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o Modifying gravity from geometry
e Cosmology with torsion and nonmetricity

© Black holes with torsion and nonmetricity
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Why modify gravity from geometry?

Conceptual motivations Observational motivations

@ quantum gravity is not understood; @ dark energy and cosmic acceleration;
@ singularities indicate limits of the classical @ early-universe inflation and primordial signals;
description;

@ black holes and gravitational waves test the
@ changing GR is one of the sharpest ways to strong-field regime.
understand why GR works.

Guiding idea

General Relativity ties gravity to spacetime geometry, so changing the geometric structure is a
direct route to new gravitational physics.
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Minimal geometry dictionary

@ The metric tells us distances, clocks and light cones:

Guv-
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@ In GR, the connection is Levi-Civita and is fixed by the metric:

., =T.(9), T=0 Q=0.
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@ The connection tells us how to compare vectors at different points:
..
@ In GR, the connection is Levi-Civita and is fixed by the metric:
., =T.(9), T=0 Q=0.
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Minimal geometry dictionary

@ The metric tells us distances, clocks and light cones:

Guv-
@ The connection tells us how to compare vectors at different points:

..
@ In GR, the connection is Levi-Civita and is fixed by the metric:

., =T.(9), T=0 Q=0.

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

@ Then spacetime can carry curvature, torsion and nonmetricity as independent geometric
structures.

Sebastian Bahamonde Theories with Torsion and Nonmetricity



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 )
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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
Iy = 10 gy < B
with
N =Ky + L o,

where K is built from torsion and L from nonmetricity (linear combination).
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o ltis useful to separate the connection as
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where K is built from torsion and L from nonmetricity (linear combination).
@ General decomposition of the the curvature tensor:
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Post-Riemannian decomposition

o ltis useful to separate the connection as
™, =T, + N,
with
N =Ky + L o,

where K is built from torsion and L from nonmetricity (linear combination).
@ General decomposition of the the curvature tensor:

DA A A A
R v = B ppur + 2V [ N7 g + 2N 61 N7 1) -

@ Therefore modified gravity from geometry appears as extra terms in the connection itself.
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Different extended geometries give different types of gravitational theories

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

Torsional Symmetric
teleparallel teleparallel
R=Q=0,T#0 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, K. F. Dialektopoulos, C. Escamilla-Rivera, G. Farrugia, V. Gakis, M. Hendry, M. Hohmann, J. Levi Said, J. Mifsud and E. Di Valentino, Rep. Prog.
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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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Poincaré gauge gravity

@ Gauge principles are very successful in the
Standard Model: interactions follow from local
symmetries.
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variables are
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@ Their field strengths are schematically
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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

b

a a
& WS

@ Their field strengths are schematically
T ~ Oe + we, R ~ Ow + w?.
@ Thus PGT describes Riemann-Cartan
geometry:

R#0, T+#0, Q=0.

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

@ For local Poincaré symmetry, the gauge
y y gaug transformations beyond local Lorentz rotations.
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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

b

a a
& WS

@ Their field strengths are schematically
T ~ Oe + we, R ~ Ow + w?.
@ 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)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.

V.
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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

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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Dynamics in MAG gauge theories

@ A broad class of theories has
1

S = /d4:c\/—_g[£m - —L,(R.T,Q)].
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Dynamics in MAG gauge theories

@ A broad class of theories has
1 -
_ 4. S _
S = /d V=4[ Lm = T=L4(R, T, Q)]
@ Varying with respect to tetrads and spin connection gives the sources
1 6([’9\/_9) _ 167’(’9@”,

vV—g der,
1 0 (‘Cg vV g) _ bv
=5 owip = 167mA,"".
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Dynamics in MAG gauge theories

@ A broad class of theories has
1 .
_ 4 [ o
S = /d V=4[ Lm = T=L4(R, T, Q)]
@ Varying with respect to tetrads and spin connection gives the sources
1 6([’9\/_9) _ 167’(’9@”,

vV—g der,
1 0 (‘Cg vV g) _ bv
N = 167mA,"".

@ Hypermomentum can be split into three parts:

1
A;w)\ = (S)A[pu])\ + Zg,uu(d)A)\ + (sh) K(uu))\
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_ 4 [ o
S = /d V=4[ Lm = T=L4(R, T, Q)]
@ Varying with respect to tetrads and spin connection gives the sources
1 6([’9\/_9) _ 1671'9,11/,

vV—g der,
1 0 (‘Cg vV g) _ bv
N = 167mA,"".

