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The latest news on gravitational waves

I Multimessenger gravitational wave astronomy after GW150914 and
GW170817+GW170817A.

I Compatible with General Relativity (GR) expectations for coalescence of two black holes
and two neutron stars, respectively.
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I Also relevant to test deviations with respect to GR in the high-energy regime!.

I LISA-VIRGO and satellite collaborations reported for GW170817+GW170817A two main
results of interest for GWs regarding modified theories of gravity.

I Gravitational waves propagate at the same speed as electromagnetic radiation.
Experimental constraint: one part in ∼ 10−16.

I Slaughter on modified theories of gravity (mainly those motivated by cosmological
considerations)

I Viable: GR, quintaessence/K-essence, Brans-Dicke/f (R), Kinetic Gravity
Braiding, Derivative Conformal, Disformal Tuning, some DHOST, ....

I Non-viable: quartic/quintic Galileons, Fab Four, de Sitter Hordenski,
Gauss-Bonnet, quartic/quintic GLPV, some DHOST, ...
(Extracted from Ezquiaga and Zuma, arXiv:1710.05901 [astro-ph.CO]).

I Purely tensor polarizations strongly favoured over purely scalar/vector polarizations
(LIGO, PRL, September 27th).

I Other polarizations to be tested in the future.

I Need of search for models and understanding of their fundamental and phenomenological
consequences.

I Amy guiding principle?.

Diego Rubiera-Garcia FCT Fellow Institute of Astrophysics and Space Sciences, Lisbon University email: drgarcia@fc.ul.pt Latin American Webinars in Physics Lisbon, Portugal, June 20th, 2018Surviving from a journey into a black hole



Introduction
Extending General Relativity

A journey into a modified black hole
Conclusions and further ideas

The latest news on gravitational waves
The Schwarzschild black hole
What is a singularity?

The Schwarzschild black hole

I The theorems on singularities (Hawking, Penrose, Geroch, 60’s) tell us that space-time
singularities are unavoidable in the context of GR.

I Example: the Schwarzschild solution

ds2 =−
(

1− 2M
r

)
dt2 +

(
1− 2M

r

)−1

dr2 + r2dΩ2

I The gravitational field outside of a spherical symmetric body of mass M.
I We had to wait until 60’s to fully understand its complexity:

I The exterior region can be extended from r = 2M (the event horizon) to r = 0.
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I The Schwarzschild solution corresponds to a vacuum spacetime, Rµν = 0. Not fully
satisfactory!:

I The field equations are not solved at r = 0!.
I gµν is not known at r = 0.
I Point particles cannot generate this solution.

I Models of gravitational collapse show that (part of) regions I and II are physical:

I The energy density grows unboundedly at r = 0 as the collapse goes on.
I Curvature scalars diverge at r = 0.
I Divergences. Infinities. Singularities. Weird!.

I Despite its observational success, predictability and determinism are seriously threatened
in this theory.
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What is a singularity?

I Spacetime singularities. Fundamentally different from singularities on the fields living on a
fixed space-time background! (e.g. Coulomb’s divergence in classical electrodynamics).

I It is hard to rigorously capture the intuitive notion of a singularity (the theorems on
singularities offer little clue about this).

I Blow up of curvature scalars?:

I In Schwarzschild solution, the field equations are not solved at r = 0. Strictly
speaking this is not a region of the spacetime!.

I There are solutions with vanishing curvature scalars but divergent Riemann.
I In a cone, Rα

βµν
= 0 everywhere but the metric is not defined at the vertex.

I No reference to curvature scalars in the singularity theorems.

“The general characterization of singularities by the blowing up of curvature is
unsatisfactory. The characterization of singularities by a detailed enumeration of the

possible other types of pathological behavior of the space-time metric also appears to be
a hopeless task because of the infinite variety of possible pathological behavior”.

[R. M. Wald’s, “General Relativity” (1984), p.214]
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I Singularities are neither places nor things that explode. So what are they?.
I A more powerful characterization of space-times containing singularities is provided by

the notion of geodesic completeness. Timelike geodesics are associated to physical
observers and null geodesics to light rays and transmission of information.

I Such geodesics should be complete: in a physically consistent theory nothing should
cease to exist suddenly or “emerge” from nowhere.

I A spacetime is singular when is geodesically incomplete: this is the case of
Schwarzschild and Reissner-Nordström solutions.

I The singularity theorems tell us that geodesic incompleteness occur in GR under very
general assumptions.
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I Despite this, most strategies proposed in the literature so far to obtain regular black holes
insist on bounding curvature scalars (Ansoldi, arXiv: 0802.0330 [gr-qc]):

I Quantum vacuum corrections (incorporated e.g. via nonlinear electrodynamics)?..
I Surgically joined spacetimes (e.g., thin-shell wormholes)?.
I Planck-scale contra-pressure effects? (e.g. Rovelli and his “Planck stars”)?.
I de Sitter cores (Dymnikova, Bronnikov...)?.
I “Quantum gravity” corrections (strings, loops)?.

