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0 Modifying gravity from geometry
e Black holes in teleparallel gravity (zero curvature)
e Black holes in Metric-Affine theories (Non-zero curvature)

e Gravitational waves beyond Riemannian geometry
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Why modify gravity?

Conceptual motivations Observational motivations
@ quantum gravity is not understood; @ dark energy and the cosmological
o singularities indicate limits of the classical constant problem;
description; @ early-universe inflation and late-time
@ changing GR is one of the sharpest ways acceleration;
to understand why GR works. @ 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.

Sebastian Bahamonde Black Holes and GWs beyond Riemannian Geometry 5/49



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.
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Instead of adding an arbitrary new field, we can ask what happens if the connection itself
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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.

v
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Minimal geometry dictionary

@ In GR, spacetime is described by a metric:
9w = distances, clocks, light cones.
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Minimal geometry dictionary

@ In GR, spacetime is described by a metric:
9w = distances, clocks, light cones.

@ To compare vectors at different points, one also needs a connection:
r*,, = parallel transport.

@ In GR, the connection is not independent: it is fixed by the metric.
M, =T%.(9) Levi-Civita connection.

@ Metric-affine gravity asks what happens if the connection is independent:

Guv, F)\/uw
@ Then spacetime can have three independent geometric structures:
curvature R, torsion T, nonmetricity Q.

@ The physical question of this talk is:
can T or Q leave signatures in black holes and gravitational waves?
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Curvature, torsion and nonmetricity
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Curvature, torsion and nonmetricity

Directions change after
transport around a loop.
96 mdependent components
R puw = 200, T 1) + 202 o1, T o1
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Curvature, torsion and nonmetricity

Curvature R

Directions change after
transport around a loop.
96 mdependent components

A
B oy = 200, TN 1) + 20 51, T 10 )

Sebastian Bahamonde

Torsion T

Infinitesimal parallelograms fail
to close.

24 independent components
T oy = 2% )
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Curvature, torsion and nonmetricity

Curvature R

Directions change after
transport around a loop.
96 independent components.
R puw = 200, T 1) + 202 o1, T o1

Torsion T

A

Infinitesimal parallelograms fail
to close.

24 independent components.
™ w = 2 [uv]

4

Nonmetricity @

Lengths and angles change
under transport.
40 independent components.

Q)\;w = vAguV

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

o ltis useful to separate the connection as
™, =T, + N,
with
N = KXy + L
where the contortion K* ,, and disformation tensors L* ,, are

1
A A A A
Kuy—i(T w—T,"y =T, u)’

=z (@ =@t =22 .
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Post-Riemannian decomposition

o ltis useful to separate the connection as
™, =T, + N,
with
N = KXy + L
where the contortion K* ,, and disformation tensors L* ,, are

1
A A A A
Kuy—i(T w—T,"y =T, u)’

1
A A A A
L,uyzi(Q ,uV_Qu I/_Ql/ ,u>-

@ General decomposition of the the curvature tensor:

A A A A
R v = B ppus + 2V [ N7 ) + 2N 61 N7 1) -
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Different extended geometries give different types of gravitational theories

Torsional
teleparallel
R=Q=0,T#0

Riemannian / GR
R#A0, T=Q=0

Symmetric
teleparallel
R=T=0,Q#0

Y
Riemann—-Cartan
Poincaré
gauge gravity
R#0, T#0, Q=0

Y
Metric-affine gravity
R, T, Q allowed

S. Bahamonde et al., Rep. Prog. Phys. 86, 026901 (2023

Sebastian Bahamonde
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Teleparallel theories: Trinity of Gravity

@ Let us consider another particular interesting case known as "Teleparallel Geometries”
with the following condition:

R#upa = R”Vpa + VpN'uVa - vaNuup + N“TPNTVU - N“TO'NTVP =0.
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Teleparallel theories: Trinity of Gravity

@ Let us consider another particular interesting case known as "Teleparallel Geometries”
with the following condition:

Ruupa = Ruupa + va'uVa - vcr]\rur/p + N“TPNTVU - N“TO'NTVP =0.

@ Now, by contracting the curvature tensor R = g"R?,,,, we find

Ricci scalar decomposition

R=R+ (T +2V,(/=gT",")) + (Q+ V,uQ", = V,Qu") + C =0

with
T := TP T,y + 2TP T\ — AT, TPy, Torsion scalar,
1 1 1 1
Q= = QQB»YQO‘B”’ —+ 5 Qaﬁnyﬂa’Y Ik 2 QaQ* — > QaoQ , Nonmetricity scalar ,

C = 2Quprn TP + Qo TP . — Q%6 pT ") .
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Teleparallel theories: Trinity of Gravity

o Torsional teleparallel gravity, or metric teleparallelism, assumes Q = R = 0 and then
R = —T + B and then the TEGR:

1
STEGR = / [—2—’#11 aF Lm] ed*z.
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Teleparallel theories: Trinity of Gravity

o Torsional teleparallel gravity, or metric teleparallelism, assumes Q = R = 0 and then
R = —T + B and then the TEGR:

1
STEGR = / [—2—’#11 aF Lm:| ed*z.

o Symmetric teleparallel gravity assumes 7 = R = 0 and then R = —Q + By and then
the STEGR:

1
SSTEGR = / [—2—52@ P Lm] vV —g dz .

@ Both theories are classically equivalent to GR.
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Flat spacetime

T+ 2D, T% = Q + 2D, (Q" — Q")

Geometrical trinity of gravity (S. Bahamonde et.al., “Teleparallel Gravity: From Theory to Cosmology,” Rept.
’rog. Phys. 86 (2023) no.2, 026901.; J. Beltran Jiménez, L. Heisenberg and T. S. Koivisto, “The Geometrical Trinity of Gravity,”
Jniverse 5 (2019) no.7, 173.)
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Poincaré gauge gravity

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

V.
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from the Poincaré group to the affine group:

ISO(1,3) — A(4,R),  A(4,R) = GL(4,R)xR*.
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Poincaré gauge gravity Metric-affine gravity

@ Gauge principles are very successful in the Same gauge logic, but the local group is enlarged
Standard Model: interactions follow from local | from the Poincaré group to the affine group:
symmetries. ISO(1,3) — A(4,R),  A(4,R) = GL(4,R)xR*.

© The extra GL(4,R) part contains dilation and shear
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@ Their field strengths are schematically
T ~ Oe + we, R ~ Ow + w?.
@ Thus PGT describes Riemann-Cartan
geometry:
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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)xR*.
» 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,

quu = @pg,w 7é 0.
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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

a a
& w

Their field strengths are schematically
T ~ Oe + we, R ~ dw + w?. G

Thus PGT describes Riemann—Cartan

geometry:
R#0, T #0,

b

e

Q=0.

