG. 1. Only a fraction �⌦/2⇡ of geodesics emitted isotrop-
ically at a point on the surface r = R can escape for ultra-
compact configurations.

orthonormal frame {eµt , eµr , e
µ
✓ , e

µ
'}. A fraction of these

initially outgoing rays cannot reach the photon sphere,
which means (see Fig. 1) that these will be strongly
curved and will come back to the surface r = R [120]
(see also [121]). The escape angle #? measured from the
normal to the surface can be determined imposing the
critical value L = L? and calculating

sin#? =
gµ⌫eµ'dx

⌫/d�
s✓

gµ⌫e
µ
'
dx⌫

d�

◆2

+

✓
gµ⌫e

µ
r
dx⌫

d�

◆2

����������
r=R, ✓=⇡/2, L=L?

(21)

=
L?

ER

r
1� 2M

R
. (22)

Here we have used eµr = (0,
p

1� 2M/r, 0, 0), and eµ' =
(0, 0, 0, 1/r), and we keep ✓ = ⇡/2 without loss of gener-
ality. The solid angle spanned by the cone of geodesics
that escape from the sphere r = R can be then calculated
as

�⌦ =

Z
2⇡

0

d'

Z #?

0

d# sin# = 2⇡(1� cos#?) (23)

= 2⇡

"
1 +

✓
1� 3M

R

◆r
1 +

6M

R

#
. (24)

In the limit R ! rs = 2M (in which � ' µ ⌧ 1), one
has

�⌦

2⇡
=

27

8
µ+ O(µ2). (25)

Therefore, only a small fraction of the light emitted from
the surface of the object will escape to infinity for ultra-
compact configurations. After this important remark, we
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Given that this kind of observation is essentially geometric in nature, the remaining phe-

nomenological parameters that describe the physical intrinsic properties of the dark object

remain unconstrained in practice. It may be possible however to constrain in the future

the tails ✏(r), though this would require gathering data for several stars with much shorter

orbital periods [48] and which remain close enough to Sgr A* [49]. More details in this

regard are given in Sec. III B 3.
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constraint only applies to this particular astronomical source. However, another source of

information comes from matter infalling on the CMO.

Before than that, we need a small pause and study the strong lensing of outgoing geodesic

caused by the gravitational field of the CMO. For a surface below the photon sphere rph =

3rs/2, and a congruence of outgoing null geodesics originated at a point of this surface (see

Fig. 3), the null geodesics that escape the gravitational field of the object are inside the

solid angle [55] (see also [56])
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The geodesics that do not fall inside this cone are strongly curved and come back to the

surface r = R. Note that, in the limit R ! rs (in which � ' µ ' 0), one has

�⌦

2⇡
=

27

8
µ+ O(µ2). (16)

Therefore, only a small fraction of the light emitted from the surface of the object will escape

to infinity. After this important remark we can study two di↵erent ways in which matter

falls on the CMO namely the case in which stars collide with the CMO (triggering a “stellar

disruption event” [50]) and the case in which the CMO is surrounded by an accretion disk.

17

Therefore, only a small fraction of the light emitted from the surface of the object will escape to infinity! 

 Cataclysmic events (stars disruptions)

10

present discussion on the universal dependence of the
equation above on the geometrical factor �⌦/2⇡.

If we combine Eqs. (24) and (22), we see that the tem-
perature of the envelope of debris goes to zero as µ1/4.
This makes harder to probe this phenomenon the more
compact the CMO is. This feature is characteristic of in-
elastic processes in which some energy interacts with the
surface of the CMO and is then radiated isotropically in
the corresponding local reference frame, hence su↵ering
the lensing e↵ects described in Sec. III B 2.

This luminosity can be constrained using astronomical
surveys, in particular the Pan-STARRS1 3⇡ survey [100].
The larger the value of µ, the larger the luminosity, so
that this analysis should lead to an upper bound on the
value of µ. In order to do so, one needs additional in-
formation about the number of CMOs with a given mass
and for a given value of redshift, and also an estimation
of the number of stellar disruption events that would oc-
cur. The details of the distribution of the layer of debris
around the CMO and, in particular, the position of the
photosphere of this envelope, are also important. Taking
into account all these details, the authors of [95] obtain
a constraint µ  µCMO = 10�4 (we have just rounded
o↵ the value of the exponent). Note that the electro-
magnetic radiation is emitted from the photosphere, so
that this observational channel is ultimately placing con-
straints on the size of the latter. We can remove the e↵ect
of the model-dependent details regarding the thickness of
the layer of debris by considering instead a very conser-
vative bound derived from the fact that the radius of the
CMO must certainly be smaller than the radius of the
photosphere, namely µ  µph where µph measures the
size of the photosphere. In order to do so, we just need to
take into account that µph/µCMO ' TM?/4⇡r2s (see [95]
for the derivation), with T = 0.34 ⇥ 10�3 m2 kg�1 the
Thomson opacity for solar metallicity, andM? = O(M�).
Not yet checked; — Matt
We can then write

µ  10�4
TM?

4⇡r2
s

= O(1)⇥
✓
108M�

M

◆2

. (25)

It is important to stress that this bound still relies
on a series of significant assumptions regarding the cos-
mological population of CMOs and the rate of stellar
disruption events (and also an assumption that � does
not depend explicitly on the mass of the CMO, an as-
sumption which should be relaxed in future analyses).
It should be therefore taken as a rough estimate, and
as a proof of principle that this kind of observation can
be used to constrain the phenomenological parameters
discussed here. More refined analysis and future obser-
vations would help to strengthen the accuracy of these
results. Most importantly, Eq. (25) assumes that  and
� are both vanishing. The introduction of nonzero values
for these two parameters has a significant impact on the
discussion, with the left-hand side of Eq. (25) picking up
factors that depend explicitly on these phenomenological
parameters. The change in this equation is functionally

equivalent to the change of the upper bound discussed in
the next section, with the general outcome that the upper
bound on µ becomes weaker for nonzero values of these
parameters. We will show this explicitly in the discus-
sion below, that includes naturally all the steps that are
needed in order to take these parameters into account.
One last comment is that the factor that depends on

�⌦/2⇡ in Eq. (24) is essential in order to avoid running
into significantly problematic and wrong conclusions. Ig-
noring this factor and writing T1 = (LEdd/4⇡�SBR2)1/4

would instead have resulted in an overestmate of the the
outgoing flux of radiation by several orders of magnitude.
It is clear that this would had led to stronger (but nev-
ertheless flawed) constraints than Eq. (25).
b. Accretion disks around supermassive black

holes: The most stringent constraints on some of the
phenomenological parameters come from the information
about the average amount of infalling matter per unit of
time onto CMOs. The value of this accretion rate Ṁ is
generally more stable than the (much higher, but also
more variable) accretion rate associated by the direct
capture of an infalling star, which are also much more
sparse events. Estimation of the accretion rate for these
objects depends on the physics of accretion disks [101–
103], as the accretion rate is typically estimated from the
luminosity of the disk. As we have done in the previous
section, we will not discuss the model-dependent features
behind these estimations. We will just assume that it is
possible to obtain a measure of the order of magnitude of
Ṁ , focusing our discussion on the (already rich) physics
that can be described in terms of Ṁ and our phenomeno-
logical parameters introduced previously. More accurate
estimations of Ṁ would just permit to refine the obser-
vational bounds given below.
Let us start summarizing the main argument that has

been invoked several times in the literature [104–108].
We can reduce this argument to its essentials by con-
sidering the system composed by the CMO and the ac-
cretion disk as a composite system in which energy is
exchanged between its two components. The accretion
rate Ṁ measures the energy that the accretion disk is
pumping into the CMO. On the other hand, the quan-
tity that is interesting in order to test the nature of the
CMO is the energy that the CMO emits by itself, as this
measures the reaction of the CMO to its interaction with
the accretion disk. Ideally, one would like to disentan-
gle the two fluxes of energy and measure independently
the radiation emitted by the CMO. However, this is not
yet observationally possible (and, as we discuss below,
might be even impossible in practice due to its extreme
faintness). Therefore, it is necessary to make additional
assumptions in order to determine the properties of this
outgoing energy flux:

1. Thermality: It was pointed out in [104–106] that
the strong lensing of outgoing geodesics emitted at
di↵erent points in the surface r = R (a phenomenon
that we have already discussed in Sec. III B 2 a)
implies that the surface reaches thermal equilib-

weak constraint

• Tracking several stars we can determine the mass of Sgr A* and our 
distance from it. M = 4×106 M⊙ and d = 8 Kpc

• Most close orbiting star S2 constraints the radius of Sgr A*: The 
periastron of S2 is 17 light hours, while the Schwarzschild radius 
of Sgr A* is 40 light seconds. Therefore, ∆ ≤ O(103). 9

the distances involved in the orbits of the stars discussed
in the previous section are large in comparison with the
gravitational radius of the Sgr A*. However, another
source of information comes from matter infalling on the
CMO. It is reasonable to expect that processes involving
matter in the surroundings of the gravitational radius
constitute a better probe of the features of the CMO.

In order to describe these processes, we need to briefly
review some aspects of the behavior of geodesics around
the gravitational radius of the CMO that are caused
by the strong gravitational fields in the near-horizon re-
gion. Both ingoing and outgoing geodesics are interest-
ing phenomenologically, as the former describe the ap-
proach of particles and waves to the CMO, while the
latter describe how and when the radiation produced in
di↵erent processes escapes from the gravitational field of
the CMO. We can just focus on null geodesics, given
that these determine the boundaries of the lightcones
in which timelike geodesics have to be contained. As
is usually done in spherical symmetry, we can restrict
attention to the ✓ = ⇡/2 plane without any loss of gen-
erality, and reduce the geodesic equation for trajectories
xµ(�) = (t(�), r(�),⇡/2,'(�)) to

✓
dr

d�

◆2

+

✓
1� 2M

r

◆
L2

r2
= E2. (18)

The conserved quantities E = (1 � 2M/r)dt/d� and
L = r2d'/d� correspond to the energy and angular mo-
mentum of the null geodesic. The derivation of these
equations is described in most general relativity text-
books (see, for instance, [119]). The second term in the
left-hand side of the equation above acts as an e↵ective
potential. Circular trajectories (dr/d� = 0) can occur
at maxima or minima of this e↵ective potential, being
respectively unstable or stable. It is straightforward to
check from Eq. (18) that there is only one bound circular
orbit, at

rph =
3

2
rs = 3M. (19)

The surface defined by r = rph, known as the photon
sphere, plays an important role in the discussions below.

Null geodesics that cross or reach the photon sphere
have a maximum angular momentum L? that can be di-
rectly evaluated from Eq. (18) by imposing the condition
that (dr/d�)2

��
r=rph

� 0,

L  L? = 3
p
3ME. (20)

The main implication of the existence of this maximum
angular momentum is that outgoing geodesics inside the
photon sphere cannot cross the latter if L > L?. A similar
comment applies to ingoing geodesics outside the photon
sphere.

Let us now consider for instance an object with a sur-
face at r = R  rph such that every point on the surface
emits electromagnetic radiation isotropically in its local

FIG. 1. Only a fraction �⌦/2⇡ of geodesics emitted isotrop-
ically at a point on the surface r = R can escape for ultra-
compact configurations.

orthonormal frame {eµt , eµr , e
µ
✓ , e

µ
'}. A fraction of these

initially outgoing rays cannot reach the photon sphere,
which means (see Fig. 1) that these will be strongly
curved and will come back to the surface r = R [120]
(see also [121]). The escape angle #? measured from the
normal to the surface can be determined imposing the
critical value L = L? and calculating

sin#? =
gµ⌫eµ'dx
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gµ⌫e
µ
'
dx⌫
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◆2
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(21)
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ER

r
1� 2M
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Here we have used eµr = (0,
p

1� 2M/r, 0, 0), and eµ' =
(0, 0, 0, 1/r), and we keep ✓ = ⇡/2 without loss of gener-
ality. The solid angle spanned by the cone of geodesics
that escape from the sphere r = R can be then calculated
as

�⌦ =
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2⇡
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Z #?
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d# sin# = 2⇡(1� cos#?) (23)
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. (24)

In the limit R ! rs = 2M (in which � ' µ ⌧ 1), one
has

�⌦

2⇡
=

27

8
µ+ O(µ2). (25)

Therefore, only a small fraction of the light emitted from
the surface of the object will escape to infinity for ultra-
compact configurations. After this important remark, we



EM channels
1. Stars orbiting the BH mimicker

FIG. 2: The orbits of stars around Sgr A* can be used in order to constrain its radius.