I Need of new physics beyond GR?.
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Metric-affine approach

I Consider a family of gravitational extensions of GR defined by the action:

S =
1

2κ2

∫
dnx
√
−gLG[gµν,Γ

α

βγ
] + SM [gµν,ψm]

I If we impose compatibility of the connection with the metric, ∇Γ
µ (
√
−ggαβ) = 0 (Metric

approach) then EOM:

δgµν⇒
(

δLG

δgµν
− L

2
gµν

)
+ ∇λ

[
gγν

δLG

δΓ
µ
λγ

−gβµgγνgαλ δLG

δΓα

βγ

]
= κ

2Tµν

I Higher-order EOM, ghosts, compatibility with solar system experiments?.
I Some exceptions. GR: LG = R→ Gµν = κ2Tµν.
I If gµν and Γα

βγ
are independent (metric-affine approach) the field equations are:

δS =
∫

dnx
[√
−g
(

δLG

δgµν
− L

2
gµν

)
δgµν +

√
−g

δLG

δΓα

βγ

δΓα

βγ

]
+ δSM

δgµν ⇒ δLG

δgµν
− LG

2
gµν = κ

2Tµν

δΓα

βγ
⇒ δLG

δΓα

βγ

= 0
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I The two metric-affine system of equations can always be recast as

Gµ
ν(q) =

κ2

|Ω̂|1/2

[
T µ

ν−δ
µ

ν

(
LG + T

2

)]
where Gµ

ν(q)≡ qµαRαν(q)− 1
2 δµ

νR(q) is the Einstein tensor of an auxiliary metric qµν,
related to the spacetime metric as

qµν = gµαΩα
ν

where Ωα
ν depends on the particular LG chosen, but it can always be written on-shell as

a function of the energy-momentum tensor, T µ
ν.

I In GR, L = R, then Gµν(q) = κ2Tµν and qµν = gµν.

I System of second-order field equations with new matter-dependent terms on the
right-hand-side. No ghosts, compatibility with solar system experiments, with GW
observations so far...
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Spherically symmetric solutions

I A static, spherically symmetric solution can be written as

ds2 =−C(x)dt2 + C(x)−1dx2 + r2(x)dΩ2

where the functions C(x), r(x) specify the geometry.
I GR examples:

Schwarzschild : C(x) = 1− 2M
x

; r(x) = x

Reissner-Nordström : C(x) = 1− 2M
x

+
q2

x2 ; r(x) = x

Correspond to vacuum and charged black hole solutions if C(x) has (at least) one zero.
I In quadratic metric-affine gravity LG = R + lε(R2 + aRµνRµν) one finds charged black

holes (Olmo, DRG, Sanchez, EPJC 76, 143 (2016))

C(x) =
1

σ+

[
1− (1 + δ1G(z))

δ2zσ
1/2
−

]
;

dG
dz

=
σ+

z2σ
1/2
−( dr

dx

)2
=

σ−
σ2

+

; σ± = 1∓ 1
z4

Definitions: r2
q = κ2q2/4π, r4

c = l2ε r2
q , z = r/rc , δ1 = 1

4M

√
r3
q /lε, δ2 = rc

2M .
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Properties of the geometry

I For z = r/rc � 1→ Reissner-Nordström space-time: C(x)≈ 1− 2M
x + q2

x2 + O(x−4).
I For z ' 1 (Nq : number of charges, Nc ' 16.55, δc ' 0.572069):

C(x)' Nq

4Nc

(δ1−δc)

δ1δc

√
rc

r − rc
+

Nc −Nq

2Nc
+ . . .

I Indeed, one has r2(x) =
x2+
√

x4+4r4
c

2 , which has a minimum at x = 0. A wormhole
geometry!.

z=z@xD

dG

dx

dz

dx+ÈxÈ-ÈxÈ

-4 -2 2 4
x

-1

1

2

3

4

5

I Curvature divergences arise at the wormhole throat x = 0!.
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Geodesic completeness

I A geodesic curve γµ = xµ(λ) with tangent vector uµ = dxµ

dλ
and affine parameter λ

satisfies (see e.g. Chandrasekhar’s book):

d2xµ

dλ2 + Γ
µ
αβ

dxα

dλ

dxβ

dλ
= 0

I Comments:

I The metric defines a natural connection (Christoffel) and defines a set of
geodesics.

I The independent connection can be used to define a different set of geodesics.
I Assuming the EEP, matter is not coupled directly to the independent connection, so

geodesics are those associated to the metric.

I By spherical symmetry there are two conserved quantities: L = r2dϕ/dλ (angular
momentum per unit mass) and E = Adt/dλ (total energy per unit mass).

I Rewrite the geodesic equation in terms of the geodesic tangent vector

1

σ2
+

(
dx
dλ

)2

= E2−C(x)

(
k +

L2

r2(x)

)
where k = 0(1) for null (time-like) geodesics.
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I Radial null geodesics (k = 0,L = 0) integrate the geodesic equation as:

±E ·λ(x) =


2F 1[− 1

4 ,
1
2 ,

3
4 ; r4

c
r4 ]r if x ≥ 0

2x0− 2F 1[− 1
4 ,

1
2 ,

3
4 ; r4

c
r4 ]r if x ≤ 0

I The affine parameter λ(x) extends over the whole real axis for any value of mass and
charge.

