
Black Holes in Metric-Affine Gravity and
Gravitational Spin–Orbit Interaction

Sebastián Bahamonde

Senior Research Fellow at Institute for Basic Science, Daejeon, South Korea.
JGRG 34, 23/January/2026

Jointly with Jorge Gigante Valcarcel

Based on Phys. Lett. B 873 (2026), 140126

Sebastian Bahamonde Grav Spin-Orbit interaction 1 / 14



Outline

1 Metric-Affine gravity and Gauge approach with Cubic interactions

2 Black holes with torsion and nonmetricity
Spherically symmetric black holes
Axially symmetric black holes

3 Conclusions

Sebastian Bahamonde Grav Spin-Orbit interaction 2 / 14



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).

Sebastian Bahamonde Grav Spin-Orbit interaction 3 / 14



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).

Sebastian Bahamonde Grav Spin-Orbit interaction 3 / 14



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).

Sebastian Bahamonde Grav Spin-Orbit interaction 3 / 14



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).

Sebastian Bahamonde Grav Spin-Orbit interaction 3 / 14



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).

Sebastian Bahamonde Grav Spin-Orbit interaction 3 / 14



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).

Sebastian Bahamonde Grav Spin-Orbit interaction 3 / 14



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).

Sebastian Bahamonde Grav Spin-Orbit interaction 3 / 14



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).

Sebastian Bahamonde Grav Spin-Orbit interaction 3 / 14



MAG as a Gauge Theory

MAG can be formulated as a gauge theory of the affine group
A(4,R) = T 4 ⋊GL(4,R). (semiproduct of translation group with the
general linear group)

The gauge connection can be written in terms of tetrads and spin
connection as:

Aµ = eaµPa + ωa
bµLa

b, gµν = eaµe
b
νgab

Curvatures and field strengths:

Gabµ = ∂µgab − gac ω
c
bµ − gbc ω

c
aµ = gacgbde

cλedρQµλρ ,

F a
µν = ∂µe

a
ν − ∂νe

a
µ + ωa

bµ e
b
ν − ωa

bν e
b
µ = ea λT

λ
νµ ,

F a
bµν = ∂µω

a
bν − ∂νω

a
bµ + ωa

cµ ω
c
b ν − ωa

cν ω
c
bµ = gbc e

a
λe

cρR̃λ
ρµν .

When nonmetricity is vanishing, the group becomes the Poincaré
group=⇒ Poincaré gauge theories of gravity (PG).
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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 satisfies a conservation equation and 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

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 with
propagating vectors in quadratic Poincaré gauge theory for general
backgrounds. Kinetic part of vectors Tµ and Sµ propagate a ghost.
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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 with
propagating vectors 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: (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
,

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 Poincaré gauge invariants, ghost issue in
the vector sector is solved!
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Spherically symmetric spacetimes

Explicit symmetries on the metric and torsion tensors:

Lξgµν = LξT
λ
µν = LξQλµν = 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

#40 → #12


Qttt Qtrr Qttr

Qtϑϑ Qrtt Qrrr

Qrtr Qrϑϑ Qϑtϑ

Qϑrϑ Qϑtφ Qϑrφ

Sebastian Bahamonde Grav Spin-Orbit interaction 8 / 14



Spherically symmetric spacetimes

Explicit symmetries on the metric and torsion tensors:

Lξgµν = LξT
λ
µν = LξQλµν = 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

#40 → #12


Qttt Qtrr Qttr

Qtϑϑ Qrtt Qrrr

Qrtr Qrϑϑ Qϑtϑ

Qϑrϑ Qϑtφ Qϑrφ

Sebastian Bahamonde Grav Spin-Orbit interaction 8 / 14



Reissner-Nordström-like black holes

We generalised Cubic theory with nonmetricity as well (to cure known
ghosts) (S. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 111 (2025) no.8, 084058)

We found an exact spherically symmetric solution (with 16 non-zero dof from
T and Q) behaving as a Reissner-Nordström-like black hole with the metric
function being as

New exact black hole solution with three intrinsic charges

gtt = − 1

grr
= Ψ(r) = 1− 2m

r
+

1

r2

(
H1κ

2
s +H2κ

2
d +H3κ

2
sh

)
.

