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Figure: Schematic classification of theories of gravity. S. Bahamonde et al., Rep. Prog. Phys. 86, 026901 (2023)



Why modify gravity?

Conceptual motivations

quantum gravity is not understood;
singularities indicate limits of the classical
description;
changing GR is one of the sharpest ways
to understand why GR works.

Observational motivations

dark energy and the cosmological
constant problem;
early-universe inflation and late-time
acceleration;
black holes and gravitational waves test
the strong-field regime.

Why is geometry a well-motivated route?
General Relativity ties gravity to spacetime geometry, so changing the geometric structure
is a direct way to explore new gravitational theories.
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Modifying General Relativity from geometry

Geometry is not unique
General Relativity corresponds to a very special geometric choice: the connection is Levi-
Civita, so torsion and nonmetricity vanish.

Modified gravity by geometry
Instead of adding an arbitrary new field, we can ask what happens if the connection itself
carries extra structure.

Physical target
The goal is to modify GR from geometry and study the new effects for black holes, cosmol-
ogy, or gravitational waves.
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What is Metric-Affine Gravity (MAG)?

In General Relativity:

The Levi-Civita connection Γλ
µν is uniquely determined by the metric gµν .

Geometry = Curvature� everything from the metric.

In MAG:

The metric and connection are independent: Γ̃λ
µν ̸= Γλ

µν .
New geometric degrees of freedom arise:

Tλ
µν = 2Γ̃λ

[µν]

Qλµν = ∇̃λgµν

The general curvature is defined as in GR but changing Γλ
µν to Γ̃λ

µν :

R̃λ
ρµν = ∂µΓ̃

λ
ρν − ∂ν Γ̃

λ
ρµ + Γ̃λ

σµΓ̃
σ

ρν − Γ̃λ
σν Γ̃

σ
ρµ

MAG extends GR to include more general geometric structures, enabling richer
interactions with matter (e.g., spin, microstructure).
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Curvature, torsion and nonmetricity

Curvature R

Directions change after
transport around a loop.

96 independent components.
R̃λ

ρµν = 2∂[µΓ̃λ
|ρ|ν] + 2Γ̃λ

σ[µΓ̃σ
|ρ|ν]

Torsion T

Infinitesimal parallelograms fail
to close.

24 independent components.
Tλ

µν = 2Γ̃λ
[µν]

Nonmetricity Q

1 2

Qµ
νρ

Lengths and angles change
under transport.

40 independent components.
Qλµν = ∇̃λgµν

This talk focuses on geometries where R, T , and Q can participate in the dynamics.
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Post-Riemannian decomposition

It is useful to separate the connection as

Γ̃λ
µν = Γλ

µν +Nλ
µν ,

with

Nλ
µν = Kλ

µν + Lλ
µν ,

where the contortion Kλ
µν and disformation tensors Lλ

µν are

Kλ
µν =

1

2

(
T λ

µν − Tµ
λ
ν − Tν

λ
µ

)
,

Lλ
µν =

1

2

(
Qλ

µν −Qµ
λ
ν −Qν

λ
µ

)
.

General decomposition of the the curvature tensor:

R̃λ
ρµν = Rλ

ρµν + 2∇[µ|N
λ
ρ|ν] + 2Nλ

σ[µ|N
σ
ρ|ν] .
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Different extended geometries give different types of gravitational theories

Riemannian / GR
R ̸= 0, T = Q = 0

Torsional
teleparallel

R = Q = 0, T ̸= 0

Symmetric
teleparallel

R = T = 0, Q ̸= 0

Riemann–Cartan
Poincaré

gauge gravity
R ̸= 0, T ̸= 0, Q = 0

Metric-affine gravity
R, T, Q allowed

S. Bahamonde et al., Rep. Prog. Phys. 86, 026901 (2023)
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Figure: Geometrical trinity of gravity (S. Bahamonde et.al., “Teleparallel Gravity: From Theory to Cosmology,” Rept.
Prog. Phys. 86 (2023) no.2, 026901.; J. Beltrán Jiménez, L. Heisenberg and T. S. Koivisto, “The Geometrical Trinity of Gravity,”
Universe 5 (2019) no.7, 173.)



Poincaré gauge gravity and metric-affine gravity

Poincaré gauge gravity

Gauge principles are very successful in the
Standard Model: interactions follow from local
symmetries.

For local Poincaré symmetry, the gauge
variables are

eaµ, ωab
µ.

Their field strengths are schematically
T ∼ ∂e+ ωe, R ∼ ∂ω + ω2.

Thus PGT describes Riemann–Cartan
geometry:

R ̸= 0, T ̸= 0, Q = 0.

Metric-affine gravity

Same gauge logic, but the local group is enlarged
from the Poincaré group to the affine group:
ISO(1, 3) −→ A(4,R), A(4,R) = GL(4,R)⋉R4.

The extra GL(4,R) part contains dilation and shear
transformations beyond local Lorentz rotations.

Since the connection is not restricted to preserve
the metric,

Qρµν = ∇̃ρgµν ̸= 0.

Matter can source the independent connection
through hypermomentum:

spin | dilation | shear.

Therefore MAG allows, in general:
R ̸= 0, T ̸= 0, Q ̸= 0.
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Poincaré gauge gravity and metric-affine gravity
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For local Poincaré symmetry, the gauge
variables are

eaµ, ωab
µ.

Their field strengths are schematically
T ∼ ∂e+ ωe, R ∼ ∂ω + ω2.

Thus PGT describes Riemann–Cartan
geometry:

R ̸= 0, T ̸= 0, Q = 0.