More interesting for the present discussion is the remark that these observations also

constrain the size of Sgr A* (Fig. 2). The values of the periastron in these orbits provide

upper bounds to the value of R (equivalently, �). For the purposes of estimating the order

of magnitude of this quantity, it is enough to consider the star S2 (also known as S0-2)

[39, 40] which is one of the most precisely tracked. The periastron of S2 is 17 light hours

[[Note: I am using the value in [40]; update this value if necessary]], while the Schwarzschild

radius of Sgr A* is 40 light seconds. Therefore,

�  O(103). (14)

Given that this kind of observation is essentially geometric in nature, the remaining phe-

nomenological parameters that describe the physical intrinsic properties of the dark object

remain unconstrained in practice. It may be possible however to constrain in the future

the tails ✏(r), though this would require gathering data for several stars with much shorter

orbital periods [48] and which remain close enough to Sgr A* [49]. More details in this

regard are given in Sec. III B 3.

2. Infalling matter

We have discussed in the previous section that tracking the trajectories of stars around

Sgr A* permits to place an upper bound on the spatial extension of the latter, on the

basis that these stars have been observed to travel freely without colliding with the central

supermassive object (CMO in the following). Observations of stars orbiting CMOs at the

center of galaxies are restricted to Sgr A* due to technological limitations, so that this

16

2. Infalling matter.
Naive expectation:  
strong constraints from absence of thermal radiation from hard surface in the case of Quasi-BH.  
However quite generally radiation emitted as a consequence of smash of matter on a hard surface 
rather than a horizon will be subject to strong lensing…  indeed the escape solid angle is

For  r→rs

FIG. 3: Only a fraction �⌦/2⇡ of geodesics emitted at a point on the surface r = R can escape

for ultra-compact configurations.

constraint only applies to this particular astronomical source. However, another source of

information comes from matter infalling on the CMO.

Before than that, we need a small pause and study the strong lensing of outgoing geodesic

caused by the gravitational field of the CMO. For a surface below the photon sphere rph =

3rs/2, and a congruence of outgoing null geodesics originated at a point of this surface (see

Fig. 3), the null geodesics that escape the gravitational field of the object are inside the

solid angle [55] (see also [56])

�⌦

2⇡
= 1�

r
1� 27

4

⇣rs
R

⌘2 ⇣
1� rs

R

⌘
. (15)

The geodesics that do not fall inside this cone are strongly curved and come back to the

surface r = R. Note that, in the limit R ! rs (in which � ' µ ' 0), one has

�⌦

2⇡
=

27

8
µ+ O(µ2). (16)

Therefore, only a small fraction of the light emitted from the surface of the object will escape

to infinity. After this important remark we can study two di↵erent ways in which matter

falls on the CMO namely the case in which stars collide with the CMO (triggering a “stellar

disruption event” [50]) and the case in which the CMO is surrounded by an accretion disk.
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Therefore, only a small fraction of the light emitted from the surface of the object will escape to infinity! 

 Cataclysmic events (stars disruptions)

10

present discussion on the universal dependence of the
equation above on the geometrical factor �⌦/2⇡.

If we combine Eqs. (24) and (22), we see that the tem-
perature of the envelope of debris goes to zero as µ1/4.
This makes harder to probe this phenomenon the more
compact the CMO is. This feature is characteristic of in-
elastic processes in which some energy interacts with the
surface of the CMO and is then radiated isotropically in
the corresponding local reference frame, hence su↵ering
the lensing e↵ects described in Sec. III B 2.

This luminosity can be constrained using astronomical
surveys, in particular the Pan-STARRS1 3⇡ survey [100].
The larger the value of µ, the larger the luminosity, so
that this analysis should lead to an upper bound on the
value of µ. In order to do so, one needs additional in-
formation about the number of CMOs with a given mass
and for a given value of redshift, and also an estimation
of the number of stellar disruption events that would oc-
cur. The details of the distribution of the layer of debris
around the CMO and, in particular, the position of the
photosphere of this envelope, are also important. Taking
into account all these details, the authors of [95] obtain
a constraint µ  µCMO = 10�4 (we have just rounded
o↵ the value of the exponent). Note that the electro-
magnetic radiation is emitted from the photosphere, so
that this observational channel is ultimately placing con-
straints on the size of the latter. We can remove the e↵ect
of the model-dependent details regarding the thickness of
the layer of debris by considering instead a very conser-
vative bound derived from the fact that the radius of the
CMO must certainly be smaller than the radius of the
photosphere, namely µ  µph where µph measures the
size of the photosphere. In order to do so, we just need to
take into account that µph/µCMO ' TM?/4⇡r2s (see [95]
for the derivation), with T = 0.34 ⇥ 10�3 m2 kg�1 the
Thomson opacity for solar metallicity, andM? = O(M�).
Not yet checked; — Matt
We can then write

µ  10�4
TM?

4⇡r2
s

= O(1)⇥
✓
108M�

M

◆2

. (25)

It is important to stress that this bound still relies
on a series of significant assumptions regarding the cos-
mological population of CMOs and the rate of stellar
disruption events (and also an assumption that � does
not depend explicitly on the mass of the CMO, an as-
sumption which should be relaxed in future analyses).
It should be therefore taken as a rough estimate, and
as a proof of principle that this kind of observation can
be used to constrain the phenomenological parameters
discussed here. More refined analysis and future obser-
vations would help to strengthen the accuracy of these
results. Most importantly, Eq. (25) assumes that  and
� are both vanishing. The introduction of nonzero values
for these two parameters has a significant impact on the
discussion, with the left-hand side of Eq. (25) picking up
factors that depend explicitly on these phenomenological
parameters. The change in this equation is functionally

equivalent to the change of the upper bound discussed in
the next section, with the general outcome that the upper
bound on µ becomes weaker for nonzero values of these
parameters. We will show this explicitly in the discus-
sion below, that includes naturally all the steps that are
needed in order to take these parameters into account.
One last comment is that the factor that depends on

�⌦/2⇡ in Eq. (24) is essential in order to avoid running
into significantly problematic and wrong conclusions. Ig-
noring this factor and writing T1 = (LEdd/4⇡�SBR2)1/4

would instead have resulted in an overestmate of the the
outgoing flux of radiation by several orders of magnitude.
It is clear that this would had led to stronger (but nev-
ertheless flawed) constraints than Eq. (25).
b. Accretion disks around supermassive black

holes: The most stringent constraints on some of the
phenomenological parameters come from the information
about the average amount of infalling matter per unit of
time onto CMOs. The value of this accretion rate Ṁ is
generally more stable than the (much higher, but also
more variable) accretion rate associated by the direct
capture of an infalling star, which are also much more
sparse events. Estimation of the accretion rate for these
objects depends on the physics of accretion disks [101–
103], as the accretion rate is typically estimated from the
luminosity of the disk. As we have done in the previous
section, we will not discuss the model-dependent features
behind these estimations. We will just assume that it is
possible to obtain a measure of the order of magnitude of
Ṁ , focusing our discussion on the (already rich) physics
that can be described in terms of Ṁ and our phenomeno-
logical parameters introduced previously. More accurate
estimations of Ṁ would just permit to refine the obser-
vational bounds given below.
Let us start summarizing the main argument that has

been invoked several times in the literature [104–108].
We can reduce this argument to its essentials by con-
sidering the system composed by the CMO and the ac-
cretion disk as a composite system in which energy is
exchanged between its two components. The accretion
rate Ṁ measures the energy that the accretion disk is
pumping into the CMO. On the other hand, the quan-
tity that is interesting in order to test the nature of the
CMO is the energy that the CMO emits by itself, as this
measures the reaction of the CMO to its interaction with
the accretion disk. Ideally, one would like to disentan-
gle the two fluxes of energy and measure independently
the radiation emitted by the CMO. However, this is not
yet observationally possible (and, as we discuss below,
might be even impossible in practice due to its extreme
faintness). Therefore, it is necessary to make additional
assumptions in order to determine the properties of this
outgoing energy flux:

1. Thermality: It was pointed out in [104–106] that
the strong lensing of outgoing geodesics emitted at
di↵erent points in the surface r = R (a phenomenon
that we have already discussed in Sec. III B 2 a)
implies that the surface reaches thermal equilib-

weak constraint

• Tracking several stars we can determine the mass of Sgr A* and our 
distance from it. M = 4×106 M⊙ and d = 8 Kpc

• Most close orbiting star S2 constraints the radius of Sgr A*: The 
periastron of S2 is 17 light hours, while the Schwarzschild radius 
of Sgr A* is 40 light seconds. Therefore, ∆ ≤ O(103). 9

the distances involved in the orbits of the stars discussed
in the previous section are large in comparison with the
gravitational radius of the Sgr A*. However, another
source of information comes from matter infalling on the
CMO. It is reasonable to expect that processes involving
matter in the surroundings of the gravitational radius
constitute a better probe of the features of the CMO.

In order to describe these processes, we need to briefly
review some aspects of the behavior of geodesics around
the gravitational radius of the CMO that are caused
by the strong gravitational fields in the near-horizon re-
gion. Both ingoing and outgoing geodesics are interest-
ing phenomenologically, as the former describe the ap-
proach of particles and waves to the CMO, while the
latter describe how and when the radiation produced in
di↵erent processes escapes from the gravitational field of
the CMO. We can just focus on null geodesics, given
that these determine the boundaries of the lightcones
in which timelike geodesics have to be contained. As
is usually done in spherical symmetry, we can restrict
attention to the ✓ = ⇡/2 plane without any loss of gen-
erality, and reduce the geodesic equation for trajectories
xµ(�) = (t(�), r(�),⇡/2,'(�)) to

✓
dr

d�

◆2

+

✓
1� 2M

r

◆
L2

r2
= E2. (18)

The conserved quantities E = (1 � 2M/r)dt/d� and
L = r2d'/d� correspond to the energy and angular mo-
mentum of the null geodesic. The derivation of these
equations is described in most general relativity text-
books (see, for instance, [119]). The second term in the
left-hand side of the equation above acts as an e↵ective
potential. Circular trajectories (dr/d� = 0) can occur
at maxima or minima of this e↵ective potential, being
respectively unstable or stable. It is straightforward to
check from Eq. (18) that there is only one bound circular
orbit, at

rph =
3

2
rs = 3M. (19)

The surface defined by r = rph, known as the photon
sphere, plays an important role in the discussions below.

Null geodesics that cross or reach the photon sphere
have a maximum angular momentum L? that can be di-
rectly evaluated from Eq. (18) by imposing the condition
that (dr/d�)2

��
r=rph

� 0,

L  L? = 3
p
3ME. (20)

The main implication of the existence of this maximum
angular momentum is that outgoing geodesics inside the
photon sphere cannot cross the latter if L > L?. A similar
comment applies to ingoing geodesics outside the photon
sphere.

Let us now consider for instance an object with a sur-
face at r = R  rph such that every point on the surface
emits electromagnetic radiation isotropically in its local

FIG. 1. Only a fraction �⌦/2⇡ of geodesics emitted isotrop-
ically at a point on the surface r = R can escape for ultra-
compact configurations.

orthonormal frame {eµt , eµr , e
µ
✓ , e

µ
'}. A fraction of these

initially outgoing rays cannot reach the photon sphere,
which means (see Fig. 1) that these will be strongly
curved and will come back to the surface r = R [120]
(see also [121]). The escape angle #? measured from the
normal to the surface can be determined imposing the
critical value L = L? and calculating

sin#? =
gµ⌫eµ'dx
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s✓

gµ⌫e
µ
'
dx⌫
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r=R, ✓=⇡/2, L=L?

(21)
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Here we have used eµr = (0,
p

1� 2M/r, 0, 0), and eµ' =
(0, 0, 0, 1/r), and we keep ✓ = ⇡/2 without loss of gener-
ality. The solid angle spanned by the cone of geodesics
that escape from the sphere r = R can be then calculated
as
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In the limit R ! rs = 2M (in which � ' µ ⌧ 1), one
has

�⌦

2⇡
=

27

8
µ+ O(µ2). (25)

Therefore, only a small fraction of the light emitted from
the surface of the object will escape to infinity for ultra-
compact configurations. After this important remark, we



EM channels
1. Stars orbiting the BH mimicker

FIG. 2: The orbits of stars around Sgr A* can be used in order to constrain its radius.

More interesting for the present discussion is the remark that these observations also

constrain the size of Sgr A* (Fig. 2). The values of the periastron in these orbits provide

upper bounds to the value of R (equivalently, �). For the purposes of estimating the order

of magnitude of this quantity, it is enough to consider the star S2 (also known as S0-2)

[39, 40] which is one of the most precisely tracked. The periastron of S2 is 17 light hours

[[Note: I am using the value in [40]; update this value if necessary]], while the Schwarzschild

radius of Sgr A* is 40 light seconds. Therefore,

�  O(103). (14)

Given that this kind of observation is essentially geometric in nature, the remaining phe-

nomenological parameters that describe the physical intrinsic properties of the dark object

remain unconstrained in practice. It may be possible however to constrain in the future

the tails ✏(r), though this would require gathering data for several stars with much shorter

orbital periods [48] and which remain close enough to Sgr A* [49]. More details in this

regard are given in Sec. III B 3.