Here, κs, κd and κsh represent the spin, dilation and shear intrinsic charges.
The constants Hi can be negative allowing another branch different from RN
BHs =⇒ absence of inner Cauchy horizon.

All the masses of the tensor modes of torsion and nonmetricity are different
from zero =⇒ We evaded the Weinberg-Witten no-go theorem (massless
higher-spin fields are pathological)
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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 ∝ αλ(r) cosϑ

where L is the orbital angular momentum, S is the spin angular
momentum, and λ(r) is a coupling function.
Nuclear Physics: 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

Poincare theories successfully describes the gravitational effects of the
intrinsic and extrinsic parts of the canonical angular momentum tensor, but
the implications of the interaction between these two quantities at
macroscopical scales has not been found in the literature so far.

Axial symmetry involves the full axially symmetric torsion containing 24 dof
and 4 dof of the metric. It is a extremely difficult problem to solve the
systems.
Our main aim was to find out if an interaction between the angular
momentum a and the intrinsic spin κs: gravitational spin-orbit interaction.
We initially focused on the search of black hole solutions that at least can
display such an interaction in the gravitational action, regardless if it does not
provide any modification in the metric tensor.

We focused on a degenerate model of cubic PG theory, which provides
static and spherically symmetric solutions with a spin charge that does not
affect the Schwarzschild geometry
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Axially symmetric black holes - spin orbit interaction

We found a slowly rotating Kerr-like black hole solution with a dynamical
torsion and (S. Bahamonde and J. Gigante Valcarcel, Phys. Lett. B 873 (2026), 140126) :

Lagrangian like a gravitational spin-orbit interaction in the solution

L =
d1N

2
1κ

2
s

8πr4
+ LSOI =

d1N
2
1κ

2
s

8πr4
+
d1N1aκsG(r, ϑ)

2π
.

If G(r, ϑ) = 1√
− g

Ψ′(r)
r cosϑ, LSOI this term would provide a term analogous

to the Thomas precession of atomic systems, but in this case with a
purely gravitational origin.
The form of torsion contains 24 dof being non-zero.

Is it possible to find a solution in the non-degenerate theory and find a
modified Kerr metric with interactions between κs and a in the metric?
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Axially symmetric black holes - spin orbit interaction

Is there any interesting new effect that can emerge from this solution and
analogy with atomic physics?

The arbitrary function G(r, ϑ) is encoded solely in the axial mode of the
torsion tensor of the solution.
Therefore, trajectories of Dirac particles minimally coupled to torsion will
accordingly experience deviations from the geodesic motion, which can
already be measured in the semiclassical limit by an acceleration of the form:

uλ∇λuµ =
1

4ms
R̂λρµν b̄0σ

λρb0u
ν ,

where uµ represents the four-velocity of the particle, b0 its normalised state,
ms its mass, σλρ the spin matrices and R̂λρµν the part of the Riemann-Cartan
curvature tensor that includes corrections from the axial mode alone.
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Therefore, trajectories of Dirac particles minimally coupled to torsion will
accordingly experience deviations from the geodesic motion, which can
already be measured in the semiclassical limit by an acceleration of the form:

uλ∇λuµ =
1

4ms
R̂λρµν b̄0σ

λρb0u
ν ,

where uµ represents the four-velocity of the particle, b0 its normalised state,
ms its mass, σλρ the spin matrices and R̂λρµν the part of the Riemann-Cartan
curvature tensor that includes corrections from the axial mode alone.
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Conclusions

Gauge gravity with propagating T and Q can be formulated without
known ghosts via Cubic interactions in axial/vector sectors.

New black hole solutions with all intrinsic properties of matter
behaving as RN with the charges being related to the dynamical
torsion and nonmetricity.

In Cubic Poincaré: we found a slowly rotating Kerr-like BH with
gravitational spin-orbit interaction that is the anologue version of
the atomic physics spin-orbit interaction.
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In Cubic Poincaré: we found a slowly rotating Kerr-like BH with
gravitational spin-orbit interaction that is the anologue version of
the atomic physics spin-orbit interaction.

Sebastian Bahamonde Grav Spin-Orbit interaction 14 / 14


	Metric-Affine gravity and Gauge approach with Cubic interactions
	Black holes with torsion and nonmetricity
	Spherically symmetric black holes
	Axially symmetric black holes

	Conclusions