@ Hypermomentum can be split into three parts:

1
A;w)\ = (S)A[pu])\ + Zg,uu(d)A)\ + (sh) K(;w))\

@ Intrinsic Spin term ®)A(,,;,: source of torsion
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_ 4. /= _
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@ Varying with respect to tetrads and spin connection gives the sources
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@ Hypermomentum can be split into three parts:
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Dynamics in MAG gauge theories

@ A broad class of theories has
1 -
_ 4. /= _
S_/d V=4[ Lm = T=L4(R, T, Q)]

@ Varying with respect to tetrads and spin connection gives the sources

L 9(£ev—9) = 1676,"
\/__g de , ‘o
L 9Ev=9) _ ygep, o,
V=g OSwiy, “

@ Hypermomentum can be split into three parts:
1
A;w)\ = (S)A[/,w])\ + Zg,uu(d)A)\ + (sh) A‘(;w))\
@ Intrinsic Spin term ®)A(,,;,: source of torsion

Q Intrinsic Dilation term (DA, = A¥,,: source of trace nonmetricity
@ Intrinsic Shears term M A, \: 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

M3 - . ~ . . . . - L L
ACQuad = TPIR a4 Q1R2 a4 q2RpauuRpauV aF q3RpauuRqu0 + q4RpauuRpumj aF QBRMVR‘“’ A qGR;LVRVH
Ol B A O B I O T s o
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Quadratic Poincaré gauge theory - ghost issue

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

M3 . . . . . . - L L
LQuad = TPIR + q1R2 + q2RpauvRW“V + ‘BROGWRMVPG + q4RpauuRWW = q5Rm,R‘“’ A quRuuRV”
+ C1Tpus TP + CoTppu TP + C5T7 0 T 5" .
@ Around Minkowski one can find ghost-free spectra such as
2t 11,0 or 1T,0%,0".
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@ The most general class of quadratic Poincaré gauge theory (parity preserving) is

M3 . . . . . . - L L
‘CQuad = TPIR A Q1R2 a4 q2RpauVRp0HV aF q3RpauuRMVpo- + q4Rpo';LuRpMGV aF qBRuuRHV a4 qGR;LVRVM
+ C1Top TP + CoTppu TP* + CaT? T\ .
@ Around Minkowski one can find ghost-free spectra such as
2t 11,0 or 1T,0%,0".

@ However, in general backgrounds, the vector sectors propagate a ghosts unless super
particular theories are considered that are:

Sebastian Bahamonde Theories with Torsion and Nonmetricity



Quadratic Poincaré gauge theory - ghost issue

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

M3 . . . . . . - L L
‘CQuad = TPIR A Q1R2 a4 q2RpauVRp0HV aF q3RpauuRMVpo- + q4Rpo';LuRpMUV aF q5R,u,VR‘“’ a4 qGR;LVRVM
+ C1Top TP + CoTppu TP* + CaT? T\ .
@ Around Minkowski one can find ghost-free spectra such as
2t 17,00  or 17,070

@ 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 _ ~
£p>§m+mﬁ+Q@WWW+@QWWW+@WWWw
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Quadratic Poincaré gauge theory - ghost issue

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

M3 . . . . . . . L L
£Quad = TPIR A Q1R2 a4 q2RpauuRPJHV aF q3RpauuRMVpo- + q4RpUuuRPMUV aF q5R,u,VR‘“’ a4 qGR;LVRVM
+ C1Top TP + CoTppu TP* + CaT? T\ .
@ Around Minkowski one can find ghost-free spectra such as
2t 17,00  or 17,070

@ 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:

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

M2 . By
Lo = TPR + a(eppur RPM)2 + C1Tppu TP + CoT o TVPH + C3TP , T\
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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)

Sebastian Bahamonde Theories with Torsion and Nonmetricity



Cubic Poincaré gauge theory

@ Torsion decomposes into vector, axial vector and tensor pieces:

1 1
T oy = 3 (6, T, — * . T,) + 65’\ o SP + N
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Cubic Poincaré gauge theory

@ Torsion decomposes into vector, axial vector and tensor pieces:

1 1
T oy = 3 (6, T, — * . T,) + 65’\ o SP + N
@ Cubic parity preserving branch with mixing terms (26 h;): (s. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 109
(2024) no.10, 10)