© Same gauge logic, but the local group is enlarged

V

Sebastian Bahamonde

Metric-affine gravity

from the Poincaré group to the affine group:
ISO(1,3) — A(4,R),  A(4,R) = GL(4,R)xR*.
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,

quu = @pgw 7é 0.

Matter can source the independent connection
through hypermomentum:

spin | dilation | shear.
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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
ea/u wabM.
@ Their field strengths are schematically
T ~ de + we, R ~ Ow + w?.
@ Thus PGT describes Riemann—Cartan
geometry:

R#0, T+#0, Q=0.
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Metric-affine gravity
Same gauge logic, but the local group is enlarged
from the Poincaré group to the affine group:
I1SO(1,3) — A(4,R),  A(4,R) = GL(4,R)xR".
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, :
quu = Vpg;w 7é 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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What changes when geometry is enlarged?

Extra modes

More geometric structure
can introduce degrees of
freedom beyond the usual
graviton.
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What changes when geometry is enlarged?

Extra modes Different couplings

More geometric structure | Matter can in principle re-
can introduce degrees of | spond to spin, torsion, dila-
freedom beyond the usual | tion, or nonmetricity.

graviton.
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A consistent theory must still

avoid ghosts, strong cou-
pling, and instabilities.
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What changes when geometry is enlarged?

Viability
A consistent theory must still

avoid ghosts, strong cou-
pling, and instabilities.

Extra modes Different couplings

More geometric structure | Matter can in principle re-
can introduce degrees of | spond to spin, torsion, dila-
freedom beyond the usual | tion, or nonmetricity.

graviton.

So enlarging geometry is not just a mathematical generalisation: it changes
both the physical content and the consistency conditions of the theory.
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Quadratic Poincaré gauge theory - ghost issue

@ The most general class of quadratic Poincaré gauge theory (parity preserving) is
M3 - - - - - - ~ - _ ..
‘CQuad = TPIR A Q1R2 4 q2RpauuRPU’“j A q3RpauuR‘“jpo- + q4Rpo';ulRpuo-V aF q5RuuRHV a4 qGR;LuRVH

+ C1Top TP + CoT o TP + CaTP 5 T\ .
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ghost-free spectrum: 2+, 17,0~ or 17,07, 0.
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Quadratic Poincaré gauge theory - ghost issue

@ The most general class of quadratic Poincaré gauge theory (parity preserving) is
M3 - - - - - - - - _ ..
LQuaa = TP‘R + @1R? + @2 Rooyun R + @3 Roouw B**7 + @4 R0 RP*”Y + gs Ry B* + g6 Ry R

+ C1Top TP + CoT o TP + CaTP 5 T\ .

@ Around Minkowski background, besides the graviton we have the following possible
ghost-free spectrum: 2+, 17,0~ or 17,07, 0.

@ However, in general backgrounds, the vector sectors propagate a ghosts unless super
particular theories are considered that are:
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Quadratic Poincaré gauge theory - ghost issue

@ The most general class of quadratic Poincaré gauge theory (parity preserving) is

M2 - - _ - _ _ _ ~ L
‘CQuad = TPIR A Q1R2 4 q2RpauuRpouy A q3RpauuRMVpo- + q4Rpo';LuRpMGV aF q5R,uVR‘“’ a4 qGRuuRuu

+ C1Top TP + CoT o TP + CaTP 5 T\ .

@ Around Minkowski background, besides the graviton we have the following possible
ghost-free spectrum: 2+, 17,0~ or 17,07, 0.
@ However, in general backgrounds, the vector sectors propagate a ghosts unless super
particular theories are considered that are:
@ Effectively 1 extra scalar field+ torsional masses:

M2 . _
L= TPR + @1 R? + C1 T, TP + O3y TP + C3TP ,, T M
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Quadratic Poincaré gauge theory - ghost issue

@ The most general class of quadratic Poincaré gauge theory (parity preserving) is

M2 - - _ _ _ _ _ ~ L
£Quad = TPIR A Q1R2 4 q2RpauuRpouy A q3RpauuRMVpo- + q4Rpo';LuRpHUV aF q5R,uVRHV a4 qGRuuRuu

+ C1Top TP + CoT o TP + CaTP 5 T\ .

@ Around Minkowski background, besides the graviton we have the following possible
ghost-free spectrum: 2+, 17,0~ or 17,07, 0.
@ However, in general backgrounds, the vector sectors propagate a ghosts unless super
particular theories are considered that are:
@ Effectively 1 extra scalar field+ torsional masses:

M2 .
L) = TPR + @1 R? + C1 T, TP + O3y TP + C3TP ,, T M
Q Effectively 2 extra scalar fields+ torsional masses: (Holst)

M? . _
Lo = TPR + a(epaun RPM)2 4 C1Tpp TP 4 CoT o TVPH + C3TP , A\
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Quadratic Poincaré gauge theory: ghost issue

Does this mean that one cannot construct an effectively richer and healthy spectrum with
propagating torsion?
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Quadratic Poincaré gauge theory: ghost issue

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:
D Break Poincaré gauge approach and consider torsion more like "EFT”: (VT)? RVT...
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Quadratic Poincaré gauge theory: ghost issue

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:
D Break Poincaré gauge approach and consider torsion more like "EFT”: (VT)? RVT...
@ Consider Cubic Poincaré gauge gravity. (cubic in field strength tensors)
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Cubic Poincaré gauge theory

@ Convenient to decompose torsion as

1
T =z (8T, -8 .T.) + 65)‘ o SP N

Lol =

using
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@ Convenient to decompose torsion as
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T =z (8T, -8 .T.) + 65)‘ o SP N

Lol =

using
o Vector part T, = T* .5,
o Axial vector part S, = €upe T,
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Cubic Poincaré gauge theory

@ Convenient to decompose torsion as

1
T =< (0T, — 6.1, )+65 puS? 1

Wl =

using
o Vector part T, = T* .5,
o Axial vector part S, = €,1pc T7”
1
3

o Tensor part t* ,, = T ,, — (6A —6* 1) — 3 puS”.
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Cubic Poincaré gauge theory

@ Convenient to decompose torsion as

1
T =z (8T, -8 .T.) + 65)‘ o SP N

Wl =

using
o Vector part 7, = T,
o Axial vector part S, = €upe T,
o Tensorpartt* ., =T* 4, — 3 (0% T, — 02\ T0) — g™ o 'SP
@ Cubic parity preserving branch with mixing terms (26 h;): (s. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 109
(2024) no.10, 10)

(3) _ r® (3) (3) (3) (3) (3)
Liurv—tors = £RTT + £Rss + ['Rtt + £RTS + CRTt + £RSt 2
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Cubic Poincaré gauge theory