Metric-affine gravity

Same gauge logic, but the local group is enlarged
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For local Poincaré symmetry, the gauge
variables are

eaµ, ωab
µ.

Their field strengths are schematically
T ∼ ∂e+ ωe, R ∼ ∂ω + ω2.

Thus PGT describes Riemann–Cartan
geometry:

R ̸= 0, T ̸= 0, Q = 0.

Metric-affine gravity

Same gauge logic, but the local group is enlarged
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What changes when geometry is enlarged?

Extra modes
More geometric structure
can introduce degrees of
freedom beyond the usual
graviton.

Different couplings
Matter can in principle re-
spond to spin, torsion, dila-
tion, or nonmetricity.

Viability
A consistent theory must still
avoid ghosts, strong cou-
pling, and instabilities.

So enlarging geometry is not just a mathematical generalisation: it changes
both the physical content and the consistency conditions of the theory.

Sebastian Bahamonde Modifying Gravity from Geometry 13 / 48



What changes when geometry is enlarged?

Extra modes
More geometric structure
can introduce degrees of
freedom beyond the usual
graviton.

Different couplings
Matter can in principle re-
spond to spin, torsion, dila-
tion, or nonmetricity.

Viability
A consistent theory must still
avoid ghosts, strong cou-
pling, and instabilities.

So enlarging geometry is not just a mathematical generalisation: it changes
both the physical content and the consistency conditions of the theory.

Sebastian Bahamonde Modifying Gravity from Geometry 13 / 48



What changes when geometry is enlarged?

Extra modes
More geometric structure
can introduce degrees of
freedom beyond the usual
graviton.

Different couplings
Matter can in principle re-
spond to spin, torsion, dila-
tion, or nonmetricity.

Viability
A consistent theory must still
avoid ghosts, strong cou-
pling, and instabilities.

So enlarging geometry is not just a mathematical generalisation: it changes
both the physical content and the consistency conditions of the theory.

Sebastian Bahamonde Modifying Gravity from Geometry 13 / 48



What changes when geometry is enlarged?

Extra modes
More geometric structure
can introduce degrees of
freedom beyond the usual
graviton.

Different couplings
Matter can in principle re-
spond to spin, torsion, dila-
tion, or nonmetricity.

Viability
A consistent theory must still
avoid ghosts, strong cou-
pling, and instabilities.

So enlarging geometry is not just a mathematical generalisation: it changes
both the physical content and the consistency conditions of the theory.

Sebastian Bahamonde Modifying Gravity from Geometry 13 / 48



What changes when geometry is enlarged?

Extra modes
More geometric structure
can introduce degrees of
freedom beyond the usual
graviton.

Different couplings
Matter can in principle re-
spond to spin, torsion, dila-
tion, or nonmetricity.

Viability
A consistent theory must still
avoid ghosts, strong cou-
pling, and instabilities.

So enlarging geometry is not just a mathematical generalisation: it changes
both the physical content and the consistency conditions of the theory.

Sebastian Bahamonde Modifying Gravity from Geometry 13 / 48



What changes when geometry is enlarged?

Extra modes
More geometric structure
can introduce degrees of
freedom beyond the usual
graviton.

Different couplings
Matter can in principle re-
spond to spin, torsion, dila-
tion, or nonmetricity.

Viability
A consistent theory must still
avoid ghosts, strong cou-
pling, and instabilities.

So enlarging geometry is not just a mathematical generalisation: it changes
both the physical content and the consistency conditions of the theory.

Sebastian Bahamonde Modifying Gravity from Geometry 13 / 48



What changes when geometry is enlarged?

Extra modes
More geometric structure
can introduce degrees of
freedom beyond the usual
graviton.

Different couplings
Matter can in principle re-
spond to spin, torsion, dila-
tion, or nonmetricity.

Viability
A consistent theory must still
avoid ghosts, strong cou-
pling, and instabilities.

So enlarging geometry is not just a mathematical generalisation: it changes
both the physical content and the consistency conditions of the theory.

Sebastian Bahamonde Modifying Gravity from Geometry 13 / 48



What changes when geometry is enlarged?

Extra modes
More geometric structure
can introduce degrees of
freedom beyond the usual
graviton.

Different couplings
Matter can in principle re-
spond to spin, torsion, dila-
tion, or nonmetricity.

Viability
A consistent theory must still
avoid ghosts, strong cou-
pling, and instabilities.

So enlarging geometry is not just a mathematical generalisation: it changes
both the physical content and the consistency conditions of the theory.

Sebastian Bahamonde Modifying Gravity from Geometry 13 / 48



What changes when geometry is enlarged?

Extra modes
More geometric structure
can introduce degrees of
freedom beyond the usual
graviton.

Different couplings
Matter can in principle re-
spond to spin, torsion, dila-
tion, or nonmetricity.

Viability
A consistent theory must still
avoid ghosts, strong cou-
pling, and instabilities.

So enlarging geometry is not just a mathematical generalisation: it changes
both the physical content and the consistency conditions of the theory.

Sebastian Bahamonde Modifying Gravity from Geometry 13 / 48



What changes when geometry is enlarged?

Extra modes
More geometric structure
can introduce degrees of
freedom beyond the usual
graviton.

Different couplings
Matter can in principle re-
spond to spin, torsion, dila-
tion, or nonmetricity.

Viability
A consistent theory must still
avoid ghosts, strong cou-
pling, and instabilities.

So enlarging geometry is not just a mathematical generalisation: it changes
both the physical content and the consistency conditions of the theory.

Sebastian Bahamonde Modifying Gravity from Geometry 13 / 48



What changes when geometry is enlarged?

Extra modes
More geometric structure
can introduce degrees of
freedom beyond the usual
graviton.