2. Infalling matter

We have discussed in the previous section that tracking the trajectories of stars around

Sgr A* permits to place an upper bound on the spatial extension of the latter, on the

basis that these stars have been observed to travel freely without colliding with the central

supermassive object (CMO in the following). Observations of stars orbiting CMOs at the

center of galaxies are restricted to Sgr A* due to technological limitations, so that this

16

2. Infalling matter.
Naive expectation:  
strong constraints from absence of thermal radiation from hard surface in the case of Quasi-BH.  
However quite generally radiation emitted as a consequence of smash of matter on a hard surface 
rather than a horizon will be subject to strong lensing…  indeed the escape solid angle is

For  r→rs

FIG. 3: Only a fraction �⌦/2⇡ of geodesics emitted at a point on the surface r = R can escape

for ultra-compact configurations.

constraint only applies to this particular astronomical source. However, another source of

information comes from matter infalling on the CMO.

Before than that, we need a small pause and study the strong lensing of outgoing geodesic

caused by the gravitational field of the CMO. For a surface below the photon sphere rph =

3rs/2, and a congruence of outgoing null geodesics originated at a point of this surface (see

Fig. 3), the null geodesics that escape the gravitational field of the object are inside the

solid angle [55] (see also [56])
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The geodesics that do not fall inside this cone are strongly curved and come back to the

surface r = R. Note that, in the limit R ! rs (in which � ' µ ' 0), one has

�⌦

2⇡
=

27

8
µ+ O(µ2). (16)

Therefore, only a small fraction of the light emitted from the surface of the object will escape

to infinity. After this important remark we can study two di↵erent ways in which matter

falls on the CMO namely the case in which stars collide with the CMO (triggering a “stellar

disruption event” [50]) and the case in which the CMO is surrounded by an accretion disk.
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Therefore, only a small fraction of the light emitted from the surface of the object will escape to infinity! 

 Cataclysmic events (stars disruptions)

Steady accretion 

10

present discussion on the universal dependence of the
equation above on the geometrical factor �⌦/2⇡.

If we combine Eqs. (24) and (22), we see that the tem-
perature of the envelope of debris goes to zero as µ1/4.
This makes harder to probe this phenomenon the more
compact the CMO is. This feature is characteristic of in-
elastic processes in which some energy interacts with the
surface of the CMO and is then radiated isotropically in
the corresponding local reference frame, hence su↵ering
the lensing e↵ects described in Sec. III B 2.

This luminosity can be constrained using astronomical
surveys, in particular the Pan-STARRS1 3⇡ survey [100].
The larger the value of µ, the larger the luminosity, so
that this analysis should lead to an upper bound on the
value of µ. In order to do so, one needs additional in-
formation about the number of CMOs with a given mass
and for a given value of redshift, and also an estimation
of the number of stellar disruption events that would oc-
cur. The details of the distribution of the layer of debris
around the CMO and, in particular, the position of the
photosphere of this envelope, are also important. Taking
into account all these details, the authors of [95] obtain
a constraint µ  µCMO = 10�4 (we have just rounded
o↵ the value of the exponent). Note that the electro-
magnetic radiation is emitted from the photosphere, so
that this observational channel is ultimately placing con-
straints on the size of the latter. We can remove the e↵ect
of the model-dependent details regarding the thickness of
the layer of debris by considering instead a very conser-
vative bound derived from the fact that the radius of the
CMO must certainly be smaller than the radius of the
photosphere, namely µ  µph where µph measures the
size of the photosphere. In order to do so, we just need to
take into account that µph/µCMO ' TM?/4⇡r2s (see [95]
for the derivation), with T = 0.34 ⇥ 10�3 m2 kg�1 the
Thomson opacity for solar metallicity, andM? = O(M�).
Not yet checked; — Matt
We can then write

µ  10�4
TM?

4⇡r2
s

= O(1)⇥
✓
108M�

M

◆2

. (25)

It is important to stress that this bound still relies
on a series of significant assumptions regarding the cos-
mological population of CMOs and the rate of stellar
disruption events (and also an assumption that � does
not depend explicitly on the mass of the CMO, an as-
sumption which should be relaxed in future analyses).
It should be therefore taken as a rough estimate, and
as a proof of principle that this kind of observation can
be used to constrain the phenomenological parameters
discussed here. More refined analysis and future obser-
vations would help to strengthen the accuracy of these
results. Most importantly, Eq. (25) assumes that  and
� are both vanishing. The introduction of nonzero values
for these two parameters has a significant impact on the
discussion, with the left-hand side of Eq. (25) picking up
factors that depend explicitly on these phenomenological
parameters. The change in this equation is functionally

equivalent to the change of the upper bound discussed in
the next section, with the general outcome that the upper
bound on µ becomes weaker for nonzero values of these
parameters. We will show this explicitly in the discus-
sion below, that includes naturally all the steps that are
needed in order to take these parameters into account.
One last comment is that the factor that depends on

�⌦/2⇡ in Eq. (24) is essential in order to avoid running
into significantly problematic and wrong conclusions. Ig-
noring this factor and writing T1 = (LEdd/4⇡�SBR2)1/4

would instead have resulted in an overestmate of the the
outgoing flux of radiation by several orders of magnitude.
It is clear that this would had led to stronger (but nev-
ertheless flawed) constraints than Eq. (25).
b. Accretion disks around supermassive black

holes: The most stringent constraints on some of the
phenomenological parameters come from the information
about the average amount of infalling matter per unit of
time onto CMOs. The value of this accretion rate Ṁ is
generally more stable than the (much higher, but also
more variable) accretion rate associated by the direct
capture of an infalling star, which are also much more
sparse events. Estimation of the accretion rate for these
objects depends on the physics of accretion disks [101–
103], as the accretion rate is typically estimated from the
luminosity of the disk. As we have done in the previous
section, we will not discuss the model-dependent features
behind these estimations. We will just assume that it is
possible to obtain a measure of the order of magnitude of
Ṁ , focusing our discussion on the (already rich) physics
that can be described in terms of Ṁ and our phenomeno-
logical parameters introduced previously. More accurate
estimations of Ṁ would just permit to refine the obser-
vational bounds given below.
Let us start summarizing the main argument that has

been invoked several times in the literature [104–108].
We can reduce this argument to its essentials by con-
sidering the system composed by the CMO and the ac-
cretion disk as a composite system in which energy is
exchanged between its two components. The accretion
rate Ṁ measures the energy that the accretion disk is
pumping into the CMO. On the other hand, the quan-
tity that is interesting in order to test the nature of the
CMO is the energy that the CMO emits by itself, as this
measures the reaction of the CMO to its interaction with
the accretion disk. Ideally, one would like to disentan-
gle the two fluxes of energy and measure independently
the radiation emitted by the CMO. However, this is not
yet observationally possible (and, as we discuss below,
might be even impossible in practice due to its extreme
faintness). Therefore, it is necessary to make additional
assumptions in order to determine the properties of this
outgoing energy flux:

1. Thermality: It was pointed out in [104–106] that
the strong lensing of outgoing geodesics emitted at
di↵erent points in the surface r = R (a phenomenon
that we have already discussed in Sec. III B 2 a)
implies that the surface reaches thermal equilib-

Constrains on horizonless compact objects are expected from the absence of large emitted 
radiation from the would be surface as a consequence of the accreting flux. 

Claims in the past of the exclusion of horizonless objects of ANY compactness.
These derivations are based mainly on two strong assumptions:
1. Thermalisation of the reemitted flux. OK thanks to strong lensing.
2. Steady state: i.e. equilibrium of ingoing (accretion) and outgoing (reemission) fluxes. Not OK due to strong lensing

weak constraint

• Tracking several stars we can determine the mass of Sgr A* and our 
distance from it. M = 4×106 M⊙ and d = 8 Kpc

• Most close orbiting star S2 constraints the radius of Sgr A*: The 
periastron of S2 is 17 light hours, while the Schwarzschild radius 
of Sgr A* is 40 light seconds. Therefore, ∆ ≤ O(103). 9

the distances involved in the orbits of the stars discussed
in the previous section are large in comparison with the
gravitational radius of the Sgr A*. However, another
source of information comes from matter infalling on the
CMO. It is reasonable to expect that processes involving
matter in the surroundings of the gravitational radius
constitute a better probe of the features of the CMO.

In order to describe these processes, we need to briefly
review some aspects of the behavior of geodesics around
the gravitational radius of the CMO that are caused
by the strong gravitational fields in the near-horizon re-
gion. Both ingoing and outgoing geodesics are interest-
ing phenomenologically, as the former describe the ap-
proach of particles and waves to the CMO, while the
latter describe how and when the radiation produced in
di↵erent processes escapes from the gravitational field of
the CMO. We can just focus on null geodesics, given
that these determine the boundaries of the lightcones
in which timelike geodesics have to be contained. As
is usually done in spherical symmetry, we can restrict
attention to the ✓ = ⇡/2 plane without any loss of gen-
erality, and reduce the geodesic equation for trajectories
xµ(�) = (t(�), r(�),⇡/2,'(�)) to

✓
dr

d�

◆2

+

✓
1� 2M

r

◆
L2

r2
= E2. (18)

The conserved quantities E = (1 � 2M/r)dt/d� and
L = r2d'/d� correspond to the energy and angular mo-
mentum of the null geodesic. The derivation of these
equations is described in most general relativity text-
books (see, for instance, [119]). The second term in the
left-hand side of the equation above acts as an e↵ective
potential. Circular trajectories (dr/d� = 0) can occur
at maxima or minima of this e↵ective potential, being
respectively unstable or stable. It is straightforward to
check from Eq. (18) that there is only one bound circular
orbit, at

rph =
3

2
rs = 3M. (19)

The surface defined by r = rph, known as the photon
sphere, plays an important role in the discussions below.

Null geodesics that cross or reach the photon sphere
have a maximum angular momentum L? that can be di-
rectly evaluated from Eq. (18) by imposing the condition
that (dr/d�)2

��
r=rph

� 0,

L  L? = 3
p
3ME. (20)

The main implication of the existence of this maximum
angular momentum is that outgoing geodesics inside the
photon sphere cannot cross the latter if L > L?. A similar
comment applies to ingoing geodesics outside the photon
sphere.

Let us now consider for instance an object with a sur-
face at r = R  rph such that every point on the surface
emits electromagnetic radiation isotropically in its local

FIG. 1. Only a fraction �⌦/2⇡ of geodesics emitted isotrop-
ically at a point on the surface r = R can escape for ultra-
compact configurations.

orthonormal frame {eµt , eµr , e
µ
✓ , e

µ
'}. A fraction of these

initially outgoing rays cannot reach the photon sphere,
which means (see Fig. 1) that these will be strongly
curved and will come back to the surface r = R [120]
(see also [121]). The escape angle #? measured from the
normal to the surface can be determined imposing the
critical value L = L? and calculating

sin#? =
gµ⌫eµ'dx
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Here we have used eµr = (0,
p

1� 2M/r, 0, 0), and eµ' =
(0, 0, 0, 1/r), and we keep ✓ = ⇡/2 without loss of gener-
ality. The solid angle spanned by the cone of geodesics
that escape from the sphere r = R can be then calculated
as

�⌦ =
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d# sin# = 2⇡(1� cos#?) (23)
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In the limit R ! rs = 2M (in which � ' µ ⌧ 1), one
has

�⌦

2⇡
=

27

8
µ+ O(µ2). (25)

Therefore, only a small fraction of the light emitted from
the surface of the object will escape to infinity for ultra-
compact configurations. After this important remark, we



EM channels
1. Stars orbiting the BH mimicker

FIG. 2: The orbits of stars around Sgr A* can be used in order to constrain its radius.

More interesting for the present discussion is the remark that these observations also

constrain the size of Sgr A* (Fig. 2). The values of the periastron in these orbits provide

upper bounds to the value of R (equivalently, �). For the purposes of estimating the order

of magnitude of this quantity, it is enough to consider the star S2 (also known as S0-2)

[39, 40] which is one of the most precisely tracked. The periastron of S2 is 17 light hours

[[Note: I am using the value in [40]; update this value if necessary]], while the Schwarzschild

radius of Sgr A* is 40 light seconds. Therefore,

�  O(103). (14)

Given that this kind of observation is essentially geometric in nature, the remaining phe-

nomenological parameters that describe the physical intrinsic properties of the dark object

remain unconstrained in practice. It may be possible however to constrain in the future

the tails ✏(r), though this would require gathering data for several stars with much shorter

orbital periods [48] and which remain close enough to Sgr A* [49]. More details in this

regard are given in Sec. III B 3.