@ Convenient to decompose torsion as

1
T =z (8T, -8 .T.) + gsA o SP N

Wl =

using
o Vector part 7, = T,
o Axial vector part S, = €upe T,
o Tensorpartt* ., =T* 4, — 3 (0% T, — 02\ T0) — g™ o 'SP
@ Cubic pal’lty preserving branch with mixing terms (26 hl) (S. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 109
(2024) no.10, 10)

3) E) 3) @), ) 3) 3)
Léwrv—tors = Lppp t Lige T Ly + Larg + Lo+ Ligy

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

@ Convenient to decompose torsion as

1
T =z (8T, -8 .T.) + EEA o SP N

W =

using
o Vector part T, = T* .5,
o Axial vector part S, = €,,,,0 777",
o Tensorpartt* ., =T* 4, — 3 (0% T, — 02\ T0) — g™ o 'SP
@ Cubic pal’lty preserving branch with mixing terms (26 hl) (S. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 109
(2024) no.10, 10) (3) (3) (3) (3) (3) (3) (3)
Leirv—tors = Lppr + Lggs T Lay + Larg t Lap + Lig,
@ 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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e Black holes in teleparallel gravity (zero curvature)
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Black-hole hair and spontaneous scalarization

@ In GR, stationary black holes are remarkably simple:
mass, spin, electric charge.
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@ In GR, stationary black holes are remarkably simple:
mass, spin, electric charge.

@ A new field around the black hole is called “hair” if it gives an additional physical parameter, for
example a scalar charge:

P(r) = 2 (r = 00).

r

Sebastian Bahamonde Black Holes and GWs beyond Riemannian Geometry

20/49



Black-hole hair and spontaneous scalarization

@ In GR, stationary black holes are remarkably simple:
mass, spin, electric charge.

@ A new field around the black hole is called “hair” if it gives an additional physical parameter, for
example a scalar charge:

P(r) = 2 (r = 00).
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@ Spontaneous scalarization means that the GR black hole exists, but becomes unstable below
some critical scale.
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@ Spontaneous scalarization means that the GR black hole exists, but becomes unstable below
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@ A new scalarized branch then appears:
Schwarzschild black hole ——  black hole with scalar hair.
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@ In GR, stationary black holes are remarkably simple:
mass, spin, electric charge.

@ A new field around the black hole is called “hair” if it gives an additional physical parameter, for
example a scalar charge:

P(r) = 2 (r = 00).

r

@ Spontaneous scalarization means that the GR black hole exists, but becomes unstable below
some critical scale.

@ A new scalarized branch then appears:
Schwarzschild black hole ——  black hole with scalar hair.

@ In scalar-Gauss—Bonnet gravity, this instability is sourced by the Gauss—Bonnet invariant.
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Black-hole hair and spontaneous scalarization

@ In GR, stationary black holes are remarkably simple:
mass, spin, electric charge.

@ A new field around the black hole is called “hair” if it gives an additional physical parameter, for
example a scalar charge:

P(r) = 2 (r = 00).

r

@ Spontaneous scalarization means that the GR black hole exists, but becomes unstable below
some critical scale.

@ A new scalarized branch then appears:
Schwarzschild black hole ——  black hole with scalar hair.
@ In scalar-Gauss—Bonnet gravity, this instability is sourced by the Gauss—Bonnet invariant.
@ In teleparallel scalar-Gauss—Bonnet gravity, we ask whether torsion can trigger the same
phenomenon.
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Teleparallel scalar Gauss—Bonnet: splitting the invariant

@ In the usual Riemannian theory, spontaneous scalarization is driven by a coupling to the
curvature Gauss—Bonnet invariant,

1 1
SsGB = / |:R -3 L0 Y +G(Y) G| V=g d'z, G= Raﬂ;wRamw - 4RaﬁRa'B + R?

2k2

S. Bahamonde, D. D. Doneva, L. Ducobu, C. Pfeifer and S. S. Yazadjiev, Phys. Rev. D 107, 104013 (2023).
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Teleparallel scalar Gauss—Bonnet: splitting the invariant

@ In the usual Riemannian theory, spontaneous scalarization is driven by a coupling to the
curvature Gauss—Bonnet invariant,

1 1 (e} v o
SsGB = m/ [R -3 L")+ G(Y) G| V=gd*z, G = RapuR*" —4R.sR*’ + R?
@ In teleparallel geometry, the same Riemannian invariant decomposes as

G=1Tg + Bg.

S. Bahamonde, D. D. Doneva, L. Ducobu, C. Pfeifer and S. S. Yazadjiev, Phys. Rev. D 107, 104013 (2023).
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Teleparallel scalar Gauss—Bonnet: splitting the invariant

@ In the usual Riemannian theory, spontaneous scalarization is driven by a coupling to the
curvature Gauss—Bonnet invariant,

1 1 (e} v o
SsGB = m/ [R -3 L")+ G(Y) G| V=gd*z, G = RapuR*" —4R.sR*’ + R?
@ In teleparallel geometry, the same Riemannian invariant decomposes as

G =1+ Bg.
@ The two teleparallel pieces are
M = 5gggjf<awmﬁymgmﬁa + 25%1’{?}{"‘5“[(7;(”}{’(55}{&6,\

+ 255;‘;2‘K“’3MK7XVD/\KX%,

1 o~ , 1.
= ——0u |V=goli KP, (KV&,K‘E A= R M)} :

Bg
V=g

S. Bahamonde, D. D. Doneva, L. Ducobu, C. Pfeifer and S. S. Yazadjiev, Phys. Rev. D 107, 104013 (2023).
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Teleparallel scalar Gauss—Bonnet: splitting the invariant

@ In the usual Riemannian theory, spontaneous scalarization is driven by a coupling to the
curvature Gauss—Bonnet invariant,

Sian = 5z [ [R= 50000+ 00) G| Vgale, G = Ragu B — ARop B 4 B2

252
@ In teleparallel geometry, the same Riemannian invariant decomposes as
G =T+ Bg.
@ The two teleparallel pieces are
T = égg:i‘Ko‘quXﬁ,,K'ygaK&A + 2652‘:{?[("‘5“](7)(,,[{’(551{'50)\
+ 264072 KB LK 3 DAKX 5,
1

T Vg
@ T is the teleparallel Gauss—Bonnet invariant, while B¢ is the boundary contribution that

completes the Riemannian invariant.

vo € 1 €
Bg 0. Vgt e, (Ko ke — 300 ).

S. Bahamonde, D. D. Doneva, L. Ducobu, C. Pfeifer and S. S. Yazadjiev, Phys. Rev. D 107, 104013 (2023).
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Teleparallel scalar Gauss—Bonnet: action and limits

@ Since
G = TG + Bg,

the scalar can couple independently to both teleparallel pieces:

StsaB =

1 / [—T = %ﬂ Dupd*h + a1 G (V)T + aaGa () Ba | vV—g d*z.