Different couplings
Matter can in principle re-
spond to spin, torsion, dila-
tion, or nonmetricity.

Viability
A consistent theory must still
avoid ghosts, strong cou-
pling, and instabilities.

So enlarging geometry is not just a mathematical generalisation: it changes
both the physical content and the consistency conditions of the theory.

Sebastian Bahamonde Modifying Gravity from Geometry 13 / 48



Dynamics in MAG gauge theories
Gravitational action with dynamical torsion and nonmetricity

S =

∫
d4x
√−g

[
Lm −

1

16π
Lg

(
R̃, T ,Q

)]
.

Correspondence between geometry and matter:

1√− g

δ (Lg
√− g)

δea ν
= 16πθa

ν ,

1√− g

δ (Lg
√− g)

δωa
bν

= 16π∆a
bν .

Hypermomentum can be split into three parts:

∆µνλ = (s)∆[µν]λ +
1

4
gµν

(d)∆λ + (sh) ↗∆(µν)λ

1 Intrinsic Spin term (s)∆[µν]λ: source of torsion
2 Intrinsic Dilation term (d)∆λ = ∆ν

νλ: source of trace nonmetricity
3 Intrinsic Shears term (sh)∆(µν)λ: source of traceless nonmetricity
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Quadratic Poincaré gauge theory - ghost issue
The most general class of quadratic Poincaré gauge theory (parity preserving) is

LQuad =
M2

pl

2
R̃+ q1R̃

2 + q2R̃ρσµνR̃
ρσµν + q3R̃ρσµνR̃

µνρσ + q4R̃ρσµνR̃
ρµσν + q5R̃µνR̃

µν + q6R̃µνR̃
νµ

+ C1TρµνT
ρµν + C2TρµνT

νρµ + C3T
ρ
ρµT

λ
λ
µ .

Around Minkowski background, besides the graviton we have the following possible
ghost-free spectrum: 2+, 1+, 0− or 1+, 0+, 0−.
However, in general backgrounds, the vector sectors propagate a ghosts unless super
particular theories are considered that are:

1 Effectively 1 extra scalar field+ torsional masses:

L1 =
M2

pl

2
R̃+ q1R̃

2 + C1TρµνT
ρµν + C2TρµνT

νρµ + C3T
ρ
ρµT

λ
λ
µ

2 Effectively 2 extra scalar fields+ torsional masses: (Holst)

L2 =
M2

pl

2
R̃+ α(ερλµνR̃

ρλµν)2 + C1TρµνT
ρµν + C2TρµνT

νρµ + C3T
ρ
ρµT

λ
λ
µ
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Quadratic Poincaré gauge theory - ghost issue
The most general class of quadratic Poincaré gauge theory (parity preserving) is
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Quadratic Poincaré gauge theory: ghost issue

Question
Does this mean that one cannot construct an effectively richer and healthy spectrum with
propagating torsion?

Answer: not necessarily
The obstruction mainly applies to the most conservative quadratic Poincaré gauge setting.
A healthier propagating torsion sector may still be obtained if one goes beyond these as-
sumptions.

Relax some of the standard assumptions, for example:

1 Break Poincaré gauge approach and consider torsion more like ”EFT”: (∇T )2, R∇T...
2 Consider Cubic Poincaré gauge gravity. (cubic in field strength tensors)
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Cubic Poincaré gauge theory

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.
Cubic parity preserving branch with mixing terms (26 hi): (S. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 109

(2024) no.10, 10)

L(3)
curv−tors = L(3)

R̃TT
+ L(3)

R̃SS
+ L(3)

R̃tt
+ L(3)

R̃TS
+ L(3)

R̃T t
+ L(3)

R̃St
,

We showed that by including these Poincaré gauge invariants, ghost issue in the vector sector is
solved!

One can generalise it with nonmetricity as well (S. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 111 (2025) no.8, 084058)
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We showed that by including these Poincaré gauge invariants, ghost issue in the vector sector is
solved!

One can generalise it with nonmetricity as well (S. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 111 (2025) no.8, 084058)

Sebastian Bahamonde Modifying Gravity from Geometry 17 / 48



Cubic Poincaré gauge theory
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We showed that by including these Poincaré gauge invariants, ghost issue in the vector sector is
solved!

One can generalise it with nonmetricity as well (S. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 111 (2025) no.8, 084058)

Sebastian Bahamonde Modifying Gravity from Geometry 17 / 48



Cubic Poincaré gauge theory
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Outline

1 Modifying gravity from geometry

2 Cosmology with torsion and nonmetricity

3 Black holes with torsion and nonmetricity

4 Gravitational waves beyond Riemannian geometry
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Riemann–Cartan background cosmology

Most cosmological studies in metric-affine gravity have focused on homogeneous backgrounds.

The best-developed case is Riemann–Cartan cosmology:

R ̸= 0, T ̸= 0, Q = 0.

FLRW symmetry constrains torsion to time-dependent scalar and pseudoscalar functions.

These background torsion modes can modify the Friedmann equations and model:

non-singular bouncing cosmologies;
effective dark-energy behaviour;
inflationary scenarios, including Einstein–Cartan-Higgs models.

The next step is perturbations for Cubic Poincare (extra massive spin-2 appears): extra geometry
must propagate consistently.
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Cosmology in MAG

Let us assume that the metric, torsion and nonmetricity have the same cosmological symmetries
(isotropy and homogeneity)

Lξ ḡµν = LξT̄
λ
µν = LξQ̄

λ
µν = 0 .