2. Infalling matter

We have discussed in the previous section that tracking the trajectories of stars around

Sgr A* permits to place an upper bound on the spatial extension of the latter, on the

basis that these stars have been observed to travel freely without colliding with the central

supermassive object (CMO in the following). Observations of stars orbiting CMOs at the

center of galaxies are restricted to Sgr A* due to technological limitations, so that this
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2. Infalling matter.
Naive expectation:  
strong constraints from absence of thermal radiation from hard surface in the case of Quasi-BH.  
However quite generally radiation emitted as a consequence of smash of matter on a hard surface 
rather than a horizon will be subject to strong lensing…  indeed the escape solid angle is

For  r→rs

FIG. 3: Only a fraction �⌦/2⇡ of geodesics emitted at a point on the surface r = R can escape

for ultra-compact configurations.

constraint only applies to this particular astronomical source. However, another source of

information comes from matter infalling on the CMO.

Before than that, we need a small pause and study the strong lensing of outgoing geodesic

caused by the gravitational field of the CMO. For a surface below the photon sphere rph =

3rs/2, and a congruence of outgoing null geodesics originated at a point of this surface (see

Fig. 3), the null geodesics that escape the gravitational field of the object are inside the

solid angle [55] (see also [56])

�⌦

2⇡
= 1�

r
1� 27

4

⇣rs
R

⌘2 ⇣
1� rs

R

⌘
. (15)

The geodesics that do not fall inside this cone are strongly curved and come back to the

surface r = R. Note that, in the limit R ! rs (in which � ' µ ' 0), one has

�⌦

2⇡
=

27

8
µ+ O(µ2). (16)

Therefore, only a small fraction of the light emitted from the surface of the object will escape

to infinity. After this important remark we can study two di↵erent ways in which matter

falls on the CMO namely the case in which stars collide with the CMO (triggering a “stellar

disruption event” [50]) and the case in which the CMO is surrounded by an accretion disk.
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Therefore, only a small fraction of the light emitted from the surface of the object will escape to infinity! 

 Cataclysmic events (stars disruptions)

Steady accretion 

10

present discussion on the universal dependence of the
equation above on the geometrical factor �⌦/2⇡.

If we combine Eqs. (24) and (22), we see that the tem-
perature of the envelope of debris goes to zero as µ1/4.
This makes harder to probe this phenomenon the more
compact the CMO is. This feature is characteristic of in-
elastic processes in which some energy interacts with the
surface of the CMO and is then radiated isotropically in
the corresponding local reference frame, hence su↵ering
the lensing e↵ects described in Sec. III B 2.

This luminosity can be constrained using astronomical
surveys, in particular the Pan-STARRS1 3⇡ survey [100].
The larger the value of µ, the larger the luminosity, so
that this analysis should lead to an upper bound on the
value of µ. In order to do so, one needs additional in-
formation about the number of CMOs with a given mass
and for a given value of redshift, and also an estimation
of the number of stellar disruption events that would oc-
cur. The details of the distribution of the layer of debris
around the CMO and, in particular, the position of the
photosphere of this envelope, are also important. Taking
into account all these details, the authors of [95] obtain
a constraint µ  µCMO = 10�4 (we have just rounded
o↵ the value of the exponent). Note that the electro-
magnetic radiation is emitted from the photosphere, so
that this observational channel is ultimately placing con-
straints on the size of the latter. We can remove the e↵ect
of the model-dependent details regarding the thickness of
the layer of debris by considering instead a very conser-
vative bound derived from the fact that the radius of the
CMO must certainly be smaller than the radius of the
photosphere, namely µ  µph where µph measures the
size of the photosphere. In order to do so, we just need to
take into account that µph/µCMO ' TM?/4⇡r2s (see [95]
for the derivation), with T = 0.34 ⇥ 10�3 m2 kg�1 the
Thomson opacity for solar metallicity, andM? = O(M�).
Not yet checked; — Matt
We can then write

µ  10�4
TM?

4⇡r2
s

= O(1)⇥
✓
108M�

M

◆2

. (25)

It is important to stress that this bound still relies
on a series of significant assumptions regarding the cos-
mological population of CMOs and the rate of stellar
disruption events (and also an assumption that � does
not depend explicitly on the mass of the CMO, an as-
sumption which should be relaxed in future analyses).
It should be therefore taken as a rough estimate, and
as a proof of principle that this kind of observation can
be used to constrain the phenomenological parameters
discussed here. More refined analysis and future obser-
vations would help to strengthen the accuracy of these
results. Most importantly, Eq. (25) assumes that  and
� are both vanishing. The introduction of nonzero values
for these two parameters has a significant impact on the
discussion, with the left-hand side of Eq. (25) picking up
factors that depend explicitly on these phenomenological
parameters. The change in this equation is functionally

equivalent to the change of the upper bound discussed in
the next section, with the general outcome that the upper
bound on µ becomes weaker for nonzero values of these
parameters. We will show this explicitly in the discus-
sion below, that includes naturally all the steps that are
needed in order to take these parameters into account.
One last comment is that the factor that depends on

�⌦/2⇡ in Eq. (24) is essential in order to avoid running
into significantly problematic and wrong conclusions. Ig-
noring this factor and writing T1 = (LEdd/4⇡�SBR2)1/4

would instead have resulted in an overestmate of the the
outgoing flux of radiation by several orders of magnitude.
It is clear that this would had led to stronger (but nev-
ertheless flawed) constraints than Eq. (25).
b. Accretion disks around supermassive black

holes: The most stringent constraints on some of the
phenomenological parameters come from the information
about the average amount of infalling matter per unit of
time onto CMOs. The value of this accretion rate Ṁ is
generally more stable than the (much higher, but also
more variable) accretion rate associated by the direct
capture of an infalling star, which are also much more
sparse events. Estimation of the accretion rate for these
objects depends on the physics of accretion disks [101–
103], as the accretion rate is typically estimated from the
luminosity of the disk. As we have done in the previous
section, we will not discuss the model-dependent features
behind these estimations. We will just assume that it is
possible to obtain a measure of the order of magnitude of
Ṁ , focusing our discussion on the (already rich) physics
that can be described in terms of Ṁ and our phenomeno-
logical parameters introduced previously. More accurate
estimations of Ṁ would just permit to refine the obser-
vational bounds given below.
Let us start summarizing the main argument that has

been invoked several times in the literature [104–108].
We can reduce this argument to its essentials by con-
sidering the system composed by the CMO and the ac-
cretion disk as a composite system in which energy is
exchanged between its two components. The accretion
rate Ṁ measures the energy that the accretion disk is
pumping into the CMO. On the other hand, the quan-
tity that is interesting in order to test the nature of the
CMO is the energy that the CMO emits by itself, as this
measures the reaction of the CMO to its interaction with
the accretion disk. Ideally, one would like to disentan-
gle the two fluxes of energy and measure independently
the radiation emitted by the CMO. However, this is not
yet observationally possible (and, as we discuss below,
might be even impossible in practice due to its extreme
faintness). Therefore, it is necessary to make additional
assumptions in order to determine the properties of this
outgoing energy flux:

1. Thermality: It was pointed out in [104–106] that
the strong lensing of outgoing geodesics emitted at
di↵erent points in the surface r = R (a phenomenon
that we have already discussed in Sec. III B 2 a)
implies that the surface reaches thermal equilib-

Constrains on horizonless compact objects are expected from the absence of large emitted 
radiation from the would be surface as a consequence of the accreting flux. 

Claims in the past of the exclusion of horizonless objects of ANY compactness.
These derivations are based mainly on two strong assumptions:
1. Thermalisation of the reemitted flux. OK thanks to strong lensing.
2. Steady state: i.e. equilibrium of ingoing (accretion) and outgoing (reemission) fluxes. Not OK due to strong lensing

weak constraint

• Tracking several stars we can determine the mass of Sgr A* and our 
distance from it. M = 4×106 M⊙ and d = 8 Kpc

• Most close orbiting star S2 constraints the radius of Sgr A*: The 
periastron of S2 is 17 light hours, while the Schwarzschild radius 
of Sgr A* is 40 light seconds. Therefore, ∆ ≤ O(103). 9

the distances involved in the orbits of the stars discussed
in the previous section are large in comparison with the
gravitational radius of the Sgr A*. However, another
source of information comes from matter infalling on the
CMO. It is reasonable to expect that processes involving
matter in the surroundings of the gravitational radius
constitute a better probe of the features of the CMO.

In order to describe these processes, we need to briefly
review some aspects of the behavior of geodesics around
the gravitational radius of the CMO that are caused
by the strong gravitational fields in the near-horizon re-
gion. Both ingoing and outgoing geodesics are interest-
ing phenomenologically, as the former describe the ap-
proach of particles and waves to the CMO, while the
latter describe how and when the radiation produced in
di↵erent processes escapes from the gravitational field of
the CMO. We can just focus on null geodesics, given
that these determine the boundaries of the lightcones
in which timelike geodesics have to be contained. As
is usually done in spherical symmetry, we can restrict
attention to the ✓ = ⇡/2 plane without any loss of gen-
erality, and reduce the geodesic equation for trajectories
xµ(�) = (t(�), r(�),⇡/2,'(�)) to

✓
dr

d�

◆2

+

✓
1� 2M

r

◆
L2

r2
= E2. (18)

The conserved quantities E = (1 � 2M/r)dt/d� and
L = r2d'/d� correspond to the energy and angular mo-
mentum of the null geodesic. The derivation of these
equations is described in most general relativity text-
books (see, for instance, [119]). The second term in the
left-hand side of the equation above acts as an e↵ective
potential. Circular trajectories (dr/d� = 0) can occur
at maxima or minima of this e↵ective potential, being
respectively unstable or stable. It is straightforward to
check from Eq. (18) that there is only one bound circular
orbit, at

rph =
3

2
rs = 3M. (19)

The surface defined by r = rph, known as the photon
sphere, plays an important role in the discussions below.

Null geodesics that cross or reach the photon sphere
have a maximum angular momentum L? that can be di-
rectly evaluated from Eq. (18) by imposing the condition
that (dr/d�)2

��
r=rph

� 0,

L  L? = 3
p
3ME. (20)

The main implication of the existence of this maximum
angular momentum is that outgoing geodesics inside the
photon sphere cannot cross the latter if L > L?. A similar
comment applies to ingoing geodesics outside the photon
sphere.

Let us now consider for instance an object with a sur-
face at r = R  rph such that every point on the surface
emits electromagnetic radiation isotropically in its local

FIG. 1. Only a fraction �⌦/2⇡ of geodesics emitted isotrop-
ically at a point on the surface r = R can escape for ultra-
compact configurations.

orthonormal frame {eµt , eµr , e
µ
✓ , e

µ
'}. A fraction of these

initially outgoing rays cannot reach the photon sphere,
which means (see Fig. 1) that these will be strongly
curved and will come back to the surface r = R [120]
(see also [121]). The escape angle #? measured from the
normal to the surface can be determined imposing the
critical value L = L? and calculating

sin#? =
gµ⌫eµ'dx
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dx⌫
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Here we have used eµr = (0,
p

1� 2M/r, 0, 0), and eµ' =
(0, 0, 0, 1/r), and we keep ✓ = ⇡/2 without loss of gener-
ality. The solid angle spanned by the cone of geodesics
that escape from the sphere r = R can be then calculated
as

�⌦ =

Z
2⇡

0

d'

Z #?

0

d# sin# = 2⇡(1� cos#?) (23)
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In the limit R ! rs = 2M (in which � ' µ ⌧ 1), one
has

�⌦

2⇡
=

27

8
µ+ O(µ2). (25)

Therefore, only a small fraction of the light emitted from
the surface of the object will escape to infinity for ultra-
compact configurations. After this important remark, we
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Sec. IIIA) of additional physical features that are ex-
pected to be relevant in realistic scenarios. As we discuss
below, the introduction of these additional physical as-
pects makes these constraints significantly weaker.