2k2
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Teleparallel scalar Gauss—Bonnet: action and limits

@ Since
G = TG + Bg,

the scalar can couple independently to both teleparallel pieces:

StsaB =

L / [—T - %ﬂ 0,1p0" Y + 01G1 ()T + a2Go (w)Bc] V=gd'z.

22
@ Using B = G —Tg and R = —T + B, this becomes

1

StsaB = 22

/ [R — 58090 + 0202 () + a3g3<w>Ta] V=gdie.
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Teleparallel scalar Gauss—Bonnet: action and limits

@ Since
G = TG + Bg,

the scalar can couple independently to both teleparallel pieces:
1 1
StsaB = 55 / [—T = 589:90"Y + 1 G1(¥) T + a2g2(¢)BG] V—gd'z.

@ Using B = G —Tg and R = —T + B, this becomes

1

StseB = 22

/ [R — 58090 + 0202 () + 04393(1/1)TG} V=gdie.

@ Three important limits are:
a3 =0 = standard Riemannian sGB,
as =0 = pure teleparallel T¢; coupling,
as3Gs = —a2Gs = pure teleparallel Bg coupling.
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Teleparallel scalar Gauss—Bonnet: action and limits

@ Since
G =Tg + Bg,

the scalar can couple independently to both teleparallel pieces:

StsaB =

L / [—T - %ﬂ 0,1p0" Y + 01G1 ()T + a2Go (w)BG] V=gd'z.

2k2

@ Using B = G —Tg and R = —T + B, this becomes

! / [R _ %ﬂ 8,98 + asGa($)C + 04393(1/J)TG} V=gd*z.

StsaB = 22
@ Three important limits are:
a3 =0 = standard Riemannian sGB,
as =0 = pure teleparallel Tz coupling,
as3Gs = —a2Gs = pure teleparallel Bg coupling.
@ The last two cases have no purely Riemannian analogue: scalarization is sourced by torsion.
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Spontaneous scalarization in teleparallel sGB

@ We choose the coupling such that the GR branch remains a solution:

Y=10,  Gi(¥o)=0.
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Spontaneous scalarization in teleparallel sGB

@ We choose the coupling such that the GR branch remains a solution:
Y = o, Gi(1o) = 0.
@ Perturbing the scalar field around Schwarzschild gives

d*u
0 + [w? = U] u=0.
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Spontaneous scalarization in teleparallel sGB

@ We choose the coupling such that the GR branch remains a solution:
Y = o, Gi(1o) = 0.
@ Perturbing the scalar field around Schwarzschild gives

d*u
0 + [w? = U] u=0.

@ The effective potential is

U(r) = (1 - g) [QM (e+1)  32M

48 M2
r3 r2 r5a

a3Gs (o) + 78~5/3

(a3G3(1/)0) aF a2G2(¢0))] .
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Spontaneous scalarization in teleparallel sGB

@ We choose the coupling such that the GR branch remains a solution:
Y = o, Gi(1o) = 0.
@ Perturbing the scalar field around Schwarzschild gives

2
;l?g [w? = U(r)] u=0.

@ The effective potential is
_ 2M\ [2M | (¢+1)  32M
vor = (= 5) [+ 5 S
@ A tachyonic scalar mode can appear when
—403G3(t0) + 602G2(tho) + 55M°
206 M3

asGs (o) + ; (a3(j3(1/)0) + 062@2(11)0))] 5

< 0.
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Spontaneous scalarization in teleparallel sGB

@ We choose the coupling such that the GR branch remains a solution:
Y = o, Gi(1o) = 0.
@ Perturbing the scalar field around Schwarzschild gives

2
ZTZ [w? = U(r)] u=0.

@ The effective potential is

Ur) = ( 2M) {% (e+1)  32M

i — 222
r r3 r2 B

a3G3(vo) + ]\22 (0353(1/)0) +04252(1/)0))} .

@ A tachyonic scalar mode can appear when
—403G3(t0) + 602G2(tho) + 55M°
206 M3
@ Compared with the Riemannian sGB case, the new as-term gives an additional torsional way to
trigger scalarization.

< 0.
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Near-horizon expansion: regular scalarized black holes

@ To obtain non-perturbative scalarized black holes, we impose regularity at the horizon and
asymptotic flatness at infinity.
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Near-horizon expansion: regular scalarized black holes

@ To obtain non-perturbative scalarized black holes, we impose regularity at the horizon and
asymptotic flatness at infinity.

@ Near the horizon r = rg, we expand

gu==a(r—rg)+as(r—rg)>+---,
gt = = bulr =) + ol — 1o
WY(r) =g + Y (r—re) + P —ra)’ +- .
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Near-horizon expansion: regular scalarized black holes

@ To obtain non-perturbative scalarized black holes, we impose regularity at the horizon and
asymptotic flatness at infinity.

@ Near the horizon r = rg, we expand

git == a1 (r —ru) + ag(r — )’ +- -
G ==b1(r —ru) +ba(r —ra)*+---,
Y(r) = du + Py (r —re) +Er —re)’ + -

)

@ This expansion guarantees a regular horizon provided b; # 0.
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Near-horizon expansion: regular scalarized black holes

@ To obtain non-perturbative scalarized black holes, we impose regularity at the horizon and
asymptotic flatness at infinity.

@ Near the horizon r = rg, we expand

g ==a1(r—ru) +ax(r—ru)>+--,
G ==b1(r —rm) +bao(r — 1)’ + -,
Y(r) = Yu + Py (r —ra) + ¥5r —re)> +- -

@ This expansion guarantees a regular horizon provided b; # 0.

@ We have two different branches. Branch | occurs when

a3Gs (Vi) = 226G (Vmr),
and gives ]
B Sazgz(le).

Vi =5,
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Near-horizon expansion: generalized branch

@ Branch Il occurs when . ‘
as3Gs(Vy) # aeGa(Vm).
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Near-horizon expansion: generalized branch

@ Branch Il occurs when . ‘
as3Gs(Vy) # aeGa(Vm).

@ Then the regularity condition gives

. . 1/2 .
;o TH 1 5 32(xsGs — a202) 20620 5 4 ; ; _ 8a3G3
Y = —4(a2g.2 —ala) (1 + 3 |:,3 I —r% {32a393 (a3G3 — @2G2) + Brig (3a2Ga + a3g3)}] ) B2,
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Near-horizon expansion: generalized branch

@ Branch Il occurs when . ‘
as3Gs(Vy) # aeGa(Vm).