Solving these symmetry conditions gives the FLRW metric and the most general homogeneous
and isotropic torsion and nonmetricity tensors:

ḡ = −n̄µn̄νdx
µ ⊗ dxν + P̄µνdx

µ ⊗ dxν = −N2dt⊗ dt+ a2γijdx
i ⊗ dxj ,

T̄λ
µν = 2T1(t) n̄[µP̄ν]

λ + 2T2(t) ε̄
λ
µνρn̄

ρ ,

Q̄λµν = 2Q1(t)n̄λn̄µn̄ν + 2Q2(t)n̄λP̄µν + 2Q3(t)P̄λ(µn̄ν) ,

where γijdx
i ⊗ dxj = dr2

1−Kr2 + r2dΩ2. Note that there are 5 independent functions coming from
Post-Riemannian.
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Cosmology in MAG - matter

One can consider that the energy-momentum tensor is described by a standard perfect fluid
described by

Tµν = (ρ(t) + p(t))nµnν + p(t)gµν = ρ(t)nµnν + p(t)pµν ,

Considering matter described by an unconstrained hyperfluid respecting the cosmological
principle (isotropy and homogeneity), we find that the hypermomentum is

∆λµν =
1

3
∆1(t)pλµnν +∆2(t)pλνnµ +∆3(t)nλpµν +

1

4
∆4(t)nλnµnν +∆5(t)ελµνρn

ρ ,

which contains 5 independent source functions associated with intrinsic spin, dilation, and shear
hypermomentum.

Sebastian Bahamonde Modifying Gravity from Geometry 21 / 48



Cosmology in MAG - matter

One can consider that the energy-momentum tensor is described by a standard perfect fluid
described by

Tµν = (ρ(t) + p(t))nµnν + p(t)gµν = ρ(t)nµnν + p(t)pµν ,

Considering matter described by an unconstrained hyperfluid respecting the cosmological
principle (isotropy and homogeneity), we find that the hypermomentum is

∆λµν =
1

3
∆1(t)pλµnν +∆2(t)pλνnµ +∆3(t)nλpµν +

1

4
∆4(t)nλnµnν +∆5(t)ελµνρn

ρ ,

which contains 5 independent source functions associated with intrinsic spin, dilation, and shear
hypermomentum.

Sebastian Bahamonde Modifying Gravity from Geometry 21 / 48



Background Cosmology in Poincaré Gauge Gravity

By imposing that the matter sector respects diffeomorphism invariance, we arrive at the following
generalised conservation equation (Q = 0)

√−g(2∇µT
µ
α −∆λµνR̃λµνα) + ∇̃µ∇̃ν(

√−g∆α
µν) + 2Tµα

λ∇̃ν(
√−g∆λ

µν) = 0 .

When Nonmetricity is vanishing, only intrinsic spin contributes

∆[λµ]ν = 2 (s)∆3n[λPµ]ν + (s)∆5ελµνρn
ρ , (d)∆4 = (sh)∆1 = (sh)∆2 = 0 ,

In our Cubic Poincaré Gauge Gravity theory, we have the modified FLRW equations of the form:
S. Bahamonde, R. Briffa, K. Dialektopoulos, D. Iosifidis and J. Levi Said, Phys. Dark Univ. 52 (2026), 102249.

3H2 + f(T1(t), T2(t)) = κ2ρ , 3H2 + 2Ḣ + g(T1(t), T2(t)) = −κ2p .

and the connection equations:

2κ2 (s)∆3 = 3T1

[
6h1(H − T1)(H − 2T1)− 6(h1 − 16h13)T

2
2 +m2

T

]
,

κ2 (s)∆5 = 3T2

[
48h13

(
−H2 + T 2

1 + 2T 2
2

)
− 3h1T

2
1 + 8m2

S

]
.

The theory at the background level depends on h1, h13 and the mass parameters mS ,mT .
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Background Cosmology in Poincaré Gauge Gravity - Conservation independent

The conservation equation is modified:

ρ̇+ 3H(ρ+ p) = 3 (s)∆5

(
HT2 + Ṫ2

)
− 3 (s)∆3

(
Ḣ −HT1 +H2 − Ṫ1

)
.

By assuming that the conservation equations for the fluid and hypermomentum are conserved independently:

T1(t) =
K1

a(t)
+H , T2(t) =

K2

a(t)
.

In this case, the connection equations are fully determined and the system decouples.

Then the first FLRW equation can be written as

(
C3 +

C1

a2

)
H2 =

ρm0

a3
+

(ρr0 − C4)

a4
+

ρde0

a3(w+1)
−

C2

a2

where Ci depends on the theory parameters and torsion constants K1,K2.

C1 and C3 modify the gravitational coupling, C2 is an effective ’spatial curvature’ term and C4 alters the radiation energy
density, all coming due to the presence of hypermomentum.

A flat FLRW geometry produces the same term as a nonflat geometry with hypermomentum playing this role.
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Ḣ −HT1 +H2 − Ṫ1
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SVT decomposition around FLRW

FLRW preserves spatial rotations, so perturbations are organised by spin and parity.

Metric perturbations give the standard sectors:

δgµν −→ 0+ ⊕ 1+ ⊕ 2+.

Torsion perturbations contain both parity-even and parity-odd sectors:

δTλ
µν −→ 0+ ⊕ 0− ⊕ 1+ ⊕ 1− ⊕ 2+ ⊕ 2−.

The torsional helicity-2 pieces are

δtρµν −→ A
(TT,+)
ij , A(TT,−)

ij .

Nonmetricity is even richer:
δQλµν −→ 0±, 1±, 2±, 3+.