Let us consider a simple calculation of the time at
which steady state is reached (see Fig. 2). The initial
configuration is given by an accretion disk that starts
pumping energy into the CMO, the energy emission of
the latter being negligible before accretion begins. We
will start considering the most favorable case in which
the CMO returns all the accreted energy as thermal ra-
diation, and evaluate the timescale at which steady state
can be achieved. Hence, the accretion rate onto the CMO
is zero for t < 0 (this is just an irrelevant choice of the ori-
gin of time) and Ṁ 2 R for t 2 [0, T ], where the timescale
T is short enough so that the approximation of constant
Ṁ is reasonable (more details below). For simplicity, we
assume that all propagating energy is carried along null
geodesics, and also restrict the discussion to spherically
symmetric situations. The amount of energy emitted per
unit time by the CMO, Ė, is measured at the location
of the accretion disk r = Rdisk. Our goal is describing
its evolution for t � 0. There are two e↵ects to keep
into account. First of all, the energy emitted Ė remains
negligible until the first ingoing radial null geodesics can
bounce back at the surface r = R and return to the ac-
cretion disk. This time can be directly evaluated using
the Schwarzschild metric as

Tbounce = 2


Rdisk �R+ rs ln

✓
Rdisk � rs
R� rs

◆�
. (29)

This timescale is divergent in the limit R ! rs, or
equivalently � ! 0. However, the logarithmic behav-
ior implies that even for extremely small, but strictly
non-vanishing �, Eq. (29) would be at most O(10)⇥ rs.
Hence, this timescale is essentially the light-crossing time
of the CMO.

FIG. 2. On the left: Initial state in which matter starts falling
at a rate Ṁ from the accretion disk onto the CMO. On the
right: steady state in which the energy emitted from the CMO
and reaching the accretion disk is Ė = Ṁ .

This e↵ect alone would delay the moment in which the
steady state would be reached, but, given the logarith-

mic dependence, even sub-Planckian values for R � rs
would be ruled out. However, there is a second e↵ect to
keep into account. Outgoing null geodesics are strongly
lensed, which implies that a fraction of them do not es-
cape and fall again onto the surface of the CMO. This
e↵ect is unavoidable due to the inherently inelastic na-
ture of the process that is necessary for thermalization to
take place: the energy falling from the accretion disk is
absorbed by the CMO in the first place, and then emit-
ted. Even assuming spherical symmetry for the infalling
energy, particles would not hit the surface and bounce
back radially. On the contrary, this emission would be
isotropic in a local frame at rest in the surface, thus im-
plying that only a very small fraction of the initially ab-
sorbed energy contributes to Ė. The remaining energy
follows highly curved trajectories and is reabsorbed by
the CMO in a timescale that can be calculated numeri-
cally and is also controlled by its Schwarzschild radius,
being O(10)⇥ rs at most. Then, a repetition of this pro-
cess takes place, until eventually all the energy is radiated
away.
In order to make the calculation tractable, let us fol-

low the discussion in [121] and consider discrete inter-
vals with their size given by the characteristic timescale
⌧s = O(10) ⇥ rs, starting at t = Tbounce. During each of
these intervals, the mass that the accretion disk is eject-
ing into the CMO is given by Ṁ⌧s. In the first interval
after Tbounce, the amount of outgoing energy that reaches
the accretion disk is given by the corresponding fraction
of the first injection of energy,

E1 =
�⌦

2⇡
Ṁ⌧s. (30)

During the second interval, one would get the same frac-
tion of the energy corresponding to the second injection,
plus a fraction of the remaining energy from the first in-
jection:
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
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◆
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In general, one can show that

En =
nX

k=1

✏k, (32)

where the partial energies can be determined from the
recurrence relation

✏k+1 =

✓
1� �⌦

2⇡

◆
✏k, k � 1, (33)

with the seed ✏1 = E1 given in Eq. (30). Summing the
geometric series, it follows then that
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�⌦

2⇡
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(34)

For zero κ and 𝜞 still one gets from SgrA* and IR emission 10-2 fainter than expected
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The accretion rate Ṁ is obtained dividing the mass ac-
creted in each of these intervals by ⌧s. Therefore, let
us analogously define Ėn = En/⌧s. When ⌧s ⌧ T , the
timescale during which the accretion rate Ṁ is roughly
constant, we can formally take the limit in which the
size of the time intervals goes to zero and therefore
Ėn becomes a function of a continuous variable, Ė(t),
which can be written in terms of the continuous variable
t 2 [Tbounce, T ] as

Ė(t)

Ṁ
= 1�

✓
1� �⌦

2⇡

◆(t�Tbounce)/⌧s

. (35)

There are certain limits that are illustrative of the physics
behind Eq. (35) (see also Fig. 3):

• In the limit R ! rph = 3rs/2, one has �⌦/2⇡ ! 1
[recall Eq. (24)]. This implies that Ė = Ṁ iden-
tically for R � rph. In this limit, relativistic lens-
ing e↵ects disappear: for a regular star (neutron
star or less dense), if the surface of the star emits
instantly the absorbed energy, then after a large
enough timescale (with respect to Tbounce) the sys-
tem reaches a steady state. It was this very same
intuition originated in these astrophysical systems
that led to the authors of the works [132–134] to as-
sume that the steady state is reached in this same
timescale for CMOs of arbitrary compactness.

• In the limit R ! rs (� ! 0) one has Ė/Ṁ ! 0.
This corresponds to the known astrophysical be-
havior of a black hole, in which a steady state can-
not be achieved [132–134]. However, this limit is
not abrupt, but proceeds in a continuous way: for
� ' µ ⌧ 1, one has

Ė

Ṁ
' µ(t� Tbounce)/⌧s. (36)

In particular, there is a maximum value of Ė that is
determined from the equation above when t = T (if
the accretion rate changes, the system would have
to adapt to the new accretion rate and therefore
the process of stabilization would restart).

The second limit above illustrates that relativistic lens-
ing e↵ects cannot be ignored for µ ⌧ 1, and can in-
deed spoil the stabilization of the composite system into
a steady state. In particular, for Sgr A* the typical
timescale for the variation of its accretion rate is set by
the Eddington timescale T = Mc2/LEdd ' 3.8⇥ 108 yr.
Hence, given that the emission of Sgr A* is at most
10�2 times that predicted under the steady state assump-
tion [132], we can write

Ė

Ṁ

�����
t=T

' µ(T � Tbounce)/⌧s  O(10�2). (37)

Plugging the numbers into this equation, we obtain

µ ' �  O(10�17). (38)

FIG. 3. Representation of Eq. (35) for � = 0.1 (light gray),
� = 0.01 (gray) and � = 0.001 (dark gray).

In particular, we see that the steady state assumption is
not valid if µ satisfies this constraint. In other words, this
constraint would be the strongest statement that can be
made using this method.
It is interesting to translate this constraint into length

scales. It implies that it is possible to rule out the exis-
tence of a surface that emits all the absorbed energy as
thermal radiation with a precision of 10�17 (in the co-
ordinate distance r) on the size of the CMO. In terms
of proper radial distances, this precision becomes smaller
due to the Schwarzschild factor µ = 1 � rs/R, and is in
fact roughly of 102 meters over a size of 1010 m, which is
certainly impressive. On the other hand, this is still more
than 70 orders of magnitude greater than� ⇠ `2

P
/rs (cor-

responding to a proper radial distance of the order of the
Planck length).
The same argument (although without taking into ac-

count the lensing of the geodesics in the near-horizon
region) has been applied to the CMO in M87 [136],
which is three orders of magnitude more massive than
Sgr A* [138]. Taking into account the adjustments dis-
cussed in this section, we can find a constraint that is
several orders of magnitude weaker than the one that
applies to Sgr A*.
Most importantly, it is natural to expect that the sur-

face of the CMO will not strictly have  = � = 0. As we
now show, the introduction of these parameters describ-
ing additional physics regarding the nature of the CMO
has a large impact in the discussion, with  having the
largest impact.
Intuitively, the reason for this is clear. Before escaping

the gravitational field of the CMO, radiation undergoes
several cycles of absorption (after being lensed back to
the CMO) and emission. If  6= 0, in each of these cycles
only a fraction (1 � ) of the absorbed energy is emit-
ted, which suppresses the overall power of the radiation
emitted by the CMO. Let us write explicitly the main
equations for  6= 0. Eq. (32) still holds, but the recur-

102 meters over a size of 1010 m! Still very far from Planck scale…



EM channels
1. Stars orbiting the BH mimicker

FIG. 2: The orbits of stars around Sgr A* can be used in order to constrain its radius.

More interesting for the present discussion is the remark that these observations also

constrain the size of Sgr A* (Fig. 2). The values of the periastron in these orbits provide

upper bounds to the value of R (equivalently, �). For the purposes of estimating the order

of magnitude of this quantity, it is enough to consider the star S2 (also known as S0-2)

[39, 40] which is one of the most precisely tracked. The periastron of S2 is 17 light hours

[[Note: I am using the value in [40]; update this value if necessary]], while the Schwarzschild

radius of Sgr A* is 40 light seconds. Therefore,

�  O(103). (14)

Given that this kind of observation is essentially geometric in nature, the remaining phe-

nomenological parameters that describe the physical intrinsic properties of the dark object

remain unconstrained in practice. It may be possible however to constrain in the future

the tails ✏(r), though this would require gathering data for several stars with much shorter

orbital periods [48] and which remain close enough to Sgr A* [49]. More details in this

regard are given in Sec. III B 3.

2. Infalling matter

We have discussed in the previous section that tracking the trajectories of stars around

Sgr A* permits to place an upper bound on the spatial extension of the latter, on the

basis that these stars have been observed to travel freely without colliding with the central

supermassive object (CMO in the following). Observations of stars orbiting CMOs at the

center of galaxies are restricted to Sgr A* due to technological limitations, so that this
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2. Infalling matter.
Naive expectation:  
strong constraints from absence of thermal radiation from hard surface in the case of Quasi-BH.  
However quite generally radiation emitted as a consequence of smash of matter on a hard surface 
rather than a horizon will be subject to strong lensing…  indeed the escape solid angle is

For  r→rs

FIG. 3: Only a fraction �⌦/2⇡ of geodesics emitted at a point on the surface r = R can escape

for ultra-compact configurations.

constraint only applies to this particular astronomical source. However, another source of

information comes from matter infalling on the CMO.

Before than that, we need a small pause and study the strong lensing of outgoing geodesic

caused by the gravitational field of the CMO. For a surface below the photon sphere rph =

3rs/2, and a congruence of outgoing null geodesics originated at a point of this surface (see

Fig. 3), the null geodesics that escape the gravitational field of the object are inside the

solid angle [55] (see also [56])

�⌦

2⇡
= 1�

r
1� 27

4

⇣rs
R

⌘2 ⇣
1� rs

R

⌘
. (15)

The geodesics that do not fall inside this cone are strongly curved and come back to the

surface r = R. Note that, in the limit R ! rs (in which � ' µ ' 0), one has

�⌦

2⇡
=

27

8
µ+ O(µ2). (16)

Therefore, only a small fraction of the light emitted from the surface of the object will escape

to infinity. After this important remark we can study two di↵erent ways in which matter

falls on the CMO namely the case in which stars collide with the CMO (triggering a “stellar

disruption event” [50]) and the case in which the CMO is surrounded by an accretion disk.
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Therefore, only a small fraction of the light emitted from the surface of the object will escape to infinity! 

 Cataclysmic events (stars disruptions)

Steady accretion 

10

present discussion on the universal dependence of the
equation above on the geometrical factor �⌦/2⇡.

If we combine Eqs. (24) and (22), we see that the tem-
perature of the envelope of debris goes to zero as µ1/4.
This makes harder to probe this phenomenon the more
compact the CMO is. This feature is characteristic of in-
elastic processes in which some energy interacts with the
surface of the CMO and is then radiated isotropically in
the corresponding local reference frame, hence su↵ering
the lensing e↵ects described in Sec. III B 2.

This luminosity can be constrained using astronomical
surveys, in particular the Pan-STARRS1 3⇡ survey [100].
The larger the value of µ, the larger the luminosity, so
that this analysis should lead to an upper bound on the
value of µ. In order to do so, one needs additional in-
formation about the number of CMOs with a given mass
and for a given value of redshift, and also an estimation
of the number of stellar disruption events that would oc-
cur. The details of the distribution of the layer of debris
around the CMO and, in particular, the position of the
photosphere of this envelope, are also important. Taking
into account all these details, the authors of [95] obtain
a constraint µ  µCMO = 10�4 (we have just rounded
o↵ the value of the exponent). Note that the electro-
magnetic radiation is emitted from the photosphere, so
that this observational channel is ultimately placing con-
straints on the size of the latter. We can remove the e↵ect
of the model-dependent details regarding the thickness of
the layer of debris by considering instead a very conser-
vative bound derived from the fact that the radius of the
CMO must certainly be smaller than the radius of the
photosphere, namely µ  µph where µph measures the
size of the photosphere. In order to do so, we just need to
take into account that µph/µCMO ' TM?/4⇡r2s (see [95]
for the derivation), with T = 0.34 ⇥ 10�3 m2 kg�1 the
Thomson opacity for solar metallicity, andM? = O(M�).
Not yet checked; — Matt
We can then write

µ  10�4
TM?

