Theories with Torsion and Nonmetricity:

From Cosmology to Astrophysics

Sebastian Bahamonde

Senior Reserach Fellow at Institute for Basic Science, Daejeon, South Korea.
UCL seminar, 01/December/2025
Mainly jointly with Jorge Gigante Valcarcel

Based on Phys. Rev. D 109 (2024) no.10, 10;
Phys. Rev. D 110 (2024) no.12, 12
Phys. Rev. D 111 (2025) no.8, 084058;
Phys. Lett. B 869 (2025), 139869;
arXiv:2506.17017; arXiv:2507.02362;arXiv:2508.20035.

Sebastian Bahamonde Theories with Torsion and Nonmetricity 1/47



° Metric-Affine gravity and Gauge approach with Cubic interactions

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

© Algebraic Classification in MAG
0 Cosmology with torsion and nonmetricity

e Main results and Possible directions
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0 Metric-Affine gravity and Gauge approach with Cubic interactions
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How to modify it?

Non-Riemannian geometry Higher-order theories
Metric-affine Einstein-Cartan
gravity
Poincaré gauge gravity
Teleparallel theories

Quantum gravity theories

Horava-Lifschitz

Loop quantum Asymptotic
gravity safety

[Supergravity] [Rainbow gravity]

Other approaches
Padmanabhan Holography

Analogue
gravity

Other approaches

General
Relativity

Tensor-vector-scalar theories

Kaluza-Klein

(Ei.nstei.n-}Ether] (Proca theories]

Beyond Horndeski

Figure: Classification of theories of gravity. (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,
“Teleparallel gravity: from theory to cosmology,” Rept. Prog. Phys. 86 (2023) no.2, 026901.)



Definitions and conventions

@ The metric tensor g, constitutes a natural isomorphism between the
tangent and cotangent spaces defined at any point of the
differentiable manifold

Up = 9uU",

which introduces the notion of the scalar product

U-V =g, UV,
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Definitions and conventions

@ The metric tensor g, constitutes a natural isomorphism between the
tangent and cotangent spaces defined at any point of the
differentiable manifold

Up = 9uU",

which introduces the notion of the scalar product
U-V =g, UV,
@ Thus it allows the measurement of infinitesimal distances
ds? = gudztdz”

as well as of vector lengths and angles among them

oV
IOl = 4/|9U*U¥|, cosa = Gum"n .
\/|ga6mamﬁ’\/|g,yan’)’n0
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Definitions and conventions

o The affine/linear connection I'*,,, defines the covariant derivative
operator

V. V¥ =8,V +T%,V*,
A T W AN
and provides the notion of parallel transport along a curve

"V, V" =0.
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Definitions and conventions

o The affine/linear connection I'*,,, defines the covariant derivative
operator

V. V¥ =8,V +T%,V*,
V. EEL VLV = AN VAV,
and provides the notion of parallel transport along a curve
"V, V" =0.
@ Commutation rule:

[@M, V,|v* = R i e I @pv’\ )
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What is Metric-Affine Gravity (MAG)?

@ In General Relativity:
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o Geometry = Curvature — everything from the metric.
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o New geometric degrees of freedom arise:

) =
%y = 217 [
QA;W = V)\g;w
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What is Metric-Affine Gravity (MAG)?

@ In General Relativity:
o The Levi-Civita connection I'*,,, is uniquely determined by the metric

Iuv-
o Geometry = Curvature — everything from the metric.

o In MAG:

o The metric and connection are independent: T*,,, # ' ...
o New geometric degrees of freedom arise:

A A
%y = 217 [
QA;W = v)\g;w
o The general curvature is defined as in GR but changing T'* ., to T ,,.:

m ™ I A To A 1o
RAW,,:@HI‘AW—&,F}‘W—%F U;LF pv_F o]’ P
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What is Metric-Affine Gravity (MAG)?

@ In General Relativity:
o The Levi-Civita connection I'*,,, is uniquely determined by the metric

Iuv-
o Geometry = Curvature — everything from the metric.

o In MAG:

o The metric and connection are independent: T*,,, # ' ...
o New geometric degrees of freedom arise:

A A
%y = 217 [
QA;W = v)\g;w
o The general curvature is defined as in GR but changing T'* ., to T ,,.:
RA puv = aur)\ pv BVI‘A pu t FA U;LFG pv FA o P

@ MAG extends GR to include more general geometric structures,
enabling richer interactions with matter (e.g., spin, microstructure).
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General descriptions

@ In general, to determine the dynamics of these theories one has two

independent dynamical quantities: (g, FAW).
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General descriptions

@ In general, to determine the dynamics of these theories one has two
independent dynamical quantities: (g, FAW).
@ Itis convenient to introduce a tangent space and change those
dynamical variables with two other ones:
o Tetrads (vierbein) e2, that are related to a metric as g, = 7.pe? €%,
with 7,; being the Minkowski metric.
o Spin connection w%,, that are related to the affine connection as
wab,u :e“Aeb”f"\p“—ke“;\aﬂeb)‘
@ In these new variables, one can easily define spinors (as in GR) but
one of the main advantage is that the curvature form DOES NOT

depend on the tetrad field (or metric):

a _ a a a c a c
i3 buv = OpWw b — Oyw by T W cpW by —W W by -
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General descriptions