®) ) 3) ®) |, A3 ) |, B
Léwrv—tors = Lapp + Lpge T Loy + Larg + Lo+ Lig
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Cubic Poincaré gauge theory

@ Torsion decomposes into vector, axial vector and tensor pieces:

1 1
T oy = 3 (6, T, — * . T,) + 65’\ o SP + N
@ Cubic parity preserving branch with mixing terms (26 h;): (s. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 109
(2024) no.10, 10)

®) ) 3) ®) |, A3 ) |, )
Léwrv—tors = Lapp + Lpge T Loy + Larg + Lo+ Lig

@ 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

@ Torsion decomposes into vector, axial vector and tensor pieces:

1 1
T oy = 3 (6, T, — * . T,) + 65’\ o SP + N
@ Cubic parity preserving branch with mixing terms (26 h;): (s. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 109
(2024) no.10, 10)

®) ) 3) ®) |, A3 3) . O
Léwrv—tors = Lapp + Lpge T Loy + Larg + Lo+ 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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What changes when geometry 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.
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torsion, dilation or nonmetricity.
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Extra modes

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

Different couplings

Matter can respond to spin,
torsion, dilation or nonmetricity.
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What changes when geometry is enlarged?

Extra modes Different couplings Viability

More geometric structure can | Matter can respond to spin, A consistent theory must still
introduce degrees of freedom | torsion, dilation or nonmetricity. | avoid ghosts, strong coupling
beyond the usual graviton. and instabilities.
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What changes when geometry is enlarged?

Extra modes Different couplings Viability

More geometric structure can | Matter can respond to spin, A consistent theory must still
introduce degrees of freedom | torsion, dilation or nonmetricity. | avoid ghosts, strong coupling
beyond the usual graviton. and instabilities.

Take-home message

Once the connection becomes dynamical, geometry can carry new modes, new charges, and new
observational signatures.
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e Cosmology with torsion and nonmetricity
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Riemann—Cartan background cosmology

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

@ The best-developed case is Riemann—Cartan cosmology:

R40, T#0, Q=0.
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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+40, T#0, Q=0.

@ FLRW symmetry constrains torsion to time-dependent scalar and pseudoscalar functions.
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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+40, T#0, Q=0.
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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;
o effective dark-energy behaviour;
o 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.

Sebastian Bahamonde Theories with Torsion and Nonmetricity



Cosmology in MAG

@ Let us assume that the metric, torsion and nonmetricity have the same cosmological symmetries
(isotropy and homogeneity) - -
LeGuy = LeT> 1 = LeQ 1, = 0.
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Cosmology in MAG

@ Let us assume that the metric, torsion and nonmetricity have the same cosmological symmetries
(isotropy and homogeneity) - B
LeGuy = LeT> 1 = LeQ 1, = 0.
@ Solving these symmetry conditions gives the FLRW metric and the most general homogeneous
and isotropic torsion and nonmetricity tensors:

g = -—-nun,det ®@da” + P,wdx” @da¥ = - N2dt @ dt + aQFyijdxi ®dz?
1:1)‘,“, = 2Ty (t) np Py + 2T (t) gkﬂf,,ﬁ” , )
Q)\,uu = 2Q1(t)ﬁ/\ﬁuﬁv F 2Q2 (t)ﬁ)\P;w + 2Q3(t)P>\(uﬁu) 3

where ~;;dz’ © da? = 92 1 r2d02. Note that there are 5 independent functions coming from
Post-Riemannian.
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SVT decomposition around FLRW

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

K. Aoki, S. Bahamonde, J. Gigante Valcarcel and M. A. Gorji, Phys. Rev. D 110, 024050 (2024).
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@ Metric perturbations give the standard sectors:

8 — 0T @17 @ 2T,

K. Aoki, S. Bahamonde, J. Gigante Valcarcel and M. A. Gorji, Phys. Rev. D 110, 024050 (2024).
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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:

8 — 0T @17 @ 2T,
@ Torsion perturbations contain both parity-even and parity-odd sectors:
T, — 0T o0 elTel- @2te2 .
@ The torsional helicity-2 pieces are

TT,+ T, —
Stp — A TH AT

K. Aoki, S. Bahamonde, J. Gigante Valcarcel and M. A. Gorji, Phys. Rev. D 110, 024050 (2024).
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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:

8 — 0T @17 @ 2T,
@ Torsion perturbations contain both parity-even and parity-odd sectors:
T, — 0T o0 elTel- @2te2 .
@ The torsional helicity-2 pieces are
Stpu — AT T AT

@ Nonmetricity is even richer:
5Q/\p,v — Oi, li, Qi, 3+.