4⇡r2
s

= O(1)⇥
✓
108M�

M

◆2

. (25)

It is important to stress that this bound still relies
on a series of significant assumptions regarding the cos-
mological population of CMOs and the rate of stellar
disruption events (and also an assumption that � does
not depend explicitly on the mass of the CMO, an as-
sumption which should be relaxed in future analyses).
It should be therefore taken as a rough estimate, and
as a proof of principle that this kind of observation can
be used to constrain the phenomenological parameters
discussed here. More refined analysis and future obser-
vations would help to strengthen the accuracy of these
results. Most importantly, Eq. (25) assumes that  and
� are both vanishing. The introduction of nonzero values
for these two parameters has a significant impact on the
discussion, with the left-hand side of Eq. (25) picking up
factors that depend explicitly on these phenomenological
parameters. The change in this equation is functionally

equivalent to the change of the upper bound discussed in
the next section, with the general outcome that the upper
bound on µ becomes weaker for nonzero values of these
parameters. We will show this explicitly in the discus-
sion below, that includes naturally all the steps that are
needed in order to take these parameters into account.
One last comment is that the factor that depends on

�⌦/2⇡ in Eq. (24) is essential in order to avoid running
into significantly problematic and wrong conclusions. Ig-
noring this factor and writing T1 = (LEdd/4⇡�SBR2)1/4

would instead have resulted in an overestmate of the the
outgoing flux of radiation by several orders of magnitude.
It is clear that this would had led to stronger (but nev-
ertheless flawed) constraints than Eq. (25).
b. Accretion disks around supermassive black

holes: The most stringent constraints on some of the
phenomenological parameters come from the information
about the average amount of infalling matter per unit of
time onto CMOs. The value of this accretion rate Ṁ is
generally more stable than the (much higher, but also
more variable) accretion rate associated by the direct
capture of an infalling star, which are also much more
sparse events. Estimation of the accretion rate for these
objects depends on the physics of accretion disks [101–
103], as the accretion rate is typically estimated from the
luminosity of the disk. As we have done in the previous
section, we will not discuss the model-dependent features
behind these estimations. We will just assume that it is
possible to obtain a measure of the order of magnitude of
Ṁ , focusing our discussion on the (already rich) physics
that can be described in terms of Ṁ and our phenomeno-
logical parameters introduced previously. More accurate
estimations of Ṁ would just permit to refine the obser-
vational bounds given below.
Let us start summarizing the main argument that has

been invoked several times in the literature [104–108].
We can reduce this argument to its essentials by con-
sidering the system composed by the CMO and the ac-
cretion disk as a composite system in which energy is
exchanged between its two components. The accretion
rate Ṁ measures the energy that the accretion disk is
pumping into the CMO. On the other hand, the quan-
tity that is interesting in order to test the nature of the
CMO is the energy that the CMO emits by itself, as this
measures the reaction of the CMO to its interaction with
the accretion disk. Ideally, one would like to disentan-
gle the two fluxes of energy and measure independently
the radiation emitted by the CMO. However, this is not
yet observationally possible (and, as we discuss below,
might be even impossible in practice due to its extreme
faintness). Therefore, it is necessary to make additional
assumptions in order to determine the properties of this
outgoing energy flux:

1. Thermality: It was pointed out in [104–106] that
the strong lensing of outgoing geodesics emitted at
di↵erent points in the surface r = R (a phenomenon
that we have already discussed in Sec. III B 2 a)
implies that the surface reaches thermal equilib-

Constrains on horizonless compact objects are expected from the absence of large emitted 
radiation from the would be surface as a consequence of the accreting flux. 

Claims in the past of the exclusion of horizonless objects of ANY compactness.
These derivations are based mainly on two strong assumptions:
1. Thermalisation of the reemitted flux. OK thanks to strong lensing.
2. Steady state: i.e. equilibrium of ingoing (accretion) and outgoing (reemission) fluxes. Not OK due to strong lensing

weak constraint

• Tracking several stars we can determine the mass of Sgr A* and our 
distance from it. M = 4×106 M⊙ and d = 8 Kpc

• Most close orbiting star S2 constraints the radius of Sgr A*: The 
periastron of S2 is 17 light hours, while the Schwarzschild radius 
of Sgr A* is 40 light seconds. Therefore, ∆ ≤ O(103).

For non-zero κ and 𝜞 there are several cycles of absorption 
and emission before radiations bounces back to disk. 
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the distances involved in the orbits of the stars discussed
in the previous section are large in comparison with the
gravitational radius of the Sgr A*. However, another
source of information comes from matter infalling on the
CMO. It is reasonable to expect that processes involving
matter in the surroundings of the gravitational radius
constitute a better probe of the features of the CMO.

In order to describe these processes, we need to briefly
review some aspects of the behavior of geodesics around
the gravitational radius of the CMO that are caused
by the strong gravitational fields in the near-horizon re-
gion. Both ingoing and outgoing geodesics are interest-
ing phenomenologically, as the former describe the ap-
proach of particles and waves to the CMO, while the
latter describe how and when the radiation produced in
di↵erent processes escapes from the gravitational field of
the CMO. We can just focus on null geodesics, given
that these determine the boundaries of the lightcones
in which timelike geodesics have to be contained. As
is usually done in spherical symmetry, we can restrict
attention to the ✓ = ⇡/2 plane without any loss of gen-
erality, and reduce the geodesic equation for trajectories
xµ(�) = (t(�), r(�),⇡/2,'(�)) to

✓
dr

d�

◆2

+

✓
1� 2M

r

◆
L2

r2
= E2. (18)

The conserved quantities E = (1 � 2M/r)dt/d� and
L = r2d'/d� correspond to the energy and angular mo-
mentum of the null geodesic. The derivation of these
equations is described in most general relativity text-
books (see, for instance, [119]). The second term in the
left-hand side of the equation above acts as an e↵ective
potential. Circular trajectories (dr/d� = 0) can occur
at maxima or minima of this e↵ective potential, being
respectively unstable or stable. It is straightforward to
check from Eq. (18) that there is only one bound circular
orbit, at

rph =
3

2
rs = 3M. (19)

The surface defined by r = rph, known as the photon
sphere, plays an important role in the discussions below.

Null geodesics that cross or reach the photon sphere
have a maximum angular momentum L? that can be di-
rectly evaluated from Eq. (18) by imposing the condition
that (dr/d�)2

��
r=rph

� 0,

L  L? = 3
p
3ME. (20)

The main implication of the existence of this maximum
angular momentum is that outgoing geodesics inside the
photon sphere cannot cross the latter if L > L?. A similar
comment applies to ingoing geodesics outside the photon
sphere.

Let us now consider for instance an object with a sur-
face at r = R  rph such that every point on the surface
emits electromagnetic radiation isotropically in its local

FIG. 1. Only a fraction �⌦/2⇡ of geodesics emitted isotrop-
ically at a point on the surface r = R can escape for ultra-
compact configurations.

orthonormal frame {eµt , eµr , e
µ
✓ , e

µ
'}. A fraction of these

initially outgoing rays cannot reach the photon sphere,
which means (see Fig. 1) that these will be strongly
curved and will come back to the surface r = R [120]
(see also [121]). The escape angle #? measured from the
normal to the surface can be determined imposing the
critical value L = L? and calculating

sin#? =
gµ⌫eµ'dx

⌫/d�
s✓

gµ⌫e
µ
'
dx⌫

d�

◆2

+

✓
gµ⌫e

µ
r
dx⌫

d�

◆2

����������
r=R, ✓=⇡/2, L=L?

(21)

=
L?

ER

r
1� 2M

R
. (22)

Here we have used eµr = (0,
p

1� 2M/r, 0, 0), and eµ' =
(0, 0, 0, 1/r), and we keep ✓ = ⇡/2 without loss of gener-
ality. The solid angle spanned by the cone of geodesics
that escape from the sphere r = R can be then calculated
as

�⌦ =

Z
2⇡

0

d'

Z #?

0

d# sin# = 2⇡(1� cos#?) (23)

= 2⇡

"
1 +

✓
1� 3M

R

◆r
1 +

6M

R

#
. (24)

In the limit R ! rs = 2M (in which � ' µ ⌧ 1), one
has

�⌦

2⇡
=

27

8
µ+ O(µ2). (25)

Therefore, only a small fraction of the light emitted from
the surface of the object will escape to infinity for ultra-
compact configurations. After this important remark, we
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Sec. IIIA) of additional physical features that are ex-
pected to be relevant in realistic scenarios. As we discuss
below, the introduction of these additional physical as-
pects makes these constraints significantly weaker.

Let us consider a simple calculation of the time at
which steady state is reached (see Fig. 2). The initial
configuration is given by an accretion disk that starts
pumping energy into the CMO, the energy emission of
the latter being negligible before accretion begins. We
will start considering the most favorable case in which
the CMO returns all the accreted energy as thermal ra-
diation, and evaluate the timescale at which steady state
can be achieved. Hence, the accretion rate onto the CMO
is zero for t < 0 (this is just an irrelevant choice of the ori-
gin of time) and Ṁ 2 R for t 2 [0, T ], where the timescale
T is short enough so that the approximation of constant
Ṁ is reasonable (more details below). For simplicity, we
assume that all propagating energy is carried along null
geodesics, and also restrict the discussion to spherically
symmetric situations. The amount of energy emitted per
unit time by the CMO, Ė, is measured at the location
of the accretion disk r = Rdisk. Our goal is describing
its evolution for t � 0. There are two e↵ects to keep
into account. First of all, the energy emitted Ė remains
negligible until the first ingoing radial null geodesics can
bounce back at the surface r = R and return to the ac-
cretion disk. This time can be directly evaluated using
the Schwarzschild metric as

Tbounce = 2


Rdisk �R+ rs ln

✓
Rdisk � rs
R� rs

◆�
. (29)

This timescale is divergent in the limit R ! rs, or
equivalently � ! 0. However, the logarithmic behav-
ior implies that even for extremely small, but strictly
non-vanishing �, Eq. (29) would be at most O(10)⇥ rs.
Hence, this timescale is essentially the light-crossing time
of the CMO.

FIG. 2. On the left: Initial state in which matter starts falling
at a rate Ṁ from the accretion disk onto the CMO. On the
right: steady state in which the energy emitted from the CMO
and reaching the accretion disk is Ė = Ṁ .

This e↵ect alone would delay the moment in which the
steady state would be reached, but, given the logarith-

mic dependence, even sub-Planckian values for R � rs
would be ruled out. However, there is a second e↵ect to
keep into account. Outgoing null geodesics are strongly
lensed, which implies that a fraction of them do not es-
cape and fall again onto the surface of the CMO. This
e↵ect is unavoidable due to the inherently inelastic na-
ture of the process that is necessary for thermalization to
take place: the energy falling from the accretion disk is
absorbed by the CMO in the first place, and then emit-
ted. Even assuming spherical symmetry for the infalling
energy, particles would not hit the surface and bounce
back radially. On the contrary, this emission would be
isotropic in a local frame at rest in the surface, thus im-
plying that only a very small fraction of the initially ab-
sorbed energy contributes to Ė. The remaining energy
follows highly curved trajectories and is reabsorbed by
the CMO in a timescale that can be calculated numeri-
cally and is also controlled by its Schwarzschild radius,
being O(10)⇥ rs at most. Then, a repetition of this pro-
cess takes place, until eventually all the energy is radiated
away.
In order to make the calculation tractable, let us fol-

low the discussion in [121] and consider discrete inter-
vals with their size given by the characteristic timescale
⌧s = O(10) ⇥ rs, starting at t = Tbounce. During each of
these intervals, the mass that the accretion disk is eject-
ing into the CMO is given by Ṁ⌧s. In the first interval
after Tbounce, the amount of outgoing energy that reaches
the accretion disk is given by the corresponding fraction
of the first injection of energy,

E1 =
�⌦

2⇡
Ṁ⌧s. (30)

During the second interval, one would get the same frac-
tion of the energy corresponding to the second injection,
plus a fraction of the remaining energy from the first in-
jection:

E2 =


�⌦

2⇡
+

�⌦

2⇡

✓
1� �⌦

2⇡

◆�
Ṁ⌧s

= E1 +

✓
1� �⌦

2⇡

◆
E1. (31)

In general, one can show that

En =
nX

k=1

✏k, (32)

where the partial energies can be determined from the
recurrence relation

✏k+1 =

✓
1� �⌦

2⇡

◆
✏k, k � 1, (33)

with the seed ✏1 = E1 given in Eq. (30). Summing the
geometric series, it follows then that

En =
�⌦

2⇡
Ṁ⌧s

n�1X

k=0

✓
1� �⌦

2⇡

◆k

= Ṁ⌧s


1�

✓
1� �⌦

2⇡

◆n�
.