@ Then the regularity condition gives

. . 1/2 .
;o TH 1 5 32(xsGs — a202) 20620 5 4 ; ; _ 8a3G3
Y = —4(a292 —ala) (1 + 3 [5 I —r% {32a393 (a3G3 — @2G2) + Brig (3a2Ga + asg3)}] ) B2,

@ This branch contains the standard Riemannian sGB condition as the limit az = 0:

= _ — [r% £ 4/rg — 960563
4a21“ng /8
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Near-horizon expansion: generalized branch

@ Branch Il occurs when ‘ ‘
as3Gs(Vy) # aeGa(Vm).

@ Then the regularity condition gives

. . 1/2 .
;o TH 1 2 32(asGs — a202) 20620 5 4 ; ; _ 8a3G3
Py = HonGr — o) (1 + 3 [,3 + s {32a3g3 (a3Gs — @2G2) + Brig(3aaGa + asg3)}] ) Br3;

@ This branch contains the standard Riemannian sGB condition as the limit az = 0:

= _ — [r% £ 4/rg — —96a%g§
4a21“ng /8

@ Thus teleparallel sGB changes not only the action, but also the regularity conditions selecting the
scalarized branch.
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Numerical setup: what is being tested?

@ We solve the equations non-perturbatively, imposing
regular horizon, asymptotic flatness, Y(r — o0) = 0.
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and use the scalar coupling
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Numerical setup: what is being tested?

@ We solve the equations non-perturbatively, imposing
regular horizon, asymptotic flatness, Y(r — o0) = 0.

@ We fix
B =4,

and use the scalar coupling

Ga(08) = Gs() = 75 (1 - ™).

@ This coupling keeps the GR branch ) = 0 as a solution, while allowing tachyonic scalarization.
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regular horizon, asymptotic flatness, Y(r — o0) = 0.

@ We fix
B =4,

and use the scalar coupling

Ga(08) = Gs() = 75 (1 - ™).

@ This coupling keeps the GR branch ) = 0 as a solution, while allowing tachyonic scalarization.
@ The remaining theory parameters are a, and as, or more precisely their relative weight.
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Numerical setup: what is being tested?

@ We solve the equations non-perturbatively, imposing
regular horizon, asymptotic flatness, Y(r — o0) = 0.

@ We fix
B =4,

and use the scalar coupling

Ga(08) = Gs() = 75 (1 - ™).

@ This coupling keeps the GR branch ) = 0 as a solution, while allowing tachyonic scalarization.
@ The remaining theory parameters are a; and a3, or more precisely their relative weight.
@ The key question is:

Can scalarized black holes exist when the Riemannian Gauss—Bonnet part is absent?
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Numerical setup: what is being tested?

@ We solve the equations non-perturbatively, imposing
regular horizon, asymptotic flatness, Y(r — o0) = 0.

@ We fix
B =4,

and use the scalar coupling

Ga(08) = Gs() = 75 (1 - ™).

@ This coupling keeps the GR branch ) = 0 as a solution, while allowing tachyonic scalarization.
@ The remaining theory parameters are a; and a3, or more precisely their relative weight.
@ The key question is:
Can scalarized black holes exist when the Riemannian Gauss—Bonnet part is absent?
@ The two purely teleparallel tests are
as =0 = Tg-driven scalarization,
asGs +a3G3 =0 =  Bg-driven scalarization.
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Numerical result I: bifurcation and scalar charge

2 04
=1
—or
1
15 ap2 - 03
—az=-08
—a,=00
S oab |oagos 0 o2
e
k- - a=10
05 q 01
.\\
0 L L L L 0 i
0 02 04 06 08 1 0 1
M

@ The point az = 0 is purely teleparallel:

as =0 = no Riemannian Gauss—Bonnet contribution.
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Numerical result I: bifurcation and scalar charge

2 04
=1
—or
1
15 ap2 ~ 03
—az=-08
—a,=00
S oab |oagos 0 o2
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05 q 01
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@ The point az = 0 is purely teleparallel:
az =0 = no Riemannian Gauss—Bonnet contribution.

@ Scalarized branches still exist, so torsion alone can trigger scalarization.
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Numerical result I: bifurcation and scalar charge

2 04
=1
——GR
BCL
15 w2 1 03
—a=-08
—a;=00
St |oas0a @ @z
BC2: /
- - am=10
05 1 01
.\\
0 . " " " ol " " "
0 02 04 06 08 1 0 02 04 06 08 1
M M

@ The point az = 0 is purely teleparallel:
az =0 = no Riemannian Gauss—Bonnet contribution.

@ Scalarized branches still exist, so torsion alone can trigger scalarization.
@ Changing a2 /a3 shifts the bifurcation point where Schwarzschild becomes unstable.
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Numerical result I: bifurcation and scalar charge

2 T T T T 04 T T T T
=1
—Gcr
1
15 ap2 — 03
—a=-08
—a,=00
S oab |oagos 0 o2
B2 /
F--am10
05 q 01
.\\
2 : . , . o . . .
0 02 04 06 08 1 0 02 04 06 08 1
M M

@ The point az = 0 is purely teleparallel:

as =0 = no Riemannian Gauss—Bonnet contribution.

@ Scalarized branches still exist, so torsion alone can trigger scalarization.
@ Changing a2 /a3 shifts the bifurcation point where Schwarzschild becomes unstable.

@ The scalar charge D also changes, showing that the asymptotic scalar hair is sensitive to the torsional Gauss—Bonnet
sector.
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Numerical result Il: profiles beyond standard static sGB

S. Bahamonde, D. D. Doneva, L. Ducobu, C. Pfeifer and S. S. Yazadjiev, Phys. Rev. D 107, 104013 (2023).
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Numerical result Il: profiles beyond standard static sGB

7=y ' ' > o In standard static sGB, the fundamental

scalarized branch is typically monotonic.

S. Bahamonde, D. D. Doneva, L. Ducobu, C. Pfeifer and S. S. Yazadjiev, Phys. Rev. D 107, 104013 (2023).
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Numerical result Il: profiles beyond standard static sGB

' 59 In standard static sGB, the fundamental

Ly scalarized branch is typically monotonic.

@ In teleparallel sGB, the metric functions
i and the scalar field can develop local
extrema close to the horizon.

AB*

0.5

S. Bahamonde, D. D. Doneva, L. Ducobu, C. Pfeifer and S. S. Yazadjiev, Phys. Rev. D 107, 104013 (2023).
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Numerical result Il: profiles beyond standard static sGB
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Numerical result Il: profiles beyond standard static sGB

' ' 59 In standard static sGB, the fundamental

scalarized branch is typically monotonic.

In teleparallel sGB, the metric functions
e and the scalar field can develop local
%=1, 2205, BCL . extrema close to the horizon.

This happens already for static and
spherically symmetric black holes.