@ In general, to determine the dynamics of these theories one has two

independent dynamical quantities: (g, FAW).
@ Itis convenient to introduce a tangent space and change those
dynamical variables with two other ones:
o Tetrads (vierbein) e2, that are related to a metric as g, = 7.pe? €%,
with 7,; being the Minkowski metric.
o Spin connection w%,, that are related to the affine connection as
wab,u :e“Aeb”f"\p“—ke“;\aﬂeb)‘
@ In these new variables, one can easily define spinors (as in GR) but
one of the main advantage is that the curvature form DOES NOT

depend on the tetrad field (or metric):
Fab;w = ,uwabu - &Jwabu +wac,uwcbu _Wacuwcbu-
@ Recall that one can "go back” to the standard curvature by contracting
this quantity with tetrads:

A Ab
I v = Bl B I
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Definitions and conventions
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Definitions and conventions

@ Definition of the curvature tensor:

DA A Y PA T PA T
R puy = 0L py =017 o+ 17 617 oy =17 6017 0.
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Definitions and conventions

@ Definition of the curvature tensor:
R prv — auf‘)\ pv_avf‘)\ pu"'f/\ «wf‘a pv_f‘)\ Wf‘a P

@ In particular, it measures the change of vector
components on parallel transport along an
infinitesimal closed curve:

6V, = R, Vads™

where ds”” denotes the surface element
spanned by the infinitesimal closed curve.
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Definitions and conventions

@ Definition of the curvature tensor:
R prv — auf‘)\ pv_avf‘)‘ pu"'f/\ «wf‘a pv_f‘)\ Wf‘a P

@ In particular, it measures the change of vector 3
components on parallel transport along an
infinitesimal closed curve:

6V, = R, Vads™

where ds”” denotes the surface element
spanned by the infinitesimal closed curve.

@ 96 independent components.

Sebastian Bahamonde Theories with Torsion and Nonmetricity



Definitions and conventions
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Definitions and conventions

Definition of the torsion tensor:

A A
T o = 21 ).
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Definitions and conventions

Definition of the torsion tensor:
A A
T 4 =21 .-

Although the affine connection is not a tensor
quantity, its antisymmetric part transforms as a
tensor under general coordinate transformations.
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Definitions and conventions

Definition of the torsion tensor:
A PA
T 4 =21 .-
Although the affine connection is not a tensor

quantity, its antisymmetric part transforms as a
tensor under general coordinate transformations.

In particular, it measures the nonclosure of
infinitesimal parallelograms:

Suy = TP, 6UPSV" .
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Definitions and conventions

Definition of the torsion tensor:

A A
T o = 21 ).

Although the affine connection is not a tensor
quantity, its antisymmetric part transforms as a
tensor under general coordinate transformations.
In particular, it measures the nonclosure of
infinitesimal parallelograms: P 1

Suy = TP, 6UPSV" .

24 independent components.
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Definitions and conventions
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Definitions and conventions

Definition of the nonmetricity tensor:

Q)\,uu = 6)\.g,ul/ .
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Definitions and conventions

Definition of the nonmetricity tensor:

Q)\,uu = 6)\.g,u,l/ .

In particular, it measures the change of lengths
and angles under parallel transport:

VAV (g n”) = VAQx i
1 o AN
— §V)\Q>\#V (mfm” + nrnaY) mPna,

VAV K2 = VAQxuw k" k" .
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Symmetries and identities of the curvature tensor

o Skew symmetry of the last pair of indices of the curvature tensor:

Rpo(u) = 0.
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Symmetries and identities of the curvature tensor

o Skew symmetry of the last pair of indices of the curvature tensor:
Rpo(u) = 0.
@ Bianchi identities:
S S A A
B2 (v} = VT o) + 17 10 T g
S BA A
Viol B pl) = T foul B puiv) »

- = 1
RO w = VQy Aoy 5 T7 Qo ™.
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Symmetries and identities of the curvature tensor

o Skew symmetry of the last pair of indices of the curvature tensor:
Rpo(u) = 0.
@ Bianchi identities:
PA = A A
B2 (v} = VT o) + 17 10 T g
S BA _ PA
Viel B o) = T jou B puol) »
. - 1, .
RO w = VQy Aoy 5 T7 Qo ™.

@ Three independent rank-2 tensors defined from the first contractions
of the curvature tensor:

R;w = R)\,U)\I/ ) ﬁ;w = Ru)\ VA RA)\,UJ/ = V[VQ[L])\)\ 0
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Symmetries and identities of the curvature tensor

o Skew symmetry of the last pair of indices of the curvature tensor:
Rpo(u) = 0.
@ Bianchi identities:
PA S A A
B2 (v} = VT o) + 17 10 T g
S PA PA
Viol B o) = T o B puof]
~ = 1
A o A
RO») w = VpQu ™+ 5 T7 Qo ™.
@ Three independent rank-2 tensors defined from the first contractions
of the curvature tensor:
R;w = R)\,u)\uy ﬁ«)uu = Ru)\ VA RA)\,UJ/ = V[uQ,u])\)\ 0
@ Unique scalar and pseudoscalar curvatures:

- - - N &
R=g"R,, *R=e""Ryp.
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Post-Riemannian decomposition

o It is useful to separate the connection as
D =T o + N
with
Ny = KX oy + L
where the contortion K, and disformation tensors L* ,, are
K= (T —T2 0~ T2,

1
A A A A
Luu:§(Q ;w_Q,u I/_Ql/ u)-
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Post-Riemannian decomposition

o It is useful to separate the connection as
D =T o + N
with
Ny = KX oy + L
where the contortion K, and disformation tensors L* ,, are