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

B

2
1

+357 M2t "7 — 2(by — BYR*PA7L,Y st pyo — 4(B — ba) RO, sty — 2(8 — b3) Ry ta” st

M2 1
L= T"IR + %RQ + G Wapo WHP7 + 28Ry NV gt + BV PNV Tt + (05 + 506) VitV pt

1 1
+ by Ry th s pt ™M + 5(bs +a— g/B)RtW,\t””’\.
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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:

2
1
L= T"IR + %RQ + gwpypawwa + 28RV ot"? + BV N Tt + (05 + 506) Vit Vot
1
+357 M2t "7 — 2(by — BYR*PA7L,Y st pyo — 4(B — ba) RO, sty — 2(8 — b3) Ry ta” st

1 1
+ by Ry th s pt ™M + §(b5 +a— 5/3)1%15,%#“’*.

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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Quaderatic Action for helicity-2 sector

o Following SVT as explained before, 6t,,, — A;j, Ai; and dg,, — hij.
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Quadratic Action for helicity-2 sector

@ Following SVT as explained before, 6t,,, — Aij, Aij and g, — hyj.
@ The Lagrangian expanded up to second order behave as

. - 1 -
L7 = fr (h;jh'w = akhijakh”) +B(X}; — 5D,h,,)2 — Xi; X9 (fr + (c1 — c3 — BYH' + (c3 — B)H?)

. ” 1 1 1 1
+ BHXY (Dihij) + 7YY {ﬁ (2321’“ + 5 Dhij — ;(axij)l) =i (fr + (1 —c2 = 28)H + c2H?) | .

with
X 1
Aij = a” 9 Aij = Eekl(iakyj b
D, =82+ 82, D_ =92 -82, D= D_ +2Ho;
2
_ a _
fr =ad*(YMZ + aR), fr= ;(Mgl + 2aR)
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Quadratic Action for helicity-2 sector

@ Following SVT as explained before, 6t,,, — Aij, Aij and g, — hyj.
@ The Lagrangian expanded up to second order behave as

. - 1 .
L7 = fr (h;jh'w = akhijakh”) +B(X}; — 5D,h,,)2 — Xi; X9 (fr + (c1 — c3 — BYH' + (c3 — B)H?)

. ” 1 1 1 1
+ BHXY (Dihij) + 7YY {ﬁ (2321’“ + 5 Dhij — ;(axij)l) =i (fr + (c1 —ca = 2B)H + c2H?) | .

with
Xij 1
Aij = a] " Aij = Eekl(iakyj)l:
D, =82+ 82, D_ =92 -82, D= D_ +2Ho;
— 2 —
fr = a®(YM2 + aR), fr = %(Mg1 + 2aR)
@ No Ostrogradsky ghosts in Minkowski and additional massive spin-2. arXiv:2026XXXX, Sebastian

Bahamonde, Matteo Magi, Jorge Gigante Varcarcel.
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Stability region and tensor sound speeds

@ A non-empty stable region exists: no ghosts, no tachyons and no gradient instabilities.
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@ In the sub-horizon limit, & > H,
det [wle + wF — L{] =0, w? = ciikz.

@ The coupled tensor system therefore has two sound speeds:
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@ On FLRW they are not generically luminal:
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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, & > H,
det [wle + wF — L{] =0, w? = ciikz.

@ The coupled tensor system therefore has two sound speeds:

c§7+ >0, ci_ > 0.

@ On FLRW they are not generically luminal:
<1, &, >1

@ The theory can be stable, but tensor propagation is very different from GR.

Sebastian Bahamonde Theories with Torsion and Nonmetricity

21/32



What effects can this extra spin-2 mode produce?

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

—

S == /d?’de a? [(7;)% — (Bix)?]
1
+ = / dodr a2f2 [(£)? — cH(Oitye)? — mPe2]

/d3md7'a Vi; (QHE + Kt'7) .

[\]

J. Garriga, M. A. Gorji, F. Hajkarim and M. Sasaki, arXiv:2508.08481.
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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:
1
S = 3 /d?’de a® [(%{j)Q = (&-’yjk)Q]
1
4= /d?’ach a?f? [(tgj)2 —c;(0itjn)? — mft?j]

/d3md7'a Vi; (0HE + Kt'7) .