Similar non-monotonic profiles were
previously associated mainly with
rotating sGB black holes.

riry @ Therefore torsion can produce
strong-field features that are absent in

the standard static Riemannian picture.
S. Bahamonde, D. D. Doneva, L. Ducobu, C. Pfeifer and S. S. Yazadjiev, Phys. Rev. D 107, 104013 (2023).
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Beyond the exponential coupling

@ In a follow-up paper, we also studied monomial couplings,

GW)=v, G) =9
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at infinity.
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@ In a follow-up paper, we also studied monomial couplings,

G)=v,  G) =y
@ For the linear coupling, the scalar field is always sourced:

1 =0 is nota GR branch.
@ A distinctive teleparallel feature is the existence of configurations with

D ~0, Y # 0.
@ These black holes can have a strong scalar field close to the horizon, but almost no scalar charge
at infinity.

@ For quadratic coupling, the Schwarzschild branch exists and scalarization occurs.
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@ These black holes can have a strong scalar field close to the horizon, but almost no scalar charge
at infinity.

@ For quadratic coupling, the Schwarzschild branch exists and scalarization occurs.

@ In the purely Riemannian sGB theory, the corresponding quadratic scalarized black holes are
unstable.
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Beyond the exponential coupling

@ In a follow-up paper, we also studied monomial couplings,
GW)=1v,  G) =y
@ For the linear coupling, the scalar field is always sourced:
¥ =0 isnota GR branch.
@ A distinctive teleparallel feature is the existence of configurations with
D ~0, Y # 0.

@ These black holes can have a strong scalar field close to the horizon, but almost no scalar charge
at infinity.

@ For quadratic coupling, the Schwarzschild branch exists and scalarization occurs.

@ In the purely Riemannian sGB theory, the corresponding quadratic scalarized black holes are
unstable.

@ Teleparallel contributions can modify the branch structure and may improve stability in some
regions of parameter space.

S. Bahamonde, D. D. Doneva, L. Ducobu, C. Pfeifer and S. S. Yazadjiev, Phys. Rev. D 108, 064044 (2023).
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Physical lessons from teleparallel scalarization

@ The standard Riemannian sGB theory is recovered as one special limit:

a3:0.
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Physical lessons from teleparallel scalarization

@ The standard Riemannian sGB theory is recovered as one special limit:
Ol = 0.
@ The genuinely teleparallel sectors,
Ta and Bg,
can trigger scalarization without a curvature Gauss—Bonnet coupling.

@ The bifurcation point, scalar charge and near-horizon profiles can differ qualitatively from the
standard static sGB case.

@ Torsion can produce strong near-horizon scalar hair even when the scalar charge at infinity is
small or vanishing.

@ The strong-field message is:

teleparallel geometry changes black-hole scalarization, not just its notation.
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e Black holes in Metric-Affine theories (Non-zero curvature)
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Spherically symmetric spacetimes in MAG (curvatureful case)

o Explicit symmetries on the metric and torsion tensors:

££guy = £5T>‘ py = ﬁgQ)\w, =0 = ﬁgﬁ)‘ ppv — 0.
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Spherically symmetric spacetimes in MAG (curvatureful case)

o Explicit symmetries on the metric and torsion tensors:

[,ggw/ = £5T>‘ py = ﬁgQ)\w, =0 = ﬁgﬁ)‘ ppv — 0.
o Static and spherically symmetric space-times:
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Electrodynamics coupled with torsion

@ Now, consider another theory with couplings between the electromagnetic field strength F.,, = 29, 4,; and Ry
(S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)
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@ Now, consider another theory with couplings between the electromagnetic field strength F.,, = 29, 4,; and Ry

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

Theory with couplings between F),, and Torsion

L=-R—kF,F* + kR? + ksF"'R,,, .

@ The Maxwell Eq. has a torsion source: 2k1V, F* = k3V, RI*1.
@ We found the following black hole solution:
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@ Now, consider another theory with couplings between the electromagnetic field strength F.,, = 29, 4,; and Ry
(S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)

Theory with couplings between F),, and Torsion

L=-R—kF,F* + kR? + ksF"'R,,, .

@ The Maxwell Eq. has a torsion source: 2k1V, F* = k3V, RI*1.
@ We found the following black hole solution:
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Electrodynamics coupled with torsion

@ Now, consider another theory with couplings between the electromagnetic field strength F,,, = 20, A, and Ry
(S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)

Theory with couplings between F),, and Torsion

L=-R—kF,F* + kR? + ksF"'R,,, .

@ The Maxwell Eq. has a torsion source: 2k1V, F* = k3V, RI*1.
@ We found the following black hole solution:

() c1 Ks _ () — Af(r)
ti(r) = OO0k ta(r) = £¥(r) <t4(T) t1(r) AZ(T)> ;
ta(r) = ;M, ts(r) = % LU te(r), ta(r) = £T(r)tr(r)
@ The metric and electric potential behave as
U(r) = 1- 2Tm + r% (k1q2 = %k:msq = 321k2 k§q2) , Ap= (g,0,0, 0) .

@ New coupling between intrinsic spin charge s and electric charge q.
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Electrodynamics coupled with torsion

@ Now, consider another theory with couplings between the electromagnetic field strength F,,, = 20, A, and Ry
(S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)

Theory with couplings between F),, and Torsion

L=-R—kF,F* + kR? + ksF"'R,,, .

@ The Maxwell Eq. has a torsion source: 2k1V, F* = k3V, RI*1.
@ We found the following black hole solution:

() c1 Ks _ () — Af(r)
ti(r) = OO0k ta(r) = £¥(r) <t4(T) t1(r) AZ(T)> ;
ta(r) = ;M, ts(r) = % LU te(r), ta(r) = £T(r)tr(r)
@ The metric and electric potential behave as
U(r) = 1- 2Tm + riz (k1q2 = %k:msq = 321k2 k§q2) , Ap= (g,0,0, 0) .

@ New coupling between intrinsic spin charge s and electric charge q.
@ Different charges would give rise to different phenomenology. RN Cauchy problem can be evaded here!
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Reissner—Nordstrom-like black holes

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),

2
2
dr”. + 7r2dQ?, U(r)=1- m + —Qgeom.

ds® = —U(r) dt*
s (et U(r) r =
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Reissner—Nordstrom-like black holes

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),

ds? = —W(r) dt®> + At + r2dQ? U(r)=1- "+ Leeom
U(r) ’ r r2

Why it is interesting

The metric looks like Reissner—Nordstrom, but the extra 1/r? term is not an electric charge. It
comes from intrinsic geometric charges carried by torsion and nonmetricity,

Qgeom = Hlﬁz + H2K/(21 + Hglﬁigh.
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Reissner—Nordstrom-like black holes

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),

dr? 2m  Q
2 _ _ 2 2 71092 _1_ geom
ds® = =U(r)dt* + ) + r2dQ*, U(r) = . + o

Why it is interesting

The metric looks like Reissner—Nordstrom, but the extra 1/r? term is not an electric charge. It
comes from intrinsic geometric charges carried by torsion and nonmetricity,

Qgeom = H1/<6§ + H2K3<2j + Hgligh.