1
A A A A
Kuyzi(T ;w_Tp l/_TI/ u):

1

A A A A

L pu:§(Q uu_Q,u I/_Ql/ p) .
@ General decomposition of the the curvature tensor:

A A A A o
R® ppr = B s + 2V N7 ) 2N 5 N7 g1y -
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MAG as a Gauge Theory

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

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

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

b b
Ay = e P+ w%uLle’s,  guw = €% € v 9ab
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MAG as a Gauge Theory

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

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

Ay, = @10 w“buLab, Gy = eaﬂeb,,gab
@ Curvatures and field strengths:

A d,
Gab,u = OuYab — Yac w* bu — Gbe W ap = Jacgbae e pQ,uAp ’

b b A
Y iy = G’ 1p = 8@ m AR @ 50 @ oy = 6 5 @ iy = E T

A
B buv = uwa b — Opw® m + w? c,uwcbu —w cl/wcb,u = grce” ze’R puv -
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MAG as a Gauge Theory

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

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

Ay, = @10 w“buLab, Gy = e“ueb,,gab
@ Curvatures and field strengths:

cA d,
Gabu = OuYab — Yac w* bu — Gbe W ap = Jacbd€ € pQ,uAp ’

b b A
Y iy = G’ 1p = 8@ m AR @ 50 @ oy = 6 5 @ iy = E T

A
T uwabu_6uwabu+wac,uwcbu_Wacuwcb,u = grce” ze’R pUY -
m

@ When nonmetricity is vanishing, the group becomes the Poincaré
group=— Poincaré gauge theories of gravity (PG).
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Dynamics in MAG gauge theories

@ Gravitational action with dynamical torsion and nonmetricity
1

S = /d4x\/—_g[£m — - Lg(R, T, 9)].
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Dynamics in MAG gauge theories

@ Gravitational action with dynamical torsion and nonmetricity
1 -
Y B Y -
S—/d V=g |Lm — To-Ls(R, T, Q)]

@ Correspondence between geometry and matter:
L 0EvV=9) _ g v,

/— g de v
1 6(Lgv=9) _ b
=5 owip = 16wA,%".
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Dynamics in MAG gauge theories

@ Gravitational action with dynamical torsion and nonmetricity
1 -
Y B Y -
S—/d V=g |Lm — To-Ls(R, T, Q)]

@ Correspondence between geometry and matter:
L 0EvV=9) _ g v,

vV—g de*,
L 9Ev=g) _ ygep, v
V=9 Owip

@ Hypermomentum can be split into three parts:

1
A;UJ)\ = (S)A[,uu])\ + Zguu(d)A)\ + (sh) IZ‘(MV))\
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Dynamics in MAG gauge theories

@ Gravitational action with dynamical torsion and nonmetricity
1 -
Y B Y -
S—/d V=g |Lm — To-Ls(R, T, Q)]

@ Correspondence between geometry and matter:
L 0EvV=9) _ g v,

vV—g de*,
L 9Ev=g) _ ygep, v
V=9 Owip

@ Hypermomentum can be split into three parts:

1
A;UJ)\ = (S)A[,uu])\ + Zguu(d)A)\ + (sh) ﬁ(uu))\

@ Intrinsic Spin term VA, source of torsion
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Dynamics in MAG gauge theories

@ Gravitational action with dynamical torsion and nonmetricity
1 -
Y B Y -
S—/d V=g |Lm — 1—La(R, T, Q)]

@ Correspondence between geometry and matter:
L 0EvV=9) _ g v,

vV—g de*,
L 9Ev=g) _ ygep, v
V=9 Owip

@ Hypermomentum can be split into three parts:

1
A;UJ)\ = (S)A[uu])\ + Zguu(d)A)\ + (sh) K(uu))\

@ Intrinsic Spin term VA, source of torsion
Q Intrinsic Dilation term (DA, = A”,,: source of trace nonmetricity
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Dynamics in MAG gauge theories

@ Gravitational action with dynamical torsion and nonmetricity
1 -
Y B Y -
S—/d V=g |Lm — 1—La(R, T, Q)]

@ Correspondence between geometry and matter:
L 0EvV=9) _ g v,

vV—g de*,
L 9Ev=g) _ ygep, v
vV—9g 6wabu

@ Hypermomentum can be split into three parts:

1
A;UJ)\ = (S)A[yu])\ + Zguu(d)A)\ + (sh) K(uu))\

@ Intrinsic Spin term VA, source of torsion

Q Intrinsic Dilation term (DA, = A”,,: source of trace nonmetricity
@ Intrinsic Shears term YA, 1 source of traceless nonmetricity
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Conservation equation - Only Torsion

@ 64,V is the canonical energy-momentum tensor that can be related to
the energy-momentum tensor as

Oty =TH\ + —— [ v(V—gA\H) — 2\/—gT,,A)\’W] .

2\/—

Sebastian Bahamonde Theories with Torsion and Nonmetricity 16/47



Conservation equation - Only Torsion

@ 64,V is the canonical energy-momentum tensor that can be related to
the energy-momentum tensor as

© w — wy _ 9 /— wv
@A—TA+2\/_[ JV=GAN) =2/ =g T AN .