(34)
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rence relation (33) is modified to

✏k+1 = (1� )

✓
1� �⌦

2⇡

◆
✏k, k � 1, (39)

now with seed ✏1 = (1� )�⌦/2⇡Ṁrs. It follows that

Ė

Ṁ
=

(1� )�⌦/2⇡

+ (1� )�⌦/2⇡

"
1� (1� )(t�Tbounce)/⌧s

✓
1� �⌦

2⇡

◆(t�Tbounce)/⌧s
#
. (40)

We see that the power Ė is nonlinearly suppressed with
. In the limit in which t ! 1, that is t/⌧s � �1, we
get

lim
t!1

Ė

Ṁ
=

(1� )�⌦/2⇡

+ (1� )�⌦/2⇡
. (41)

For  = 0 identically, the equation above becomes
Ė = Ṁ , which means that steady state is certainly
reached if waiting for infinite time. However, for val-
ues of  that are still small but satisfy �⌦/2⇡ ⌧  ⌧ 1
(note that �⌦/2⇡ ⌧ 1 in order to guarantee that the
emitted radiation is thermal), we see that

lim
t!1

Ė

Ṁ
' �⌦/2⇡


⌧ 1. (42)

In other words, the transfer of energy from surface de-
grees of freedom to bulk degrees of freedom strongly
dampens the thermal emission from the surface of the
CMO. Instead of Eq. (38), we obtain then the much
weaker constraint

µ


 O(10�2). (43)

This equation can be understood as a lower bound on the
value of  that makes hard surfaces that would otherwise
be excluded by Eq. (38) compatible with the available
observational data.

Let us consider for instance the value µ = O(10�7)
that is 10 orders of magnitude greater than the constraint
(38), which is valid only for  = 0. From Eq. (43), we
see that an absorption coe�cient as small as

 � O(10�5) (44)

makes the existence of such surfaces compatible with ob-
servations.

It is also possible to obtain the equivalent of Eq. (40)
for � 6= 0. The only di↵erence is that the recurrence
relation is in this case

✏k+1 =


(1� )

✓
1� �⌦

2⇡

◆
+ �

�⌦

2⇡

�
✏k, k � 2,

(45)
and the seed of this relation is modified to

✏1 = (1���)
�⌦

2⇡
Ṁrs, ✏2 = (1���)

✓
1� �⌦

2⇡

◆
✏1.

(46)

From these equations it is possible to check that a
nonzero value of � further weakens these constraints, al-
though this e↵ect is not as pronounced as the one asso-
ciated with the absorption coe�cient  given that it will
not produce an exponential suppression like the one in
Eq. 40. For completeness, let us note that the analogue
of Eq. (41) can be shown to be

lim
t!1

Ė

Ṁ
=

(1� � �)(1� �)�⌦/2⇡

+ (1� � �)�⌦/2⇡
. (47)

We see that wormholes represent an extreme case from
this perspective, as + � = 1 and therefore Ė = 0 iden-
tically. Hence, wormholes cannot be tested as black hole
alternatives using this particular observation channel.
c. Consistency constraints from accretion:

Even in the best-case (but unphysical) scenario in which
 = � = 0, Eq. (38) should be improved by about 70
orders of magnitude in order to rule out well-motivated
theoretical values of µ such as the one that follows from
� ⇠ `2

P
/rs and that can be obtained from Eq. (12).

Such an improvement of observational data seems hardly
realistic, thus suggesting that certain theoretical mod-
els are almost impossible to probe. The situation can
only get worse if nonzero values of  and � are allowed.
However, it is possible that a better understanding of
these ultracompact alternatives to black holes will un-
cover constraints that follow from their internal consis-
tency and, in particular, from the laws governing their
dynamical evolution (which are largely unknown at the
moment). As stressed in Sec. II, most alternative geome-
tries such as the ones of quasi black holes and wormholes
are prescribed in static situations. The lack of a frame-
work in which to deal with dynamical processes is highly
unsatisfactory, and is arguably the main criticism that
can be raised against these models on purely theoretical
grounds.
One may expect that it would be di�cult to reach

model-independent conclusions, given that di↵erent mod-
els could display very di↵erent dynamical behavior.
However, it has been shown recently [139] that cer-
tain model-independent dynamical considerations are re-
strictive enough to lead to a consistency relation that
takes the form of a lower bound on µ. These model-
independent considerations reduce essentially to the ob-
servation that the boundary (i.e., surface) of standard
celestial objects evolves following causal trajectories in

This makes constraints very difficult and for wormholes (1-𝝹-𝜞)=0 no constraint is possible!

For zero κ and 𝜞 still one gets from SgrA* and IR emission 10-2 fainter than expected
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The accretion rate Ṁ is obtained dividing the mass ac-
creted in each of these intervals by ⌧s. Therefore, let
us analogously define Ėn = En/⌧s. When ⌧s ⌧ T , the
timescale during which the accretion rate Ṁ is roughly
constant, we can formally take the limit in which the
size of the time intervals goes to zero and therefore
Ėn becomes a function of a continuous variable, Ė(t),
which can be written in terms of the continuous variable
t 2 [Tbounce, T ] as

Ė(t)

Ṁ
= 1�

✓
1� �⌦

2⇡

◆(t�Tbounce)/⌧s

. (35)

There are certain limits that are illustrative of the physics
behind Eq. (35) (see also Fig. 3):

• In the limit R ! rph = 3rs/2, one has �⌦/2⇡ ! 1
[recall Eq. (24)]. This implies that Ė = Ṁ iden-
tically for R � rph. In this limit, relativistic lens-
ing e↵ects disappear: for a regular star (neutron
star or less dense), if the surface of the star emits
instantly the absorbed energy, then after a large
enough timescale (with respect to Tbounce) the sys-
tem reaches a steady state. It was this very same
intuition originated in these astrophysical systems
that led to the authors of the works [132–134] to as-
sume that the steady state is reached in this same
timescale for CMOs of arbitrary compactness.

• In the limit R ! rs (� ! 0) one has Ė/Ṁ ! 0.
This corresponds to the known astrophysical be-
havior of a black hole, in which a steady state can-
not be achieved [132–134]. However, this limit is
not abrupt, but proceeds in a continuous way: for
� ' µ ⌧ 1, one has

Ė

Ṁ
' µ(t� Tbounce)/⌧s. (36)

In particular, there is a maximum value of Ė that is
determined from the equation above when t = T (if
the accretion rate changes, the system would have
to adapt to the new accretion rate and therefore
the process of stabilization would restart).

The second limit above illustrates that relativistic lens-
ing e↵ects cannot be ignored for µ ⌧ 1, and can in-
deed spoil the stabilization of the composite system into
a steady state. In particular, for Sgr A* the typical
timescale for the variation of its accretion rate is set by
the Eddington timescale T = Mc2/LEdd ' 3.8⇥ 108 yr.
Hence, given that the emission of Sgr A* is at most
10�2 times that predicted under the steady state assump-
tion [132], we can write

Ė

Ṁ

�����
t=T

' µ(T � Tbounce)/⌧s  O(10�2). (37)

Plugging the numbers into this equation, we obtain

µ ' �  O(10�17). (38)

FIG. 3. Representation of Eq. (35) for � = 0.1 (light gray),
� = 0.01 (gray) and � = 0.001 (dark gray).

In particular, we see that the steady state assumption is
not valid if µ satisfies this constraint. In other words, this
constraint would be the strongest statement that can be
made using this method.
It is interesting to translate this constraint into length

scales. It implies that it is possible to rule out the exis-
tence of a surface that emits all the absorbed energy as
thermal radiation with a precision of 10�17 (in the co-
ordinate distance r) on the size of the CMO. In terms
of proper radial distances, this precision becomes smaller
due to the Schwarzschild factor µ = 1 � rs/R, and is in
fact roughly of 102 meters over a size of 1010 m, which is
certainly impressive. On the other hand, this is still more
than 70 orders of magnitude greater than� ⇠ `2

P
/rs (cor-

responding to a proper radial distance of the order of the
Planck length).
The same argument (although without taking into ac-

count the lensing of the geodesics in the near-horizon
region) has been applied to the CMO in M87 [136],
which is three orders of magnitude more massive than
Sgr A* [138]. Taking into account the adjustments dis-
cussed in this section, we can find a constraint that is
several orders of magnitude weaker than the one that
applies to Sgr A*.
Most importantly, it is natural to expect that the sur-

face of the CMO will not strictly have  = � = 0. As we
now show, the introduction of these parameters describ-
ing additional physics regarding the nature of the CMO
has a large impact in the discussion, with  having the
largest impact.
Intuitively, the reason for this is clear. Before escaping

the gravitational field of the CMO, radiation undergoes
several cycles of absorption (after being lensed back to
the CMO) and emission. If  6= 0, in each of these cycles
only a fraction (1 � ) of the absorbed energy is emit-
ted, which suppresses the overall power of the radiation
emitted by the CMO. Let us write explicitly the main
equations for  6= 0. Eq. (32) still holds, but the recur-

102 meters over a size of 1010 m! Still very far from Planck scale…
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Detection of light that gets as close as possible to the CMO, without being captured by the 
gravitational field of the latter. The fate of light rays passing by is determined by their 
location w.r.t. the photon sphere and the observation of light rays around a black hole 

should reveal a shadow with the corresponding size of the photon sphere=3M in 
Schwarzschild, so macroscopically away from the horizon.
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Consequently BH mimickers with a clean photon sphere can very easily mimic also the BH shadow!  

(and the eventual faint re-emission from the quasi-BH cannot be easily be separated from the shadow)



EM channels
EM probing of BH mimickers can come from two forms of interaction with matter:

1. Hunting shadows

2. Burst from Bounces 

Simulated image of an accreting black hole.
Image credit: Bronzwaer, Moscibrodzka, Davelaar and 

Falcke, Radboud University 2017

Detection of light that gets as close as possible to the CMO, without being captured by the 
gravitational field of the latter. The fate of light rays passing by is determined by their 
location w.r.t. the photon sphere and the observation of light rays around a black hole 

should reveal a shadow with the corresponding size of the photon sphere=3M in 
Schwarzschild, so macroscopically away from the horizon.

❖ If timescale is 𝜏(1)~tp(M/Mpl)  (short living bounce) than a signal expected at freq.~1/𝜏(1)

❖ If timescale is 𝜏(2)~tp(M/Mpl)2  (long living bounce) no signal expected
But still UV+IR components

UV Component~T of the universe at the time of the collapse
IR Component~Size of the bouncing Object

For primordial black holes whose lifetime is of the order of the Hubble time, it was shown that the infrared 
component of the signal could get up to the GeV scale and be peaked in the MeV, while the ultraviolet part of 

the burst is expected to be in the TeV range 

Consequently BH mimickers with a clean photon sphere can very easily mimic also the BH shadow!  

(and the eventual faint re-emission from the quasi-BH cannot be easily be separated from the shadow)
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1. Merging of compact objects.

Inspiral can cast constraints on compactness and reflection coefficient (which affects tidal heating)
Other phases need details of the model to cast constraints.