Physical message

A familiar black-hole metric can therefore hide genuinely new geometric hair. For suitable signs of the constants H;, 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:

ks (Spin), kq (dilation), Ksh (Shear).
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momentum; mainly tied to
torsion.
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In metric-affine gravity, matter may carry microstructure. In the black-hole solution, this appears
through three intrinsic geometric charges:
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Microscopic angular Local rescaling; changes size
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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:

ks (Spin), kq (dilation), Ksh (Shear).

Dilation x4 Shear kg,

Microscopic angular Local rescaling; changes size | Shape deformation without
momentum; mainly tied to or volume. changing volume.
torsion.

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.

v
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Geometric hair: physical interpretation

@ The metric resembles Reissner—Nordstrém, but the physical origin is different.
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@ The metric resembles Reissner—Nordstrém, but the physical origin is different.

@ In Einstein—Maxwell theory,
2
em

r2
comes from electromagnetic charge.
@ In metric-affine gravity,
Qgeom
r2

comes from intrinsic spin, dilation and shear charges.

@ Therefore two black holes with similar metric profiles may have different microscopic geometric
origin.
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Geometric hair: physical interpretation

Qo

The metric resembles Reissner—Nordstrdm, but the physical origin is different.
In Einstein—Maxwell theory,

=

r2
comes from electromagnetic charge.
In metric-affine gravity,

Qgeom
r2

comes from intrinsic spin, dilation and shear charges.

Therefore two black holes with similar metric profiles may have different microscopic geometric
origin.

This motivates looking at matter couplings and rotating solutions.
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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,

Eso ~ A(r) L-S.

This is one of the standard mechanisms behind energy-level splitting.
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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,
Eso " )\(7‘) 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 s carried by torsion?

In other words: can gravity generate an analogue of spin—orbit interaction with a purely geometric
origin?

v
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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,
Eso " )\(T) 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 s carried by torsion?

In other words: can gravity generate an analogue of spin—orbit interaction with a purely geometric
origin?

v

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.

v
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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:

2
o) r?d9® —r®sin® 9 d¢® + 2a(1 — W(r))sin® 9 dtdp,  U(r)=1- 27’"

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

2
A 29?2 sin? 9d¢® +2a(1 — W(r))sin® 9dtdp,  V(r)=1- 27’”

ds® = U (r)dt® — )

New torsion-induced interaction
Schematically, the solution contains

di N? k2 dy N1aks

Lot = F(r,9).
8mr 2 (r,9)
e

static spin charge new arg term

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

v

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

2
dr”_ r2d9? — r¥sin® 9 do> + 2a(1 — \I/(r)) sin® 9 dt d, U(r)=1- QTm

ds® = W(r)dt® — e

New torsion-induced interaction
Schematically, the solution contains

d1N12K:§ lelaNs

Lo = F(r,9).
© 8mrd 21 ()
N— ——
static spin charge new arxg term

Here the same function F(r, ) 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 ks: a gravitational spin—orbit interaction.

S. Bahamonde and J. Gigante Valcarcel, Phys. Lett. B 873 (2026) 140126.
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Energy extraction without torsion: the Kerr reference case

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

a

cD=w—kQH, QH’: 0
2mry,

Sebastian Bahamonde Black Holes and GWs beyond Riemannian Geometry 39/49



Energy extraction without torsion: the Kerr reference case

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

cD=w—kQH, QH’: a .
2mry,

@ For bosonic waves, the condition
0<w<kQgy

leads to superradiant amplification.
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2mry,

@ For bosonic waves, the condition
0<w<kQgy

leads to superradiant amplification.

@ For standard Dirac fermions in Kerr, there is no ordinary classical superradiance.
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Energy extraction without torsion: the Kerr reference case

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

a

(:)=UJ—]€QH, QH’: 0
2mry,

@ For bosonic waves, the condition
0<w<kQgy
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.
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Energy extraction without torsion: the Kerr reference case

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

a

Lb=w—]€QH, QH’: 0
2mry,

@ For bosonic waves, the condition
0<w<kQgy
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.
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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:

0 .
YV = 17" St + ipp = 0.
Thus fermions probe S,,, not the full torsion tensor.

S. Bahamonde and J. Gigante Valcéarcel, arXiv:2603.19140.
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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:

0 .
YV = 17" St + ipp = 0.
Thus fermions probe S,,, not the full torsion tensor.

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

_3—4Y(r) flr)
F(r,9) = oru) cos ¥ + -
The near-horizon splitting is therefore controlled by
K/S7 f(’l"h).

v

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

Near-horizon frequencies

Qr =w— ak 2E 3 (Nms - %f(rh)).

2mry Th
w: mode frequency, k: azimuthal number, a: black-hole rotation, m: mass, r: horizon radius.
ks intrinsic spin charge, f(rp): horizon value of the torsion function.

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

Near-horizon frequencies

ak 3 a
Qr =w— + — (Nlns——f(rh)).
2mry  Th m
w: mode frequency, k: azimuthal number, a: black-hole rotation, m: mass, r: horizon radius.
ks intrinsic spin charge, f(rp): horizon value of the torsion function.

Energy flux

dE 1 2 2
e [w+0-—04)4 dw+Q —0)|A ]
dt 32mrh[(w+ +)lAs]" + (4w + 024 )4z
Here A5 and As are the amplitudes of the two ingoing helicity components. The number flux remains positive,

dN 1

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

Near-horizon frequencies

ak 3 a
Qr =w— + — (Nlns——f(rh)).
2mry  Th m
w: mode frequency, k: azimuthal number, a: black-hole rotation, m: mass, r: horizon radius.
ks intrinsic spin charge, f(rp): horizon value of the torsion function.

Energy flux

dE 1 2 2
e [w+0-—04)4 dw+Q —0)|A ]
dt 32mrh[(w+ +)lAs]" + (4w + 024 )4z
Here A5 and As are the amplitudes of the two ingoing helicity components. The number flux remains positive,

dN 1

@ Because the signs in Q1 are opposite, axial torsion splits the two helicity sectors.
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Chiral splitting and energy extraction

Near-horizon frequencies

ak 3 a
Qr=w— b= (N ~ 2 ) :
S 2mry Th 1hs mf( h)
w: mode frequency, k: azimuthal number, a: black-hole rotation, m: mass, r: horizon radius.
ks intrinsic spin charge, f(rp): horizon value of the torsion function.