@ By imposing that the matter sector respects diffeomorphism
invariance, we arrive at the following generalised conservation
equation:

1 . 1~ -
V,THy — QA)"“’R,\WQ + ivaVAaW
+T VAN = 0.
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Conservation equation - Only Torsion

@ 64,V is the canonical energy-momentum tensor that can be related to
the energy-momentum tensor as

i " ALY o /T v
'\ =T )\+2\/—[ v(V—=9A\) —24/—g T, A\ ]

@ By imposing that the matter sector respects diffeomorphism
invariance, we arrive at the following generalised conservation
equation:

1 AUV D le o v
vu,T“a - §A H R)\,u,z/a + QVMVVAO/L
—i—T#O/\@VA,\’W =0.

@ Obviously, if there is no hypermomentum, we find the standard
energy-momentum conservation V,T*, = 0.
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Quadratic Poincaré gauge theory - ghost issue

@ Convenient to decompose torsion as

1
T =3 (0T, - ,T) + 66)‘ 'SP N

Wl =

using
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Quadratic Poincaré gauge theory - ghost issue

@ Convenient to decompose torsion as

1
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using
o Vector part T, = T* .,
o Axial vector part S, = €u1pe T,
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Quadratic Poincaré gauge theory - ghost issue

@ Convenient to decompose torsion as

1
T =5 (0T, - & ,.T, )+65 puSP 1

Wl =

using
o Vector part T, = T* ,»,
o Axial vector part S, = EWWT P,
o Tensor part t* ,, = T* ,, — 1 (5A — P ) = S .
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Quadratic Poincaré gauge theory - ghost issue

@ Convenient to decompose torsion as

1
T =z (8T, -8 .T.) + gaA 'SP N

Wl =

using
o Vector part 7, = T,
o Axial vector part S, = €u1pc T,
o Tensorpart t* ., =T* 4, — 3 (0%, T — 02\ T0) — g™ o 'SP
@ The most general class of quadratic Poincaré gauge models that are
reduced to General Relativity in the absence of torsion is:

1 D D, v 1 5 Sy 7 5 v
So= o= [—R + caRopun R — 5 (201 + c2) R A 4 ey R R

b di Ry (R — B™) + %(mmw T+ mES, 8"+ mita ™) |V g d'.
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Quadratic Poincaré gauge theory - ghost issue

@ Convenient to decompose torsion as

1
T =z (8T, -8 .T.) + EsA 'SP N

W =

using
o Vector part T, = T? ,\,
o Axial vector part S, = €u1pc T,
o Tensorpart t* ., =T* 4, — 3 (0%, T — 02\ T0) — g™ o 'SP
@ The most general class of quadratic Poincaré gauge models that are
reduced to General Relativity in the absence of torsion is:

1 D D, v 1 5 Sy 7 5 v
So= o= [—R + caRopun R — 5 (201 + c2) R A 4 ey R R

Ry (R = R) 4 S (m3TLT" + m3S,8" + mitat™) | V=g de
@ ltis not possible to have a stable propagating torsion tensor in

quadratic Poincaré gauge theory for general backgrounds. Kinetic
part of vectors 7, and S,, propagate a ghost.
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Cubic Poincaré gauge theory

Cubic parity preserving branch with mixing terms: (s. Bahamonde and J. Gigante Valcarcel,
Phys. Rev. D 109 (2024) no.10, 10)

(3) _ r® (3) (3) (3) (3) (3)
Liurv—tors = 'CRTT + ERSS + cf%tt + 'CRTS + ['RTt + ‘CRSt 2

3 = v = 3 = v =
£ =R THT” + haRT, T, L) = h3RyyS*S” + haRS,S*,

Lg’t)t = h5 Ropputo P17 + ho B punto 17V + by Rt ot
+ hsRopput ™ ot7P” + ho Rt ™ ot??? + hio Raptun  tPHY
+ hllé/\pty,u)\tuup + hlZRt)\p,u,tApM )

Eg;“s = h13e™" Ry v To S7 + h14eu ™7 RyppuoTHSY + hise™* Ry, Ty Sy

E%”;t = hlGR)\ppuTutxP‘u + h17R>\puqut>\‘uV + h18R)\pTutu>\p + thR)\pTutxp‘uv
[’S;t = h205ap;4uR'rpHuS’ytaT'y aF h215apy,uR‘rpy’VS’yt'yaT

+* h225ap#VRpuTuS7t'yaT TF h235apMVR7;L7‘uSat7pT

+ ho2acap™” Ryurv SOtPTY + haseapru R4 SOtP™Y + hagerpuw R St .
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Cubic Poincaré gauge theory

Cubic parity preserving branch with mixing terms: (s. Bahamonde and J. Gigante Valcarcel,
Phys. Rev. D 109 (2024) no.10, 10)

(3) _ 3 (3) (3) (3) (3) (3)
Liurv—tors = ‘CRTT + ERSS + cf%tt + 'CRTS + L:RTt + ‘CRSt 2

£ = m R THTY + haoRT, T, L) = ha Ry SHS” + ha RS,uS*,
LD = hs Rappuuto P17 + he Rxpputo 177 + by R ppu t™ o174
+ hsRopput ™ ot7P” + ho Rt ™ ot??? + hio Raptun  tPHY
+ hIIR/\ptpu)\tMVp + hlZRt)\p,u,tApM ’

L'g)TS = h13e™" Ry v To S7 + h14eu ™7 RyppuoTHSY + hise™* Ry, Ty Sy

E%”;t = hlGR)\puuTutxP‘u + h17R>\p;¢qut>\‘uV + h18R)\pTutu>\p + thRApTutxp‘uv

ng‘t = h205ap;4uR7‘pHuS’ytaT'y aF h215apy,uR‘rppVS’yt'yaT
i h225ap#VRpuTuS7t'yaT s h235apuyé'yp‘7‘usat7p’r

+ ho2acap™” Ryurv SOtPTY + haseapru R4 SOtP™Y + hagerpuw R St .