I In GR r(λ) =±Eλ, the affine parameter is only defined on the positive/negative side of
the real axis because r(λ) is defined positive: geodesically incomplete.

I Time-like and space-like geodesics are complete as well (Olmo, DRG, Sanchez-Puente, PRD 92,

044047 (2015)).
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Curvature divergences and tidal forces

I Curvature divergences at the wormhole throat may grow arbitrarily large.
I Large tidal forces may tear physical observers crossing the throat apart.
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I Model physical observers assuming each particle of the body to free-fall travel upon its
geodesic (a congruence) defined by three Jacobi-vectors Z a (a = 1,2,3). The
congruence defines a volume (Tipler, Krolak, Nolan):

V(λ) = det[Z a
(1),Z

b
(2),Z

c
(3)]

If limλ→0 V(λ) = 0, a crushing-type singularity occurs.

I Physically this is interpreted as tidal forces tear the observer apart (in the radial direction):
spaghettization occurs yielding loss of causal contact among its parts.

I In these modified black holes, V(λ)→ ∞, which has not a proper interpretation!.

I Our approach is to send light rays between two parts of the body on a round trip (Olmo,

DRG, Sanchez, CQG 33, 115007 (2016))

I Using comoving coordinates, each part of physical observers near the wormhole are in
causal contact with any other part!: physical interactions sustaining the body may be
effectively transmitted.

Diego Rubiera-Garcia FCT Fellow Institute of Astrophysics and Space Sciences, Lisbon University email: drgarcia@fc.ul.pt Latin American Webinars in Physics Lisbon, Portugal, June 20th, 2018Surviving from a journey into a black hole



Introduction
Extending General Relativity

A journey into a modified black hole
Conclusions and further ideas

Geodesic completeness
Curvature divergences and tidal forces
Scattering of waves off (naked) wormholes
Behaviour of accelerated observers

Scattering of waves off (naked) wormholes

I Taking �φ = 0 and φω,lm = e−iωt Ylm(θ,ϕ)fω,l (x)/r(x) with k ∝ (Nc [1 + l(l + 1)]−Nq),
α = ω|k |−2/3, Nc ≈ 16.55, near the throat we have (Olmo, DRG, Sanchez-Puente, EPJC 76, 143

(2016)) :

fy ′y ′ + (α
2± 1√

|y ′|
)f = 0

+++++++++
+

+

+

+

+

+

+

+

+

+

+
+
+
+
++
++
+++

+++++
+++++

æ æ æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ æ æ æ æ æ æ æ æ æ æ æ æ æ æ æ æ æ æ æ æ æ æ æ æ æ

0 1 2 3 4
Α

0.2

0.4

0.6

0.8

1.0
T

I If k < 0 the wave is almost totally transmitted (upper dotted curve).
I If k > 0, which happens as l grows, reflection may occur (lower curve).
I For a given w , the transition occurs for l = lmax when α∼ 1.5.
I Curvature divergences neither affect wave propagation nor geodesic completeness.
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Behaviour of accelerated observers

I By the principle of general covariance, observers with arbitrary motions should also have
complete paths.

I Motion for accelerated observers with linear acceleration k(λ) is described by (Olmo, DRG,

Sanchez, CQG 35, 055010 (2018))

(
dx
dλ

)2

+ C(x)

(
1 +

L2

r2(x)

)
=

E +
∫ x

x0

k(λ)dx ′√
1 + L2

r2(x ′)

2

I For quadratic gravity, the trajectory of an accelerating particle of charge q and mass m
satisfies

1

σ2
+

(
dx
dλ

)2

+ C(x)

(
1 +

L2

r2(x)

)
=
(

E + Iquadratic
L (r)

)2

where Iquadratic
L (r) =−Qq

m

EllipticF

[
sin−1

(√
L2+r2

c
L2+r2

)
,

L2−r2
c

L2+r2
c

]
√

r2
c +L2

.

I Accelerated paths (finite local acceleration) can be indefinitely extended in all cases.
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Conclusions and further ideas

I May a spacecraft survive a journey into a modified black hole?.

I After crossing the event horizon, both photons and extended observers may get to the
wormhole throat in finite time:

I Geodesic completeness: time-like and null geodesics can cross this region and go
to the same asymptotic region they departed from or to another one.

I Tidal forces: do not necessarily destroy physical observers.
I Scattering of waves off the wormhole: well posed.
I Accelerated observers: they can go through the wormhole in all cases.

I No need of cosmic censorship conjecture: existence of naked ultra-compact objects?.

I Over-simplified scenario: real black holes do rotate!. Include rotation into this picture
(work in progress).
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I Geometrical approaches beyond the GR one may be needed to cope with space-time
singularities in black holes and the early Universe in a purely classical way!.

I Metric-affine theories have particularly interesting properties and astro/cosmo
applications, see Beltrán, Heisenberg, Olmo, DRG, Phys. Rept. 727, 1 (2018).

I Importance of using multimessenger astronomy to discriminate between different theories
of gravity and their associated compact objects.
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THANK YOU FOR YOUR ATTENTION!
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