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General descriptions

Pseudo-Riemannian geometry (as in GR) assumes that our manifold
contains curvature (and nothing more).

This assumption automatically gives us a unique connection:
Levi-Civita connection Γλ

µν that is completely defined in terms of a
metric gµν .
Curvature Rλ

ρµν and all other geometrical quantities (like Weyl) are
NOT independent quantities: The metric tensor fully determines them.
We aim to construct consistent new theories of gravity with new
effects by modifying the geometry.
By doing that, the metric is no longer the only independent quantity,
but now the general affine connection Γ̃λ

µν is also independent.
In the most general scenario, geometry contains curvature, torsion
and nonmetricity. I will concentrate only in the case where the
manifold contains curvature and torsion=⇒

Einstein-Cartan
geometries.
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Torsion and curvature

Definition of the torsion tensor (contains 24 dof):

T λ
µν = 2Γ̃λ

[µν] .

Curvature with torsion contains 36 dof and Bianchi identities are
modified:

R̃λ
[µνρ] = ∇̃[µT

λ
ρν] + T σ

[µρ T
λ
ν]σ ,

∇̃[σ|R̃
λ
ρ|µν] = Tω

[σµ|R̃
λ
ρω|ν] .

Just one independent trace, the generalised Ricci tensor

R̃µν = R̃λ
µλν ,

Unique scalar and pseudoscalar curvatures:

R̃ = gµνR̃µν , ∗R̃ = ελρµνR̃λρµν .
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Dynamics in theories with torsion

One can write down an action of the form

S =

∫
d4x

√
−g

[
Lm − 1

2κ2
Lg

(
R̃, T

)]
.

with κ2 = 8πG.

Correspondence between geometry and matter:

1√
− g

δ (Lg
√
− g)

δea ν
= 2κ2θa

ν ,

1√
− g

δ (Lg
√
− g)

δωa
bν

= 2κ2∆a
bν ,

where we have two matter sources:

θµ
ν =

ea µ√
−g

δ (
√
−gLm)

δea ν
,

∆λµν =
eaλeb

µ

√
−g

δ (
√
−gLm)

δωa
bν

.
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Poincaré gauge theory

ISO(1, 3) = T 4 ⋊ SO(1, 3) gauge connection1:

Aµ = ea µPa + ωa
bµJa

b , gµν = ea µe
b
νηab ,

where
ωa

bµ = ea λ eb
ρ Γ̃λ

ρµ + ea λ ∂µ eb
λ .

Generators of the Poincaré group ISO(1, 3):

[Pa, Pb] = 0 , [Pa, Jbc] = i ηa[b Pc] ,

[Jab, Jcd] =
i

2
(ηad Jbc + ηcb Jad − ηdb Jac − ηac Jbd) .

ISO(1, 3) translational and rotational field strength tensors:

Fµν = F a
µνPa + F a

bµνJa
b ,

where

F a
µν = ∂µe

a
ν − ∂νe

a
µ + ωa

bµ e
b
ν − ωa

bν e
b
µ ,

F a
bµν = ∂µω

a
bν − ∂νω

a
bµ + ωa

cµ ω
c
b ν − ωa

cν ω
c
bµ .

1F. W. Hehl, P. von der Heyde, G. D. Kerlick and J. M. Nester, Rev. Mod. Phys. 48, 393 (1976).Sebastian Bahamonde BH with torsion 6 / 17
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Quadratic Poincaré gauge theory - ghost issue

Convenient to decompose torsion as

Tλ
µν =

1

3

(
δλ νTµ − δλ µTν

)
+

1

6
ελ ρµνS

ρ + tλ µν .

using

Vector part Tµ = Tλ
µλ,

Axial vector part Sµ = εµνρσT
νσρ,

Tensor part tλ µν = Tλ
µν − 1

3

(
δλ νTµ − δλ µTν

)
− 1

6ε
λ
ρµνS

ρ.
The most general class of quadratic Poincaré gauge models that are
reduced to General Relativity in the absence of torsion is:

Sg =
1

16π

∫ [
−R+ c2R̃λρµνR̃

λµρν − 1

2
(2c1 + c2) R̃λρµνR̃

µνλρ + c1R̃λρµνR̃
λρµν

+ d1R̃µν

(
R̃µν − R̃νµ)+ 1

2

(
m2

TTµT
µ +m2

SSµS
µ +m2

t tλµνt
λµν)]√−g d4x .