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

@ Now let us include nonmetricity and decompose the fields as:
T . = 1 (5* oy — & HT,,) +1ia ourSP + 1
3 6

1 1 1 .
Qxrpr = guwWix + 3 (grphv + gruAp) — ZguuAA 4F gs)\pa(uﬂu) (LSS G\ &
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Cubic Metric-Affine gauge theory

@ Now let us include nonmetricity and decompose the fields as:
T . = 1 (5* oy — & HT,,) +1ia ourSP + 1
3 6

1 1 1 .
Qxrpr = guwWix + 3 (grphv + gruAp) — ZguuAA 4F gs)\pa(uﬂu) (LSS G\ &

o From torsion: 1 vector T, and 1 axial vector S,
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@ Now let us include nonmetricity and decompose the fields as:
™, = 1 (5* oy — & HT,,) +1ia ourSP + 1
3 6

1 1 1
Qxrpr = guwWix + 5 (grphv + gruAp) — ZguuAA I gs)\pa(uﬂu) (LSS G\ &

o From torsion: 1 vector T, and 1 axial vector S,
o From nonmetricity: 2 vectors W, and A,,.
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Cubic Metric-Affine gauge theory

@ Now let us include nonmetricity and decompose the fields as:

1 1
T . - (5A T, — & HT,,) + ga)‘ o SP + 1

1 1 1
Qxrpr = guwWix + 5 (grphv + gruAp) — ZguuAA I gs)\pa(uﬂu) (LSS G\ &

o From torsion: 1 vector T, and 1 axial vector S,
o From nonmetricity: 2 vectors W, and A,,.

@ Our Cubic MAG theory can be expressed as (S. Bahamonde and J. Gigante Valcarcel, Phys. Rev.
D 111 (2025) no.8, 084058)
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Cubic Metric-Affine gauge theory

@ Now let us include nonmetricity and decompose the fields as:
A 1 P 15 ® 1 2
I (GRE A 5 oS+
1 1 1
Qxrpr = guwWix + 5 (grphv + gruAp) — Zg;wAA I gs)\pa(uﬂu) (LSS G\ &

o From torsion: 1 vector T, and 1 axial vector S,
o From nonmetricity: 2 vectors W, and A,,.

@ Our Cubic MAG theory can be expressed as (s. Bahamonde and J. Gigante Valcarcel, Phys. Rev.
D 111 (2025) no.8, 084058)

Cubic Metric-Affine gravity Lagrangian

167L = Lquaa + ES%T + LS(%}Q + Eg’l)“Q 0
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Cubic Metric-Affine gauge theory

@ Now let us include nonmetricity and decompose the fields as:
A 1 P 15 ® 1 2
I (GRE A 5 oS+
1 1 1
Qxrpr = guwWix + 5 (grphv + gruAp) — Zy;w/\x I gs)\pa(uﬂu) (LSS G\ &

o From torsion: 1 vector T, and 1 axial vector S,
e From nonmetricity: 2 vectors W, and A,,.

@ Our Cubic MAG theory can be expressed as (s. Bahamonde and J. Gigante Valcarcel, Phys. Rev.
D 111 (2025) no.8, 084058)

Cubic Metric-Affine gravity Lagrangian

167L = Lquaa + EST)T + LS(%}Q + ES’I)‘Q 0

@ We showed that by introducing these terms that are part of the Gauge
approach, one can eliminate all known vector/axial ghosts.
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@ Black holes with torsion and nonmetricity
@ Spherically symmetric black holes
@ Axially symmetric black holes

Sebastian Bahamonde Theories with Torsion and Nonmetricity 20/47



Spherically symmetric spacetimes

o Explicit symmetries on the metric and torsion tensors:

‘Cfglﬂ/ = E&T)‘ p = E&Q)\m, =0 = ﬁgRA ppv = 0.
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Spherically symmetric spacetimes
o Explicit symmetries on the metric and torsion tensors:

‘Cﬁglﬂ/ = E&TA p = E&Q)\M,, =0 = [{R)‘ ppv = 0.

@ Static and spherically symmetric space-times:

d 2
#10 — #2 {ds2 = Uy (r)dt? — L (d192 + sin? 19dg02) :
Wo(r)
Tt tr A tr Tﬂ 9
#24 = #8¢ TV, T%4, TY,,
T (1) A (%)

Qttt Qtrr Qttr

Qtﬂﬂ Q'rtt Q'r‘r'r

R Qrir  Qrov  Qutw
Qﬂrﬁ Qﬂttp Qﬂrcp
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Reissner-Nordstrom-like black holes

@ We studied a ghost-free theory with Cubic interactions in metric-affine
gravity.
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@ We studied a ghost-free theory with Cubic interactions in metric-affine
gravity.

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

@ We studied a ghost-free theory with Cubic interactions in metric-affine
gravity.

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

New exact black hole solution with three intrinsic charges

1 2m 1
git — ——— = \Il(’l") =1- T aF ’[‘_2(H1KE a4 H2K/§ aF H3K/gh) o

rTr
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Reissner-Nordstrom-like black holes

@ We studied a ghost-free theory with Cubic interactions in metric-affine
gravity.

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

New exact black hole solution with three intrinsic charges

1 2m 1
git — ——— = \Il(’l") =1- T aF T_2(H1/i§ a4 H2K/§ aF H3K/gh) o

rTr

@ Here, kg, ka and kg, represent the spin, dilation and shear intrinsic charges.
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Reissner-Nordstrom-like black holes

@ We studied a ghost-free theory with Cubic interactions in metric-affine
gravity.