K. Aoki, S. Bahamonde, J. Gigante Valcárcel and M. A. Gorji, Phys. Rev. D 110, 024050 (2024).
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Extra massive spin-2 mode in cubic Poincaré gauge gravity

After SVT, isolate the torsional helicity-2 sector. The post-Riemannian theory reads:

L =
M2

pl

2
R+

α

2
R2 +

β

2
WµνρσW

µνρσ + 2βRµν∇ρt
µνρ + β∇ρt

µνρ∇σtµνσ + (q5 +
1

2
q6)∇µt

µνλ∇ρt
ρ
νλ

+
1

2
γMT

2tµνρt
µνρ − 2(b1 − β)Rµρλσtµ

ν
λtρνσ − 4(β − b2)R

µσλρtµ
ν
λtρνσ − 2(β − b3)Rµνtλ

ν
ρt

λµρ

+ b4Rµνt
µ
λρt

λνρ +
1

2
(b5 + α− 1

3
β)Rtµνλt

µνλ.

Around Minkowski, the torsional sector mixes with the Weyl-squared spin-2 mode and can
remove the usual massive spin-2 ghost, leaving an additional healthy massive spin-2 excitation.

K. Aoki and S. Mukohyama, Phys. Rev. D 100, 064061 (2019).
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Quadratic Action for helicity-2 sector

Following SVT as explained before, δtρµν → Aij ,Aij and δgµν → hij .

The Lagrangian expanded up to second order behave as

LT = fR

(
h′
ijh

′ij − ∂khij∂
khij

)
+ β

(
X′

ij −
1

2
D−hij

)2 −XijX
ij
(
fT + (c1 − c3 − β)H′ + (c3 − β)H2

)
+ βHXij(D+hij) + ∂2Y ij

[
β
(1

4
∂2Yij +

1

2
Dhij −

1

a
(aXij)

′
)
−

1

4
Yij

(
fT + (c1 − c2 − 2β)H′ + c2H2

)]
.

with

Aij =
Xij

a
, Aij =

1

a
ϵkl(i∂

kYj)
l ,

D+ = ∂2
τ + ∂2 , D− = ∂2

τ − ∂2 , D = D− + 2H∂τ

fT = a2(γM2
T + αR̄) , fR =

a2

8
(M2

pl + 2αR̄)

No Ostrogradsky ghosts in Minkowski and additional massive spin-2.
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Equations of motion and physical interpretation

The equations of motion take the matrix form

Kq′′ +
(
M−MT +K′) q′ + (V +M′) q = 0.

Therefore the helicity-2 sector propagates two tensor modes:

hλ and Ξλ.

The first one is continuously connected with the usual graviton.
The second one is the extra massive spin-2 mode generated by the torsional sector.
In Minkowski, the two tensor modes are decoupled and ghost-free in the healthy branch.
In FLRW, the cosmological background mixes them.

Sebastian Bahamonde Modifying Gravity from Geometry 28 / 48



Equations of motion and physical interpretation

The equations of motion take the matrix form

Kq′′ +
(
M−MT +K′) q′ + (V +M′) q = 0.

Therefore the helicity-2 sector propagates two tensor modes:

hλ and Ξλ.

The first one is continuously connected with the usual graviton.
The second one is the extra massive spin-2 mode generated by the torsional sector.
In Minkowski, the two tensor modes are decoupled and ghost-free in the healthy branch.
In FLRW, the cosmological background mixes them.

Sebastian Bahamonde Modifying Gravity from Geometry 28 / 48



Equations of motion and physical interpretation

The equations of motion take the matrix form

Kq′′ +
(
M−MT +K′) q′ + (V +M′) q = 0.

Therefore the helicity-2 sector propagates two tensor modes:

hλ and Ξλ.

The first one is continuously connected with the usual graviton.

The second one is the extra massive spin-2 mode generated by the torsional sector.
In Minkowski, the two tensor modes are decoupled and ghost-free in the healthy branch.
In FLRW, the cosmological background mixes them.

Sebastian Bahamonde Modifying Gravity from Geometry 28 / 48



Equations of motion and physical interpretation

The equations of motion take the matrix form

Kq′′ +
(
M−MT +K′) q′ + (V +M′) q = 0.

Therefore the helicity-2 sector propagates two tensor modes:

hλ and Ξλ.

The first one is continuously connected with the usual graviton.
The second one is the extra massive spin-2 mode generated by the torsional sector.

In Minkowski, the two tensor modes are decoupled and ghost-free in the healthy branch.
In FLRW, the cosmological background mixes them.

Sebastian Bahamonde Modifying Gravity from Geometry 28 / 48



Equations of motion and physical interpretation

The equations of motion take the matrix form

Kq′′ +
(
M−MT +K′) q′ + (V +M′) q = 0.

Therefore the helicity-2 sector propagates two tensor modes:

hλ and Ξλ.

The first one is continuously connected with the usual graviton.
The second one is the extra massive spin-2 mode generated by the torsional sector.
In Minkowski, the two tensor modes are decoupled and ghost-free in the healthy branch.

In FLRW, the cosmological background mixes them.

Sebastian Bahamonde Modifying Gravity from Geometry 28 / 48



Equations of motion and physical interpretation

The equations of motion take the matrix form

Kq′′ +
(
M−MT +K′) q′ + (V +M′) q = 0.

Therefore the helicity-2 sector propagates two tensor modes:

hλ and Ξλ.

The first one is continuously connected with the usual graviton.
The second one is the extra massive spin-2 mode generated by the torsional sector.
In Minkowski, the two tensor modes are decoupled and ghost-free in the healthy branch.
In FLRW, the cosmological background mixes them.