It is not possible to have a stable propagating torsion tensor in
quadratic Poincaré gauge theory for general backgrounds. Kinetic
part of vectors Tµ and Sµ propagate a ghost.
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Cubic Poincaré gauge theory
Cubic parity preserving branch with mixing terms:2

L(3)
curv−tors = L(3)

R̃TT
+ L(3)

R̃SS
+ L(3)

R̃tt
+ L(3)

R̃TS
+ L(3)

R̃T t
+ L(3)

R̃St
,

L(3)

R̃TT
= h1R̃µνT

µT ν + h2R̃TµT
µ , L(3)

R̃SS
= h3R̃µνS

µSν + h4R̃SµS
µ ,

L(3)

R̃tt
= h5R̃λρµνtσ

λρtσµν + h6R̃λρµνtσ
λµtσρν + h7R̃λρµνt

λρ
σt

σµν

+ h8R̃λρµνt
λµ

σt
σρν + h9R̃λρµνt

λµ
σt

ρνσ + h10R̃λρtµν
λtρµν

+ h11R̃λρtµν
λtµνρ + h12R̃tλρµt

λρµ ,

L(3)

R̃TS
= h13ε

λρµνR̃λρµνTσS
σ + h14εν

λρσR̃λρµσT
µSν + h15ε

λρµνR̃λρTµSν ,

L(3)

R̃T t
= h16R̃λρµνT

νtλρµ + h17R̃λρµνT
ρtλµν + h18R̃λρTµt

µλρ + h19R̃λρTµt
λρµ,

L(3)

R̃St
= h20εαρµνR̃τ

ρµνSγtατ
γ + h21εαρµνR̃τ

ρµνSγtγ
ατ

+ h22εαρ
µνR̃ρ

µτνS
γtγ

ατ + h23εαρ
µνR̃γµτνS

αtγρτ

+ h24εαρ
µνR̃γµτνS

αtρτγ + h25εαρτµR̃
µ
γS

αtρτγ + h26ελρµνR̃
λρSσt

σµν .

We showed that by including these Poincare gauge invariants, ghost issue is
solved!

2
S. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 109 (2024) no.10, 10
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λµ
σt

ρνσ + h10R̃λρtµν
λtρµν

+ h11R̃λρtµν
λtµνρ + h12R̃tλρµt

λρµ ,

L(3)

R̃TS
= h13ε

λρµνR̃λρµνTσS
σ + h14εν

λρσR̃λρµσT
µSν + h15ε

λρµνR̃λρTµSν ,

L(3)

R̃T t
= h16R̃λρµνT

νtλρµ + h17R̃λρµνT
ρtλµν + h18R̃λρTµt

µλρ + h19R̃λρTµt
λρµ,

L(3)

R̃St
= h20εαρµνR̃τ

ρµνSγtατ
γ + h21εαρµνR̃τ

ρµνSγtγ
ατ

+ h22εαρ
µνR̃ρ

µτνS
γtγ

ατ + h23εαρ
µνR̃γµτνS

αtγρτ

+ h24εαρ
µνR̃γµτνS

αtρτγ + h25εαρτµR̃
µ
γS

αtρτγ + h26ελρµνR̃
λρSσt

σµν .

We showed that by including these Poincare gauge invariants, ghost issue is
solved!

2
S. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 109 (2024) no.10, 10
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Spherically symmetric black holes

Explicit symmetries on the metric, torsion and nonmetricity tensors:

Lξgµν = LξT
λ
µν = 0 =⇒ LξR̃

λ
ρµν = 0 .

Static and spherically symmetric space-times:

#10 → #2

{
ds2 = Ψ1(r) dt

2 − dr2

Ψ2(r)
− r2

(
dϑ2 + sin2 ϑdφ2

)
;

#24 → #8


T t

tr T r
tr T ϑ

tϑ

T ϑ
rϑ T ϑ

tφ T ϑ
rφ

T t
ϑφ T r

ϑφ

First one needs to solve the connection eqs (8 eqs+8 dof of torsion)
and then the metric eqs (2 eqs+2 dof).
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Reissner-Nordström-like black holes in Cubic Poincare

By solving the equations in Cubic Poincare we find and exact BH
solution:

T t
tr =

Ψ′(r)

2Ψ(r)
+

wr

Ψ(r)
, T r

tr = T t
trΨ(r) ,

Tϑ
tϑ = −Tϑ

rϑΨ(r) , Tϑ
rϑ = − 1

2r
− wr

2Ψ(r)
,

Tϑ
tφ = −Tϑ

rφΨ(r) , Tϑ
rφ =

N1κs
rΨ(r)

sinϑ ,

T t
ϑφ =

N2κsr

Ψ(r)
sinϑ , T r

ϑφ = T t
ϑφΨ(r) ,

Ψ1(r) = Ψ2(r) = Ψ(r) ,

The metric sector behaves as:

Ψ = 1−
2m

r
+ (2N1 −N2) (N1 +N2)

[
2N1 +N2

4N1 +N2
d1 + 2h25

]
κ2
s

3r2
.