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

New exact black hole solution with three intrinsic charges

1 2m 1
gp=—"—="¥Y(r)=1-—+—-
r r

rTr

(Hlliz a4 H2K/g F H3/€§h) .

@ Here, kg, ka and kg, represent the spin, dilation and shear intrinsic charges.

@ ltis important to mention that the in this theory both torsion and nonmetricity
are propagating and moreover, their spin-2 and spin-3 parts are dynamical.
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Reissner-Nordstrom-like black holes

@ We studied a ghost-free theory with Cubic interactions in metric-affine
gravity.

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

New exact black hole solution with three intrinsic charges

1 2m 1
git (r) . +r2

rTr

(Hlliz a4 H2K/§ F H3/€§h) .

@ Here, kg, ka and kg, represent the spin, dilation and shear intrinsic charges.

@ ltis important to mention that the in this theory both torsion and nonmetricity
are propagating and moreover, their spin-2 and spin-3 parts are dynamical.

@ All the masses of the tensor modes of torsion and nonmetricity are different
from zero — We evaded the Weinberg-Witten no-go theorem (massless
higher-spin fields are pathological)
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What do these charges ks, kq and kg, represent?

D Intrinsic spin, shears and dilations generates gravitation. Inherent
properties to the matter. Those effects related to microstructure do
not exist in GR.
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What do these charges ks, kq and kg, represent?

D Intrinsic spin, shears and dilations generates gravitation. Inherent
properties to the matter. Those effects related to microstructure do
not exist in GR.

@ We know that the spin is a fundamental property of particles. Since
their masses contribute to gravity, why their spin do not?
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What do these charges ks, kq and kg, represent?

D Intrinsic spin, shears and dilations generates gravitation. Inherent
properties to the matter. Those effects related to microstructure do
not exist in GR.

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

@ The solution is in vacuum and a charge «, appears (spin charge).
Analogue to the case of Schwarzschild where the mass M appears.
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What do these charges ks, kq and kg, represent?

D Intrinsic spin, shears and dilations generates gravitation. Inherent
properties to the matter. Those effects related to microstructure do
not exist in GR.

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

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

@ The intrinsic dilation charge rq: refers to a scaling transformation —
stretching or shrinking spacetime volume without changing shape.
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What do these charges ks, kq and kg, represent?

D Intrinsic spin, shears and dilations generates gravitation. Inherent
properties to the matter. Those effects related to microstructure do
not exist in GR.

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

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

@ The intrinsic dilation charge rq: refers to a scaling transformation —
stretching or shrinking spacetime volume without changing shape.

@ The intrinsic shear charge xg,: deformations that change the shape of
an object without changing its volume.
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Gauss-Bonnet with Dilations

@ Now, consider a n-dimensional theory in a geometry without torsion and with @, = g Wi :
(S. Bahamonde and M. Bafiados, Phys. Lett. B 869 (2025), 139869)

G =R? — 4R, R" + R,y apR**P 4 (d — 4)(d — 3)GapgWW"

= %(d —4)(d—3)(d — 2)Wa WV W* + %(d —4)(d—3)(d —2)(d — YWa W Wz WP 4 bt
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Gauss-Bonnet with Dilations

@ Now, consider a n-dimensional theory in a geometry without torsion and with @, = g Wi :
(S. Bahamonde and M. Bafiados, Phys. Lett. B 869 (2025), 139869)

G =R? — 4R, R" + R,y apR**P 4 (d — 4)(d — 3)GapgWW"

= %(d —4)(d—3)(d — 2)Wa WV W* + %(d —4)(d—3)(d —2)(d — YWa W Wz WP 4 bt

@ In 5-dimensions, we can construct the action
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Gauss-Bonnet with Dilations

@ Now, consider a n-dimensional theory in a geometry without torsion and with @, = g Wi :
(S. Bahamonde and M. Bafiados, Phys. Lett. B 869 (2025), 139869)

G =R? — 4R, R" + R,y apR**P 4 (d — 4)(d — 3)GapgWW"

= %(d —4)(d—3)(d — 2)Wa WV W* + %(d —4)(d—3)(d —2)(d — YWa W Wz WP 4 bt

@ In 5-dimensions, we can construct the action

Action for Gauss-Bonnet in 5-d
doglne G2 | o)

SaB-wc = K
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Gauss-Bonnet with Dilations

@ Now, consider a n-dimensional theory in a geometry without torsion and with @, = g Wi :
(S. Bahamonde and M. Bafiados, Phys. Lett. B 869 (2025), 139869)

G =R? — 4R, R" + R,y apR**P 4 (d — 4)(d — 3)GapgWW"

= %(d —4)(d—3)(d — 2)Wa WV W* + %(d —4)(d—3)(d —2)(d — YWa W Wz WP 4 bt

@ In 5-dimensions, we can construct the action

Action for Gauss-Bonnet in 5-d

SaB-wc =

\/_[R—F(l?#—i—ag].