Sebastian Bahamonde Modifying Gravity from Geometry 28 / 48



Stability region and tensor sound speeds

A non-empty stable region exists: no ghosts, no tachyons and no gradient instabilities.

In the sub-horizon limit, k ≫ H,

det
[
ω2K + iωF − U

]
= 0, ω2 = c2s,±k

2.

The coupled tensor system therefore has two sound speeds:

c2s,+ > 0, c2s,− > 0.

On FLRW they are not generically luminal:

c2s,− < 1, c2s,+ > 1.

The theory can be stable, but tensor propagation is very different from GR.
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What effects can this extra spin-2 mode produce?

The phenomenological question is: what happens when the graviton mixes with an extra massive
tensor?

This resembles an EFT of two coupled tensor fields:

S =
1

2

∫
d3xdτ a2

[
(γ′

ij)
2 − (∂iγjk)

2
]

+
1

2

∫
d3xdτ a2f2

[
(t′ij)

2 − c2t (∂itjk)
2 −m2

t t
2
ij

]

+

∫
d3xdτ a2γ′

ij

(
αHtij + κt′ij

)
.

The last line is the relevant effect: the graviton can exchange amplitude and phase with the extra
tensor.

This can produce oscillatory or scale-dependent features in the tensor power spectrum.

J. Garriga, M. A. Gorji, F. Hajkarim and M. Sasaki, arXiv:2508.08481.
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Outline

1 Modifying gravity from geometry

2 Cosmology with torsion and nonmetricity

3 Black holes with torsion and nonmetricity

4 Gravitational waves beyond Riemannian geometry
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Spherically symmetric spacetimes

Explicit symmetries on the metric and torsion tensors:

Lξgµν = LξT λ
µν = LξQλµν = 0 =⇒ LξR̃λ

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

#40→ #12





Qttt Qtrr Qttr

Qtϑϑ Qrtt Qrrr

Qrtr Qrϑϑ Qϑtϑ

Qϑrϑ Qϑtφ Qϑrφ
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Electrodynamics coupled with torsion
Now, consider another theory with couplings between the electromagnetic field strength Fµν = 2∂[µAν] and R̃λ

ρµν :
(S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)

Theory with couplings between Fµν and Torsion

L = −R− k1FµνF
µν + k2R̃

2 + k3F
µνR̃µν .

The Maxwell Eq. has a torsion source: 2k1∇µFµν = k3∇µR̃[µν].
We found the following black hole solution:

t1(r) =
Ψ′(r)

2Ψ(r)
+

c1

Ψ(r)
+

κs

rΨ(r)
, t2(r) = ±Ψ(r)

(
t4(r)− t1(r)−

A′′
0 (r)

A′
0(r)

)
,

t3(r) = ∓
(r t4(r) + 1)Ψ(r)

r
, t5(r) =

t7(r)Ψ(r)

2r2
±Ψ(r)t6(r) , t8(r) = ±Ψ(r)t7(r)

The metric and electric potential behave as

Ψ(r) = 1−
2m

r
+

1

r2

(
k1q

2 −
1

2
k3κsq −

1

32k2
k23q

2

)
, Aµ =

( q

r
, 0, 0, 0

)
.

New coupling between intrinsic spin charge κs and electric charge q.

Different charges would give rise to different phenomenology. RN Cauchy problem can be evaded here!
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Reissner–Nordström-like black holes in Cubic MAG

Exact static solution
In cubic metric-affine gravity with torsion and nonmetricity, one finds an exact static, spherically
symmetric black-hole solution (S. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 111 (2025) 084058),

ds2 = −Ψ(r) dt2 +
dr2

Ψ(r)
+ r2dΩ2, Ψ(r) = 1− 2m

r
+
Qgeom

r2
.

Why it is interesting
The metric looks like Reissner–Nordström, but the extra 1/r2 term is not an electric charge. It
comes from intrinsic geometric charges carried by torsion and nonmetricity,

Qgeom = H1κ
2
s +H2κ

2
d +H3κ

2
sh.

Physical message
A familiar black-hole metric can therefore hide genuinely new geometric hair. For suitable signs of the constants Hi, one
also finds a branch without an inner Cauchy horizon.
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What are the intrinsic charges?

Matter can carry more than energy–momentum
In metric-affine gravity, matter may carry microstructure. In the black-hole solution, this appears
through three intrinsic geometric charges:

κs (spin), κd (dilation), κsh (shear).

Spin κs

Microscopic angular
momentum; mainly tied to
torsion.

Dilation κd

Local rescaling; changes size
or volume.

Shear κsh

Shape deformation without
changing volume.

Why this matters
These charges survive in the vacuum exterior as integration constants of the geometry. GR has no
direct analogue, because standard GR couples matter only through energy–momentum.
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From atomic spin–orbit coupling to gravity

Atomic physics analogy
In atomic systems, orbital motion couples to intrinsic spin and produces a spin–orbit interaction,

LSO ∼ λ(r)L · S.

This is one of the standard mechanisms behind energy-level splitting.

Gravitational question
Can black-hole rotation a couple to an intrinsic spin charge κs carried by torsion?
In other words: can gravity generate an analogue of spin–orbit interaction with a purely geometric
origin?

Why this is difficult
In Poincaré gravity, axial symmetry activates the full torsion sector, so finding an exact slowly rotat-
ing solution is already a highly non-trivial problem.
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ing solution is already a highly non-trivial problem.
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A new exact slowly rotating solution with axial torsion

Exact slowly rotating solution
We found an exact slowly rotating Kerr-like black-hole solution with non-trivial dynamical torsion:

ds2 = Ψ(r)dt2 − dr2

Ψ(r)
− r2dϑ2 − r2 sin2 ϑdϕ2 + 2a

(
1−Ψ(r)

)
sin2 ϑdt dϕ, Ψ(r) = 1− 2m

r
.