This solution has a dynamical torsion with its spin-2 part being
massive and is related to the constant w.
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Electrodynamics coupled with torsion
Let us consider a theory with couplings between the electromagnetic
field strength Fµν = ∂[µAν] and R̃λ

ρµν :

L = −R− 4k1FµνF
µν + k2R̃

2 + k3F
µνR̃µν .

We found the following black hole solution:

t1(r) =
Ψ′(r)

2Ψ(r)
+

c1

Ψ(r)
+

κs

rΨ(r)
, t2(r) = Ψ(r)

(
t1(r)− t4(r)−

2

r

)
,

t3(r) =
Ψ(r)(1 + rt4(r))

r
, t5(r) = t6(r) = t7(r) = t8(r) = 0 .

with t4 satisfying a differential equation.
With the following metric and electric potential

Ψ(r) = 1− 2m

r
+
k1q

2

r2
− k3κsq

4r2
− k23q

2

128k2r2
,

Aµ =
(q
r
, 0, 0, 0

)
.

New coupling between spin charge κs and electric charge q.
Different charges would give rise to different phenomenology.
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What does this charge κs represent?

1 Intrinsic spin generates gravitation. This effect does not exist in GR.

2 We know that the spin is a fundamental property of particles. Since
their masses contribute to gravity, why their spin do not?

3 The solution is in vacuum and a charge κs appears (spin charge).
Analogue to the case of Schwarzschild where the mass M appears.

4 We expect that the spin charge might be important in certain
astrophysical scenarios such as: highly magnetized neutron stars;
supermassive black holes with endowed spin.
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Axially symmetric black holes

We are now working on the slowly rotating case. This problem
involves the full axially symmetric torsion containing 24 dof and 4 dof
of the metric.

It is a extremely difficult problem to solve the system. One can
separate it into non-dynamical (κs = 0) and dynamical part κs ̸= 0.
We recently found a solution in the non-dynamical part and with that
part, we are investigating the dynamical part.
In spherical symmetry we obtained RN, but in axial symmetry we
expect to have an extension of Kerr-Newman with new interactions
between κs (intrinsic spin) and macroscropic spin a.
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Axially symmetric black holes - spin orbit interaction

Spin-Orbit Interaction in Atomic Physics
The spin-orbit interaction is a fundamental quantum mechanical effect
that describes how an electron’s intrinsic spin interacts with its orbital
motion around the nucleus. This interaction leads to energy level
splitting in atoms, particularly noticeable in heavy elements.

This interaction is of the following form

LSO =
µ

4m2
ψ̄σµνFµνψ

Then,
LSO = λ(r)L · S

where L is the orbital angular momentum, S is the spin angular
momentum, and λ(r) is a coupling function.
The spin-orbit interaction increases the energy gap between certain
nuclear energy levels, making nuclei with magic numbers more stable.
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Axially symmetric black holes - spin orbit interaction

Our main aim is to find out if a similar effect would appear in gravity:
gravitational spin-orbit interaction.

In this case, this would be an interaction between the angular
momentum a and the intrinsic spin κs.
In axial symmetry, the Lagrangian of our theory can be written as

LSO =
1

16πGr4
d1F1(r) aκs cosϑ

So, it has the same form as the spin-orbit interaction!
We just found a solution of the 24 connection equations in the
non-dynamical sector with F1(r)

We are now trying to find the dynamical part as well.
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Conclusions

It is possible to construct a Gauge approach of gravity that includes
torsion and the invariants are restricted to be invariant under the
Poincare group.

Quadratic Poincare gauge gravity contains ghosts but we cure this
issue with cubic interactions of the form R̃TT .
We found new exact spherically symmetric solutions with dynamical
torsion with a charge (intrinsic spin) that enters the metric as RN.
We are now investigating axial symmetry where we observe the
emergence of a potentially new physical interaction within our theory:
a gravitational spin-orbit coupling aκs.
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Thank You for Listening!
Questions? Comments?
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