2. Echos
On the other hand, when the Schwarzschild horizon is

replaced by a surface (as, e.g., in the gravastar case) or by a
throat (as in the wormhole case), the potential also develops
a minimum (i.e., an innermost stable PS) which can trap
low-frequency modes [12,15,28–30] (cf. Fig. 1). This inner
PS can also be thought of as being caused by the centrifugal
barrier, and it may become nonlinearly unstable [12]. These
modes make their way to the waveforms in Fig. 2 in the
form of “echoes” of the initial PS modes after they leak
through the potential barrier: the radiation pulse generated
at the potential barrier peak (the PS modes) is then trapped
in a semipermeable cavity bounded between the two PSs.
Indeed, the time delay between two consecutive echoes is
roughly the time that light takes for a round trip between the
potential barrier. In general, this delay time reads

Δt ∼ 2

Z
3M

rmin

drffiffiffiffiffiffiffi
FB

p ; ð5Þ

where rmin is the location of the minimum of the potential
shown in Fig. 1. If we consider a microscopic correction at
the horizon scale (l ≪ M), then the main contribution to
the time delay comes near the radius of the star and
therefore,

Δt ∼−nM log
"
l
M

#
; l ≪ M; ð6Þ

where n is a factor of order unity that takes into account the
structure of the objects. For wormholes, n ¼ 8 to account
for the fact that the signal is reflected by the two maxima in
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FIG. 2. Left: A dipolar (l ¼ 1, m ¼ 0) scalar wave packet scattered off a Schwarzschild BH and off different ECOs with l ¼ 10−6M
(r0 ¼ 2.000001M). The right panel shows the late-time behavior of the waveform. The result for a wormhole, a gravastar, and a simple
empty shell of matter are qualitatively similar and display a series of “echoes” which are modulated in amplitude and distorted in
frequency. For this compactness, the delay time in Eq. (6) reads Δt≈110M for wormholes, Δt≈82M for gravastars, and Δt≈55M for
empty shells, respectively.
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FIG. 1. Qualitative features of the effective potential felt by
perturbations of a Schwarzschild BH compared to the case of
wormholes [12] and of starlike ECOs with a regular center [22].
The precise location of the center of the star is model dependent
and was chosen for visual clarity. The maximum and minimum of
the potential corresponds approximately to the location of the
unstable and stable PS, and the correspondence is exact in the
eikonal limit of large angular number l. In the wormhole case,
modes can be trapped between the PSs in the two “universes.” In
the starlike case, modes are trapped between the PS and the
centrifugal barrier near the center of the star [28–30]. In all cases
the potential is of finite height, and the modes leak away, with
higher-frequency modes leaking on shorter timescales.
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perturbations of a Schwarzschild BH compared to the case of
wormholes [12] and of starlike ECOs with a regular center [22].
The precise location of the center of the star is model dependent
and was chosen for visual clarity. The maximum and minimum of
the potential corresponds approximately to the location of the
unstable and stable PS, and the correspondence is exact in the
eikonal limit of large angular number l. In the wormhole case,
modes can be trapped between the PSs in the two “universes.” In
the starlike case, modes are trapped between the PS and the
centrifugal barrier near the center of the star [28–30]. In all cases
the potential is of finite height, and the modes leak away, with
higher-frequency modes leaking on shorter timescales.
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BASIC IDEA: for compact enough situations a significant fraction of the late ringdown 
phase gravitational radiation is backscattered by the gravitational potential (naerby rph). 
The phenomenological parameter that control this late-time behaviour is the elastic 
reflection coefficient Γ. So relevant for Quasi-Bh and Wormholes.
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the potential corresponds approximately to the location of the
unstable and stable PS, and the correspondence is exact in the
eikonal limit of large angular number l. In the wormhole case,
modes can be trapped between the PSs in the two “universes.” In
the starlike case, modes are trapped between the PS and the
centrifugal barrier near the center of the star [28–30]. In all cases
the potential is of finite height, and the modes leak away, with
higher-frequency modes leaking on shorter timescales.
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phase gravitational radiation is backscattered by the gravitational potential (naerby rph). 
The phenomenological parameter that control this late-time behaviour is the elastic 
reflection coefficient Γ. So relevant for Quasi-Bh and Wormholes.

For a black hole, Γ = 0, which means that all backscattered radiation will disappear 
down its gravitational well. If Γ≠ 0, some of this radiation would bounce back from the 
object and could be measured by distant detectors.

The typical timescale can be calculated to be

backscattered. The fraction of backscattered radiation can be calculated explicitly [137–139].

Only objects that are compact enough to have a light ring will display this phenomenon,

and therefore we focus in the following on these objects.

In the case of a black hole, the backscattered waves will be lost in the horizon. However,

for objects in which � 6= 0 and � 6= 0, part of the incoming radiation will be be reflected

outwards. When crossing the photon sphere at rph, part of this radiation will escape and

part will be backscattered. This leads to a periodic phenomenon that would produce a series

of “echoes” of the first event. The characteristic time scale of this phenomenon is given by

Techo = 2M � 4M ln(2�) + Tint, (40)

where the first two terms on the right-hand side measure the time that a pointlike particle

following a radial null geodesic takes to travel from rph = 3M and R = rs(1 +�) and then

from R = rs(1 + �) to rph = 3M [29], and �tint provides a measure of the time that the

gravitational wave spends inside the central object (that is, in the region r  R). The

precise value of �tint depends on the particular model being used but, if one ignores the

interaction between gravitational waves and the central object (which, as explained below, is

most likely not consistent), this quantity is expected to be of the order of the light-crossing

time or, equivalently, proportional to M (an explicit calculation is provided for instance in

[140]). Then, for � ⌧ 1 the leading order in Eq. (40) is given by

Techo ' �4M ln(�). (41)

This logarithmic behavior has already appeared in our previous discussion in Sec. III B 2 b.

The amplitude of these echoes is proportional to the reflection coe�cient � and also depends

on the details of the barrier peaked around the photon sphere. Of course, the amplitude of

subsequent echoes decreases monotonically, and a power-law for this decay has been found

[138, 141].

The reader may have noticed that there seems to be an inconsistency between our treat-

ment of electromagnetic waves in Sec. III B 2 b for instance, and the treatment of gravita-

tional waves in this section. More specifically, we are not bringing up the lensing that had to

be taken into account in order to describe the behavior of electromagnetic waves. In other

words, we are implying that gravitational waves are not a↵ected by this lensing. There are

several aspects behind this assumption. The first one is that the processes involving electro-

magnetic waves have been assumed to be deeply inelastic, following our intuition about the

35
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the starlike case, modes are trapped between the PS and the
centrifugal barrier near the center of the star [28–30]. In all cases
the potential is of finite height, and the modes leak away, with
higher-frequency modes leaking on shorter timescales.

GRAVITATIONAL-WAVE SIGNATURES OF EXOTIC … PHYSICAL REVIEW D 94, 084031 (2016)

084031-3

BASIC IDEA: for compact enough situations a significant fraction of the late ringdown 
phase gravitational radiation is backscattered by the gravitational potential (naerby rph). 
The phenomenological parameter that control this late-time behaviour is the elastic 
reflection coefficient Γ. So relevant for Quasi-Bh and Wormholes.

For a black hole, Γ = 0, which means that all backscattered radiation will disappear 
down its gravitational well. If Γ≠ 0, some of this radiation would bounce back from the 
object and could be measured by distant detectors.

The typical timescale can be calculated to be

backscattered. The fraction of backscattered radiation can be calculated explicitly [137–139].

Only objects that are compact enough to have a light ring will display this phenomenon,

and therefore we focus in the following on these objects.

In the case of a black hole, the backscattered waves will be lost in the horizon. However,

for objects in which � 6= 0 and � 6= 0, part of the incoming radiation will be be reflected

outwards. When crossing the photon sphere at rph, part of this radiation will escape and

part will be backscattered. This leads to a periodic phenomenon that would produce a series

of “echoes” of the first event. The characteristic time scale of this phenomenon is given by

Techo = 2M � 4M ln(2�) + Tint, (40)

where the first two terms on the right-hand side measure the time that a pointlike particle

following a radial null geodesic takes to travel from rph = 3M and R = rs(1 +�) and then

from R = rs(1 + �) to rph = 3M [29], and �tint provides a measure of the time that the

gravitational wave spends inside the central object (that is, in the region r  R). The

precise value of �tint depends on the particular model being used but, if one ignores the

interaction between gravitational waves and the central object (which, as explained below, is

most likely not consistent), this quantity is expected to be of the order of the light-crossing

time or, equivalently, proportional to M (an explicit calculation is provided for instance in

[140]). Then, for � ⌧ 1 the leading order in Eq. (40) is given by

Techo ' �4M ln(�). (41)

This logarithmic behavior has already appeared in our previous discussion in Sec. III B 2 b.

The amplitude of these echoes is proportional to the reflection coe�cient � and also depends

on the details of the barrier peaked around the photon sphere. Of course, the amplitude of

subsequent echoes decreases monotonically, and a power-law for this decay has been found
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• The amplitude of gravitational wave echoes would be proportional to Γ. 

• A non-observation of echoes can only constrain this parameter. 

• A positive detection of echoes could be used in order to determine also ∆.

• The other two parameters which are relevant for the process are τ+, which has to be greater than the characteristic time 
scale of echoes (this would place a very uninteresting lower bound on this quantity), and τ- which has to be smaller .
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The EM lensing at the surface of the Quasi-BH depends on two things 
• The use of ray-optic approximation
• The interaction with the surface and subsequent re-emission
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The EM lensing at the surface of the Quasi-BH depends on two things 
• The use of ray-optic approximation
• The interaction with the surface and subsequent re-emission Ray-Optic approx for GW 

• Wavelengths involved  are O(M) and hence geometric optic approximation so on a region M it does not 
apply to them: they maybe even able to escape even in the case they have L>L* =maximum angular 

momentum for which null geodesics cross or reach the photon sphere.
This worth further investigation…

• Still, the ray-optic approx. can be used to estimate the timescale because the typical region over which 
one propagates is order cTecho which can be much more than M, if 𝚫≪1. 
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echoes provided above is consistent:

� ⌧ M | ln�|. (42)

It is important to analyze the physics associated with this upper bound in more detail,

in order to understand for instance how sharp it is. This is moreover relevant for model-

ing purposes, as Eq. (42) points out that the frequency content of the originally outgoing

gravitational radiation will e↵ectively experience a band-pass filter that selects the frequen-

cies that would appear in the subsequent echoes. Moreover, waves with L > L? may also

experience a lower bound given by M . �, although this is far from clear.

It is illustrative to use our parametrization in Sec. IIIA in order to understand the

kind of information that can be extracted from the search of echoes in gravitational wave

events. The amplitude of gravitational wave echoes would be, following the discussion

above, proportional to �. Hence, both the observation and non-observation of echoes can

put constraints on the value of this parameter (this is, for instance, the main result in [144]).

The non-observation of echoes can only constrain this parameter and cannot say anything

about the radius R or, alternatively, �. Of course, a positive detection of echoes could be

used in order to determine the size of the central object, through the use of Eq. (41). The

other two parameters which are relevant for the process are ⌧+, which has to be greater than

the characteristic time scale of echoes (this would place a very uninteresting lower bound

on this quantity), and ⌧� which has to be smaller (the consequences of this for theoretical

models were analyzed in [145]).

Before ending this section, we want to stress that the discussion above neglects the

(generally nonlinear) interaction between gravitational waves and the central object. In

practical terms, the time scale (40) is calculated in an approximation in which gravitational

waves propagate in a fixed background, and the amplitude of the echoes is just proportional

to the reflection coe�cient �. This issue has been ignored in the literature, but here we

want to highlight that this does not seem consistent and that this feature has fundamental

implications for the existence (or not) of echoes.

Let us start considering a toy model in the purely classical framework of general relativity,

consisting in a perfectly reflecting (� = 1) and spherically symmetric mirror with radius

R = rs(1+�) enclosing a mass M , so that the geometry outside the mirror is Schwarzschild.

We now consider an ingoing spherical shell of gravitational radiation, of which we just need

37

This is realised if  
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Non-linear interactions between the GW and the central object 

• These are neglected in extant analyses. However, this appears to be inconsistent
• For quasi-BH even modest amounts of accretion will generate a trapped region
• The formation of a trapping horizon might be avoided  by nonlinear interactions
• A model-independent outcome of these interactions has to be the expansion of 

the central object in order to avoid the formation of trapping horizons. 
• The more compact the central object is, the larger is the fraction of the energy 

stored in the gravitational waves to be transferred through nonlinear interactions.
• Hence the reflection coefficient Γ has to be extremely small, implying suppression 

of echoes…

This is realised if  
t
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Wrapping Up…
EM Stars EM infalling 

matter EM Shadows EM Bursts GW IMR GW Echos

Regular BH ✅  ε(r) X X ✅  If converted 
to bouncing X X

Bouncing 
Geometries ✅  ε(r) X X ✅

✅ ? τ−
(short living)

✅ ? τ−
(short living)

Quasi-BH X ✅  Γ, μ, κ X X ✅   τ− ,Γ, μ 
(inspiral)

✅   Γ, (also μ 
if detected)

Wormholes X X (Γ+κ=1) X X τ− ,Γ
✅   Γ, (also μ 
if detected)

❖ It is in general very hard to constraint these mimickers for realistic parameters. 
❖ The more compact they are the less hair they will have (see “Generalized no-hair theorems without horizons” 

C. Barceló, R. Carballo-Rubio, SL. arXiv:1901.06388 [gr-qc]. Check poster R. Carballo-Rubio!)
❖ EM signal from stars TDE, Accretion and burst for bouncing solutions together with Inspiral signals plus GW
❖ Echos for Quasi-BH and Wormholes are promising.
❖ For Echos we definitely need to understand better the interaction between the GW and the central object.  
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❖ EM signal from stars TDE, Accretion and burst for bouncing solutions together with Inspiral signals plus GW
❖ Echos for Quasi-BH and Wormholes are promising.
❖ For Echos we definitely need to understand better the interaction between the GW and the central object.  

It seems clear that we are at the dawn of a new form of QG phenomenology!
It is up to us to grab this opportunity…
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“Phenomenological aspects of black holes beyond general relativity”  
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Measure what is measurable, and make measurable what is not so. 
Galileo Galilei
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