New torsion-induced interaction
Schematically, the solution contains

Leff =
d1N

2
1κ

2
s

8πr4︸ ︷︷ ︸
static spin charge

+
d1N1aκs

2π
F (r, ϑ)︸ ︷︷ ︸

new aκs term

.

Here the same function F (r, ϑ) that appears in the axial torsion controls the new interaction.

S. Bahamonde and J. Gigante Valcarcel, Phys. Lett. B 873 (2026) 140126.
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2π
F (r, ϑ)︸ ︷︷ ︸

new aκs term

.

Here the same function F (r, ϑ) that appears in the axial torsion controls the new interaction.

The key new effect is a purely torsion-induced coupling between black-hole rotation a and intrinsic spin
charge κs: a gravitational spin–orbit interaction.

S. Bahamonde and J. Gigante Valcarcel, Phys. Lett. B 873 (2026) 140126.

Sebastian Bahamonde Modifying Gravity from Geometry 37 / 48



Energy extraction without torsion: the Kerr reference case

For a rotating black hole, the near-horizon frequency is shifted by the horizon angular velocity:

ω̃ = ω − kΩH , ΩH ≃
a

2mrh
.

For bosonic waves, the condition
0 < ω < kΩH

leads to superradiant amplification.

For standard Dirac fermions in Kerr, there is no ordinary classical superradiance.

Therefore, without torsion, fermions do not give the usual bosonic amplification mechanism.

The question is whether axial torsion can modify the near-horizon fermionic energy balance.

Sebastian Bahamonde Modifying Gravity from Geometry 38 / 48



Energy extraction without torsion: the Kerr reference case

For a rotating black hole, the near-horizon frequency is shifted by the horizon angular velocity:

ω̃ = ω − kΩH , ΩH ≃
a

2mrh
.

For bosonic waves, the condition
0 < ω < kΩH

leads to superradiant amplification.

For standard Dirac fermions in Kerr, there is no ordinary classical superradiance.

Therefore, without torsion, fermions do not give the usual bosonic amplification mechanism.

The question is whether axial torsion can modify the near-horizon fermionic energy balance.

Sebastian Bahamonde Modifying Gravity from Geometry 38 / 48



Energy extraction without torsion: the Kerr reference case

For a rotating black hole, the near-horizon frequency is shifted by the horizon angular velocity:

ω̃ = ω − kΩH , ΩH ≃
a

2mrh
.

For bosonic waves, the condition
0 < ω < kΩH

leads to superradiant amplification.

For standard Dirac fermions in Kerr, there is no ordinary classical superradiance.

Therefore, without torsion, fermions do not give the usual bosonic amplification mechanism.

The question is whether axial torsion can modify the near-horizon fermionic energy balance.

Sebastian Bahamonde Modifying Gravity from Geometry 38 / 48



Energy extraction without torsion: the Kerr reference case

For a rotating black hole, the near-horizon frequency is shifted by the horizon angular velocity:

ω̃ = ω − kΩH , ΩH ≃
a

2mrh
.

For bosonic waves, the condition
0 < ω < kΩH

leads to superradiant amplification.

For standard Dirac fermions in Kerr, there is no ordinary classical superradiance.

Therefore, without torsion, fermions do not give the usual bosonic amplification mechanism.

The question is whether axial torsion can modify the near-horizon fermionic energy balance.

Sebastian Bahamonde Modifying Gravity from Geometry 38 / 48



Energy extraction without torsion: the Kerr reference case

For a rotating black hole, the near-horizon frequency is shifted by the horizon angular velocity:

ω̃ = ω − kΩH , ΩH ≃
a

2mrh
.

For bosonic waves, the condition
0 < ω < kΩH

leads to superradiant amplification.

For standard Dirac fermions in Kerr, there is no ordinary classical superradiance.

Therefore, without torsion, fermions do not give the usual bosonic amplification mechanism.

The question is whether axial torsion can modify the near-horizon fermionic energy balance.

Sebastian Bahamonde Modifying Gravity from Geometry 38 / 48



Dirac fermion with axial torsion

Adding torsion to the fermionic problem
To test whether torsion can modify the Kerr energy balance, we now consider a minimally coupled Dirac field.
Only the axial torsion mode enters:

γµ∇µψ − i

4
γ5γµSµψ + iµψ = 0.

Thus fermions probe Sµ, not the full torsion tensor.

Near-horizon data
Requiring separability fixes the angular structure of the axial mode,

F (r, ϑ) =
3− 4Ψ(r)

6rΨ(r)
cosϑ+

f(r)

r
.

The near-horizon splitting is therefore controlled by
κs, f(rh).

S. Bahamonde and J. Gigante Valcárcel, arXiv:2603.19140.
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Chiral splitting and energy extraction

Near-horizon frequencies

Ω± = ω − ak

2mrh
± 3

rh

(
N1κs −

a

m
f(rh)

)
.

ω: mode frequency, k: azimuthal number, a: black-hole rotation, m: mass, rh: horizon radius.
κs: intrinsic spin charge, f(rh): horizon value of the torsion function.

Energy flux
dE

dt
=

1

32mrh

[(
4ω +Ω− − Ω+

)
|A3|2 +

(
4ω +Ω+ − Ω−

)
|A2|2

]
.

Here A2 and A3 are the amplitudes of the two ingoing helicity components. The number flux remains positive,

dN

dt
≈ 1

4

(
|A3|2 + |A2|2

)
> 0.