@ We found the following black hole solution with Wy = (wo(r), w1 (r), 0, 0) with wo, w1 # 0:

1 8M r2 4ok 20k?
v(r) = (1- o+ e far 2oy

1+ 4ak/r 3mr2 7 7

F
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Gauss-Bonnet with Dilations

@ Now, consider a n-dimensional theory in a geometry without torsion and with @, = g Wi :
(S. Bahamonde and M. Bafiados, Phys. Lett. B 869 (2025), 139869)

G =R? — 4R, R" + R,y apR**P 4 (d — 4)(d — 3)GapgWW"

= %(d —4)(d—3)(d — 2)Wa WV W* + %(d —4)(d—3)(d —2)(d — YWa W Wz WP 4 bt

@ In 5-dimensions, we can construct the action

Action for Gauss-Bonnet in 5-d

SaB-wc =

\/_[R—F(l?#—i—ag].

@ We found the following black hole solution with Wy = (wo(r), w1 (r), 0, 0) with wo, w1 # 0:

1 8SM 2 4 20k2
v(r) = (1- o+ e far 2oy

1+ 4ak/r 3mr2 7 7

F

@ The G contribution create a new dypole-type configuration related to dilations « which comes
from W,,.
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Gauss-Bonnet with Dilations

@ Now, consider a n-dimensional theory in a geometry without torsion and with @, = g Wi :
(S. Bahamonde and M. Bafiados, Phys. Lett. B 869 (2025), 139869)

G =R? — 4R, R" + R,y apR**P 4 (d — 4)(d — 3)GapgWW"

— %(d —4)(d — 3)(d — 2)WaW°‘VﬂW5 + %(d —4)(d —3)(d — 2)(d — l)WaW"‘WBWﬁ + bt

@ In 5-dimensions, we can construct the action

Action for Gauss-Bonnet in 5-d

SaB-wc =

semgln s GUED | g

F !

@ We found the following black hole solution with Wy = (wo(r), w1 (r), 0, 0) with wo, w1 # 0:

w(r) 1 (1 8M . r2 - 4ak 2an2)
T = — — - .
1+ 4ak/r 3mr2 12 7 7
@ The G contribution create a new dypole-type configuration related to dilations « which comes
from W,,.
@ For positive M and «, this solution describes a black hole configuration with a single horizon. It
is important to note that this solution significantly differs from the Boulware-Deser black hole!
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Gauss-Bonnet with Dilations

@ Now, consider a n-dimensional theory in a geometry without torsion and with @, = g Wi :
(S. Bahamonde and M. Bafiados, Phys. Lett. B 869 (2025), 139869)

G =R? — 4R, R" + R,y apR**P 4 (d — 4)(d — 3)GapgWW"

= %(d —4)(d - 3)(d - 2Wa WV WP’ + %(d —4)(d—3)(d - 2)(d — DWW W W" + bu.

@ In 5-dimensions, we can construct the action

Action for Gauss-Bonnet in 5-d

SaB-wc =

\/_[R—F(l?#—i—ag].

@ We found the following black hole solution with Wy = (wo(r), w1 (r), 0, 0) with wo, w1 # 0:

1 8SM 2 4 20k2
v(r) = (1- o+ e far 2oy

1+ 4ak/r 3mr2 7 7

F

@ The G contribution create a new dypole-type configuration related to dilations « which comes
from W,,.

@ For positive M and «, this solution describes a black hole configuration with a single horizon. It
is important to note that this solution significantly differs from the Boulware-Deser black hole!

@ Using a 4-D regularised procedure, a 4-D black hole with primary hair was found (C. Charmousis,

P. G. S. Fernandes and M. Hassaine, Phys. Rev. D 111 (2025) no.12, 12)
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Electrodynamics coupled with torsion

@ Now, consider another theory with couplings between the electromagnetic field strength
Fuw = 28[“A,,] and B> puv- (S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)
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Electrodynamics coupled with torsion

@ Now, consider another theory with couplings between the electromagnetic field strength
Fuw = 28[“A,,] and B> puv- (S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)

Theory with couplings between F),, and Torsion

L=-R—k F,,F* + kR? + ksF"R,,,, .
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Electrodynamics coupled with torsion

@ Now, consider another theory with couplings between the electromagnetic field strength
Fuw = 28[“A,,] and B> puv- (S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)

Theory with couplings between F),, and Torsion

L=—-R—kF,F" + kyR*>+ ksF"R,,,, .
iz o

@ The Maxwell Eq. has a torsion source: 2k1 V, F* = k3V, R+,
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Electrodynamics coupled with torsion

@ Now, consider another theory with couplings between the electromagnetic field strength
Fw, = 28[“Al,] and RAP,W: (S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)

Theory with couplings between F),, and Torsion

L=-R—k F,,F* + kR? + ksF"R,,,, .

@ The Maxwell Eq. has a torsion source: 2k1 V, F* = k3V, R+,
@ We found the following black hole solution:

_ W' (r) c1 Ks _ _ B Al (r)
o) = et g, ) =230) () -6 - 50
e — ;M, %(r):%i‘ll(w)tﬁ(r), t(r) = +T(r)tr (r)
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Electrodynamics coupled with torsion

@ Now, consider another theory with couplings between the electromagnetic field strength
Fw, = 28[“Al,] and RAP,W: (S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)

Theory with couplings between F),, and Torsion

L=-R—k F,,F* + kR? + ksF"R,,,, .

@ The Maxwell Eq. has a torsion source: 2k1 V, F* = k3V, R+,
@ We found the following black hole solution:

() c1 Ks _ _ _ Ag(r)
o) = et g, ) =230) () -6 - 50
e — ;M, %(r):%i@(?)tﬁ(r% t(r) = +T(r)tr (r)

@ The metric and electric potential behave as

2m 1 1 1
U(r) = 1-—+— (k1q2 — —k3ksq — k§q2) , Ap= (g,0,0, 0) .
rooor 2 P
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Electrodynamics coupled with torsion

@ Now, consider another theory with couplings between the electromagnetic field strength
Fw, = 28[“Al,] and RAP,W: (S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)

Theory with couplings between F),, and Torsion

L=-R—k F,,F* + kR? + ksF"R,,,, .