Energy flux

dE 1 2 2
e [w+0-—04)4 dw+Q —0)|A ]
dt 32mrh[(w+ +)lAs]" + (4w + 024 )4z
Here A5 and As are the amplitudes of the two ingoing helicity components. The number flux remains positive,

dN 1

@ Because the signs in Q1 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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Chiral splitting and energy extraction

Near-horizon frequencies

ak 3
Qe =w-— + — (Nms - —f(rh))
2mry  Th
w: mode frequency, k: azimuthal number, a: black-hole rotation, m: mass, r: horizon radius
Ks: intrinsic spin charge, f(rp): horizon value of the torsion function.

Energy flux

dE 1 2 2
e [w+0-—04)4 dw+Q —0)|A ]
dt 32mrh[(w+ +)lAs]" + (4w + 024 )4z
Here A5 and As are the amplitudes of the two ingoing helicity components. The number flux remains positive

dN 1
T Z(|A3|2 + |A2|2) > 0.

@ Because the signs in Q1 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
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Gravitational waves: the GR reference point

@ In GR, gravitational waves are ripples of the metric:

uv = Guv + h;u/'
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Gravitational waves: the GR reference point

@ In GR, gravitational waves are ripples of the metric:
Juv = gpu + h;u/'
@ Far from the source, GR has two tensor polarizations:

+, .
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Gravitational waves: the GR reference point

@ In GR, gravitational waves are ripples of the metric:
Guv = Guv + by
@ Far from the source, GR has two tensor polarizations:
+, X.

@ These polarizations describe how a ring of freely falling particles is distorted by the wave.
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@ In GR, gravitational waves are ripples of the metric:
Guv = Guv + By
@ Far from the source, GR has two tensor polarizations:
+, X.
@ 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.
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Gravitational waves: the GR reference point

@ In GR, gravitational waves are ripples of the metric:
Guv = Guv + By
@ Far from the source, GR has two tensor polarizations:
+, X.
@ 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.
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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:
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@ Therefore the possible wave content can be richer:

tensor modes + extra scalar/vector/tensor connection modes.
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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:
59;41/7 5T>\;wa 5Q/\;w-
@ 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.
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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%, 2F.
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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%, - A
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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%, - A
@ 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
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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
GW1 7081 7. 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
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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
GW1 7081 7. 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
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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
GW1 7081 7. 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.
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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
GW1 70817. 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.

S. Bahamonde, J. Gigante Valcarcel and J. M. M. Senovilla, arXiv:2511.03574 [gr-qc].
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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:
ds* = 2dudv — dz* — dy? — H(u,z,y)du®.

@ 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,z,y) = H(u,z,y) + €1t + o w? + l3 X2
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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:
ds* = 2dudv — dx* — dy?® — H(u, z,y)du>.

@ 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,z,y) = H(u,z,y) + €1t + o w? + l3 X2
@ Here
tao = torsion mode, w = Weyl-vector mode, A\ = traceless nonmetricity mode.

S. Bahamonde, J. Gigante Valcarcel and J. M. M. Senovilla, arXiv:2511.03574 [gr-gc].
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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:
ds* = 2dudv — dz® — dy* — H(u,z,y)du®.

@ 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,z,y) = H(u,z,y) + €1t + o w? + l3 X2
@ Here
tao = torsion mode, w = Weyl-vector mode, A\ = 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 Valcarcel and J. M. M. Senovilla, arXiv:2511.03574 [gr-gc].
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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.
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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,
& X\ [(A+ A Ay X
d’LL2 Y - AX —A+ I Ao Y /"
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@ The usual tensor polarizations are
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@ The usual tensor polarizations are

@ Schematically,

Ay, Ay

@ The new contribution is
Ao,

which is invariant under rotations in the transverse plane.
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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.
& X\ [(A+ A Ay X
du? \Y ) Ay AL +A))\Y )"

@ The usual tensor polarizations are

@ Schematically,

Ay, Ay

@ The new contribution is
Ao,

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 x tensor modes.
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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.
& X\ [(A+ A Ay X
du2 \Y ) Ay AL +A))\Y )"

@ The usual tensor polarizations are

@ Schematically,

Ay, Ay

@ The new contribution is
Ao,

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 x 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:

M, — T2, R, T, Q.
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M, —rI., RTQ.

@ Teleparallel gravity shows that the same GR dynamics can be represented through torsion,
opening new scalar-tensor extensions.
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@ In teleparallel scalar-Gauss—Bonnet gravity, torsional invariants and boundary terms can trigger
spontaneous scalarization of black holes.
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opening new scalar-tensor extensions.

@ In teleparallel scalar-Gauss—Bonnet gravity, torsional invariants and boundary terms can trigger
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@ In cubic metric-affine gravity, black holes can carry genuine geometric hair:

Qgeom = Hlﬁg + HQKE Sl H3I€§h.
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Main conclusions

@ Enlarging the geometry of spacetime gives a controlled way to go beyond GR:
M, —rI., RTQ.

@ Teleparallel gravity shows that the same GR dynamics can be represented through torsion,
opening new scalar-tensor extensions.

@ In teleparallel scalar-Gauss—Bonnet gravity, torsional invariants and boundary terms can trigger
spontaneous scalarization of black holes.

@ In cubic metric-affine gravity, black holes can carry genuine geometric hair:
Qgeom = Hlﬁg + HQKi Sl H3I€§h.

@ Rotation plus axial torsion produces a gravitational spin—orbit effect and helicity-dependent
fermionic dynamics near the horizon.
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Main conclusions

@ Enlarging the geometry of spacetime gives a controlled way to go beyond GR:
M, —rI., RTQ.
@ Teleparallel gravity shows that the same GR dynamics can be represented through torsion,
opening new scalar-tensor extensions.

@ In teleparallel scalar-Gauss—Bonnet gravity, torsional invariants and boundary terms can trigger
spontaneous scalarization of black holes.

@ In cubic metric-affine gravity, black holes can carry genuine geometric hair:
Qgeom = ng + H2H?1 Sl Hgl*igh.

@ Rotation plus axial torsion produces a gravitational spin—orbit effect and helicity-dependent
fermionic dynamics near the horizon.

@ Gravitational waves provide another probe of non-Riemannian geometry, through extra wave
channels and exact pp-wave solutions with torsion and nonmetricity.
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https://indico.cern.ch/event/1635990/overview
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Thank you for listening!

Questions?

Torsion T Nonmetricity

U <~ does not
g quite close

A geometry where transporting directions can naturally introduce a local twist.
AR R 5 S

Equivalently, tiny parallelograms need not close exactly. 4+ A geometry where the way distances and angles are measured can vary across space. -+
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