J. Garriga, M. A. Gorji, F. Hajkarim and M. Sasaki, arXiv:2508.08481.
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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:
1
S = 3 /d?’de a® [(%{j)Q = (&-’yjk)Q]
1
4= /d?’:vdT a?f? [(tgj)2 —c;(0itjn)? — mft?j]

/d3xd7'a Vi; (0HE + Kt'7) .

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

J. Garriga, M. A. Gorji, F. Hajkarim and M. Sasaki, arXiv:2508.08481.
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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:
1
S = 3 /d?’de a® [(’y;j)2 = (&-’yjk)Q]
1
4= /d?’:vdT a?f? [(tgj)2 —c;(0itjn)? — m?t?j]

/d3xd7'a Vi; (0HE + Kt'7) .

@ 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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© Black holes with torsion and nonmetricity
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Strong-field motivation: black-hole hair

@ Black holes are one of the sharpest probes of modified gravity.

Sebastian Bahamonde Theories with Torsion and Nonmetricity 24/32



Strong-field motivation: black-hole hair

@ Black holes are one of the sharpest probes of modified gravity.

@ In GR, stationary black holes are highly constrained by no-hair results.

Sebastian Bahamonde Theories with Torsion and Nonmetricity 24/32



Strong-field motivation: black-hole hair

@ Black holes are one of the sharpest probes of modified gravity.
@ In GR, stationary black holes are highly constrained by no-hair results.

@ A natural question is whether new geometric structures can support new black-hole hair:

curvature hair, torsion hair, nonmetricity hair.

Sebastian Bahamonde Theories with Torsion and Nonmetricity 24/32



Strong-field motivation: black-hole hair

@ Black holes are one of the sharpest probes of modified gravity.
@ In GR, stationary black holes are highly constrained by no-hair results.

@ A natural question is whether new geometric structures can support new black-hole hair:

curvature hair, torsion hair, nonmetricity hair.

@ In MAG, matter can carry intrinsic microstructure:

spin, dilation, shear.

Sebastian Bahamonde Theories with Torsion and Nonmetricity 24/32



Strong-field motivation: black-hole hair

@ Black holes are one of the sharpest probes of modified gravity.
@ In GR, stationary black holes are highly constrained by no-hair results.

@ A natural question is whether new geometric structures can support new black-hole hair:

curvature hair, torsion hair, nonmetricity hair.

@ In MAG, matter can carry intrinsic microstructure:

spin, dilation, shear.

@ These intrinsic charges can survive in the exterior geometry.
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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”_ r2dQ?, U(r)y=1- il + —Qgeom.

2 _ 2 _
ds® = U(r)dt ) " 2
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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

2 _ 2 _
ds* = U(r)dt ) " 2

— r2d02, U(r) = 2m qie —Qgeom.

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),

2
2
dr”_ r2dQ?, U(r)y=1- o —Qgeom.

2 _ 2 _
ds* = U(r)dt ) " 2

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?
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What are the intrinsic charges?

Dilation «q4

Microscopic angular Local rescaling; changes size
momentum; mainly tied to or volume; tied to trace
torsion. nonmetricity.
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What are the intrinsic charges?

Dilation x4 Shear kg,

Microscopic angular Local rescaling; changes size | Shape deformation without
momentum; mainly tied to or volume; tied to trace changing volume; tied to
torsion. nonmetricity. traceless nonmetricity.
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What are the intrinsic charges?

Dilation k4 Shear kg,

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

Physical point
These charges are integration constants of the exterior 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

@ In atomic systems, orbital motion couples to intrinsic spin and produces a spin-orbit interaction:

Lso ~A(r)L-S.
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From atomic spin-orbit coupling to gravity

@ In atomic systems, orbital motion couples to intrinsic spin and produces a spin-orbit interaction:
Lso ~ A(r)L-S.

@ Can black-hole rotation a couple to an intrinsic spin charge « carried by torsion?

@ In Poincaré gravity, axial symmetry activates the full torsion sector, so an exact slowly rotating
solution is highly non-trivial.

@ The result is a gravitational analogue of spin-orbit coupling, but with a purely geometric origin.
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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,
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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:

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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(:)=UJ—]€'QH, QH’: a .
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.