Because the signs in Ω± are opposite, axial torsion splits the two helicity sectors.
Hence there is no ordinary fermionic wave amplification, but in a torsion-shifted window the energy flux can
become negative.

S. Bahamonde and J. Gigante Valcarcel, arXiv:2603.19140.
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4

(
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)
> 0.

Because the signs in Ω± are opposite, axial torsion splits the two helicity sectors.
Hence there is no ordinary fermionic wave amplification, but in a torsion-shifted window the energy flux can
become negative.

Axial torsion opens a new possibility for black-hole energy extraction, even without standard fermionic
superradiance.

S. Bahamonde and J. Gigante Valcarcel, arXiv:2603.19140.
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Gravitational waves: the GR reference point

In GR, gravitational waves are ripples of the metric:

gµν = ḡµν + hµν .

Far from the source, GR has two tensor polarizations:

+, ×.

These polarizations describe how a ring of freely falling particles is distorted by the wave.

Modified gravity can change gravitational waves in two broad ways:

propagation and polarization content.

In non-Riemannian geometry, the connection can also fluctuate, so extra wave channels may
appear.
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Gravitational waves beyond Riemannian geometry

In GR, gravitational waves are perturbations of the metric.

In non-Riemannian geometry, the connection can also fluctuate:

δgµν , δTλ
µν , δQλµν .

Therefore the possible wave content can be richer:

tensor modes + extra scalar/vector/tensor connection modes.

The question is whether these modes propagate consistently and whether they leave observable
signatures.
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Wave content from the connection

The metric perturbation already contains the usual scalar, vector and tensor sectors.

Torsion perturbations can add parity-even and parity-odd pieces:

0±, 1±, 2±.

Nonmetricity perturbations are even richer and can include a rank-3 tensor sector:

0±, 1±, 2±, 3+.

The main gravitational-wave message is simple:

extra geometry⇒ extra possible wave channels.
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Teleparallel Horndeski and GW polarizations

Teleparallel Horndeski gravity gives a torsional analogue of curvature-based Horndeski theory.
S. Bahamonde, K. F. Dialektopoulos and J. Levi Said, “Can Horndeski Theory be recast using Teleparallel Gravity?,” Phys. Rev. D 100 (2019) no.6, 064018

It can remain compatible with the strong constraints on the speed of gravitational waves after
GW170817. S. Bahamonde, K. F. Dialektopoulos, V. Gakis and J. Levi Said, “Reviving Horndeski theory using teleparallel gravity after GW170817,” Phys.

Rev. D 101 (2020) no.8, 084060

Around Minkowski, its gravitational-wave content can be richer than in curvature-based
Horndeski theory. S. Bahamonde, M. Caruana, K. F. Dialektopoulos, V. Gakis, M. Hohmann, J. Levi Said, E. N. Saridakis and J. Sultana,

“Gravitational-wave propagation and polarizations in the teleparallel analog of Horndeski gravity,” Phys. Rev. D 104 (2021) no.8, 084082

Depending on the parameters, several scalar–vector–tensor propagating degrees of freedom can
appear.

Thus GW polarizations are a natural observational window into teleparallel modifications of
gravity.
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Exact pp-waves in cubic metric-affine gravity

So far this was mostly about linearized wave content. We can also ask whether exact non-linear
wave solutions exist.

In GR, pp-waves are exact non-linear gravitational-wave solutions:
ds2 = 2du dv − dx2 − dy2 −H(u, x, y)du2.

In metric-affine gravity, the same wave symmetry can be imposed not only on the metric, but also
on torsion and nonmetricity.

Solving the full field equations gives a wave profile of the form
H(u, x, y) = H̊(u, x, y) + ℓ1 t

2
22 + ℓ2 w

2 + ℓ3 λ
2.

Here
t22 = torsion mode, w = Weyl-vector mode, λ = traceless nonmetricity mode.

Therefore the wave is not only a metric wave: torsion and nonmetricity also carry part of the exact
non-linear gravitational wave.

S. Bahamonde, J. Gigante Valcárcel and J. M. M. Senovilla, arXiv:2511.03574 [gr-qc]. To appear in PRD
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Physical content of metric-affine pp-waves

The observable effect of a gravitational wave can be read from geodesic deviation in the
transverse plane.

Schematically,
d2

du2

(
X
Y

)
= −

(
A+ +A◦ A×

A× −A+ +A◦

)(
X
Y

)
.

The usual tensor polarizations are
A+, A×.

The new contribution is
A◦,

which is invariant under rotations in the transverse plane.

For an observer, this means that the affine sector can appear as an additional breathing-type
response beyond the usual + and × tensor modes.

The important point is not only that the metric wave profile changes, but that the affine sector can
leave an independent polarization imprint.
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Main conclusions

Enlarging the geometry of spacetime gives a controlled way to go beyond GR:

Γλ
µν −→ Γ̃λ

µν , R, T, Q.

Torsion and nonmetricity are not only formal objects: they can carry extra degrees of freedom
and couple to intrinsic matter microstructure.

In cubic Poincaré gauge gravity, torsion can make the Weyl-squared helicity-2 sector healthy,
leaving the usual graviton plus an extra massive spin-2 mode.

On FLRW backgrounds, this produces a coupled two-tensor system:

graviton ←→ massive torsional spin-2 mode.

This can generate non-GR tensor propagation, including two tensor sound speeds and possible
oscillatory features in the tensor spectrum.

In black-hole physics, torsion and nonmetricity can appear as genuine geometric hair:

Qgeom = H1κ
2
s +H2κ

2
d +H3κ

2
sh.

Rotation plus axial torsion gives a new spin–orbit-type effect and can split the two fermionic
helicity sectors near the horizon.
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