@ 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.
@ Fermions do not give the usual bosonic amplification mechanism.

@ The question is whether 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 .
VVutp = 7St + iy = 0.
Thus fermions couple to axial part of torsion S,,, not the full torsion tensor. This change parity!

S. Bahamonde and J. Gigante Valcarcel, “Black hole superradiance in Poincaré gauge theory,” 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 uth — 4—1757"5#1/; + g = 0.
Thus fermions couple to axial part of torsion S,,, not the full torsion tensor. This change parity!

Near-horizon data

Requiring separability fixes the angular structure of the axial mode,

3 —4¥(r) flr)
F =~ dNd
(r, ) 69 (r) cos ¥ + ,
The near-horizon splitting is therefore controlled by
Ks (intrinsic spin), f(rp) (arbitrary function related to grav spin-orbit interaction).

S. Bahamonde and J. Gigante Valcarcel, “Black hole superradiance in Poincaré gauge theory,” arXiv:2603.19140.
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Chiral splitting and fermionic energy extraction

@ Near the horizon, the two fermionic helicities see different effective frequencies:
Qizw—kQHﬂ:AT, Qp ~

with the torsion-induced splitting

Ar = % (Nlns — n%f(rh)) .
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Chiral splitting and fermionic energy extraction

@ Near the horizon, the two fermionic helicities see different effective frequencies:
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@ Near the horizon, the two fermionic helicities see different effective frequencies:

Qs =w—kQu+Ap, Qpo %‘;h,
with the torsion-induced splitting
AT = i (Nllis — if(?"h)) o
Th m

@ Axial torsion shifts the two helicities in opposite directions:
Qr — Q- =2Ar.
@ The energy flux becomes
B _ 1
dt ~— 32mry
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@ Near the horizon, the two fermionic helicities see different effective frequencies:

Qs =w—kQu+Ap, Qpo zr::rh’
with the torsion-induced splitting
AT = i (Nllis — if(?m)) o
Th m

@ Axial torsion shifts the two helicities in opposite directions:
Qr — Q- =2Ar.
@ The energy flux becomes
dE 1
dt 32mry,
@ For suitable frequencies and torsion parameters, one helicity sector can carry negative energy flux.

[(40.) — QAT)|A3|2 =+ (40.) + 2AT)|A2|2] .
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Chiral splitting and fermionic energy extraction

@ Near the horizon, the two fermionic helicities see different effective frequencies:
Qizw—k‘QHﬂ:AT, Qp ~

with the torsion-induced splitting
3 a
AT = E (Nllﬁ'/s — Ef(’l”h)) o

@ Axial torsion shifts the two helicities in opposite directions:
Qr — Q- =2Ar.
@ The energy flux becomes
dE 1
At 32mrn
@ For suitable frequencies and torsion parameters, one helicity sector can carry negative energy flux.

@ This gives a fermionic-superradiance-like effect: energy can be extracted, while the particle number flux
remains positive,

[(40.) — QAT)|A3|2 =+ (40.) + 2AT)|A2|2] .

dN 1
o (JAs|* +|A42]?) > 0.
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Chiral splitting and fermionic energy extraction

@ Near the horizon, the two fermionic helicities see different effective frequencies:
Qizw—k‘QHﬂ:AT, Qp ~

with the torsion-induced splitting
3 a
AT = E (Nllﬁ'/s — Ef(’l”h)) o

@ Axial torsion shifts the two helicities in opposite directions:
Qr — Q- =2Ar.
@ The energy flux becomes
dE 1
At 32mrn
@ For suitable frequencies and torsion parameters, one helicity sector can carry negative energy flux.

@ This gives a fermionic-superradiance-like effect: energy can be extracted, while the particle number flux
remains positive,

[(40.) — QAT)|A3|2 =+ (40.) + 2AT)|A2|2] .

N 1
dt " 4
Axial torsion enables helicity-dependent fermionic energy extraction.

(JAs|* +|A42]?) > 0.

S. Bahamonde and J. Gigante Valcarcel, “Black-hole superradiance in Poincaré gauge theory,” arXiv:2603.19140.
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@ 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:
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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 = Hlﬁz + HQHi + Hgl'igh.
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Main conclusions

@ Enlarging the geometry of spacetime gives a controlled way to go beyond GR:
I P M e R, T torsion, () nonmetricity.

@ 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 = Hlﬁz + HQHi + Hgl'igh.

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