@ The Maxwell Eq. has a torsion source: 2k1 V, F* = k3V, R+,
@ We found the following black hole solution:

() c1 Ks _ _ _ Ag(r)
o) = et g, ) =230) () -6 - 50
e — ;M, %(r):%i@(?)tﬁ(r% t(r) = +T(r)tr (r)

@ The metric and electric potential behave as

2m 1 1 1 q
o = 1—-"4 = (ki¢®- 2k = k242 A, =(2,0,0,0).
(T) r +7.2 ( 19 2 3hsq 32’€2 34 ) 1 (7’7 9\ )

@ 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
Fw, = 28[“Al,] and RAP,WS (S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)

Theory with couplings between F),, and Torsion

L=-R—k F,,F* + kR? + ksF"R,,,, .

@ The Maxwell Eq. has a torsion source: 2k1 V, F* = k3V, R+,
@ We found the following black hole solution:

V() o g _ B _ Ag(r)
ti(r) = OO0k ta(r) = £9(r) <t4(T) t1(r) AZ(T)> ;
t3(r) = ;M, t5(r) = % £ U()te(r), ta(r) = £U(r)tr(r)
@ The metric and electric potential behave as
U(r) = 1- sz + %2 (k1q2 - %k3nsq - 321k2 k§q2) , A= (g,o,o, 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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Axially symmetric black holes - spin orbit interaction

Spin-Orbit Interaction in Atomic Physics

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

Sebastian Bahamonde Theories with Torsion and Nonmetricity 26/47



Axially symmetric black holes - spin orbit interaction

Spin-Orbit Interaction in Atomic Physics

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

@ This interaction is of the following form

uo - v
Lso = W@DU" F;wlb
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Spin-Orbit Interaction in Atomic Physics

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

@ This interaction is of the following form
Lso = -t gat F
SO Am2 Qv

@ Then,
Lso =Ar)L-S o« a\(r)cosd

where L is the orbital angular momentum, S is the spin angular
momentum, and A(r) is a coupling function.
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Axially symmetric black holes - spin orbit interaction

Spin-Orbit Interaction in Atomic Physics

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

@ This interaction is of the following form
Lso = -t gat F
SO Am2 Qv
@ Then,
Lso =Ar)L-S o« a\(r)cosd

where L is the orbital angular momentum, S is the spin angular
momentum, and A(r) is a coupling function.

@ The spin-orbit interaction increases the energy gap between certain
nuclear energy levels, making nuclei with magic numbers more stable.
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Axially symmetric black holes - spin orbit interaction

@ Poincare theories successfully describes the gravitational effects of the
intrinsic and extrinsic parts of the canonical angular momentum tensor, but
the implications of the interaction between these two quantities at
macroscopical scales has not been found in the literature so far.
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@ Axial symmetry involves the full axially symmetric torsion containing 24 dof
and 4 dof of the metric. It is a extremely difficult problem to solve the
systems.
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@ Axial symmetry involves the full axially symmetric torsion containing 24 dof
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momentum « and the intrinsic spin x;: gravitational spin-orbit interaction.
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@ We initially focused on the search of black hole solutions that at least can
display such an interaction in the gravitational action, regardless if it does not
provide any modification in the metric tensor.
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Axially symmetric black holes - spin orbit interaction

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

@ Axial symmetry involves the full axially symmetric torsion containing 24 dof
and 4 dof of the metric. It is a extremely difficult problem to solve the
systems.

@ Our main aim was to find out if an interaction between the angular
momentum « and the intrinsic spin x;: gravitational spin-orbit interaction.

@ We initially focused on the search of black hole solutions that at least can
display such an interaction in the gravitational action, regardless if it does not
provide any modification in the metric tensor.

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

@ We found a slowly rotating Kerr-like black hole solution with a dynamical

torsion and (S. Bahamonde and J. Gigante Valcarcel, arXiv:2508.20035) -
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@ We found a slowly rotating Kerr-like black hole solution with a dynamical

torsion and (S. Bahamonde and J. Gigante Valcarcel, arXiv:2508.20035) -

Lagrangian like a gravitational spin-orbit interaction in the solution

le ,C . d1N12/€§ + lelaK,sG(T‘, ’19)
87rr4 SOT = Tgrd 2 i
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Lagrangian like a gravitational spin-orbit interaction in the solution

le d1N12/€§ + lelaK,sG(T‘, ’19)

= 87rr4 +Lsor = 8mrrd 2

Q0 IfG(r,9) = \/Lg Y o549, Lsor this term would provide a term analogous
to the Thomas precessmn of atomic systems, but in this case with a

purely gravitational origin.
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Axially symmetric black holes - spin orbit interaction

@ We found a slowly rotating Kerr-like black hole solution with a dynamical

torsion and (S. Bahamonde and J. Gigante Valcarcel, arXiv:2508.20035) -

Lagrangian like a gravitational spin-orbit interaction in the solution
le d1N12/€§ + lelaK,sG(T‘, ’19)

L= =g Thsor=

Q0 IfG(r,9) = \/Lg Y o549, Lsor this term would provide a term analogous
to the Thomas precessmn of atomic systems, but in this case with a
purely gravitational origin.

@ The form of torsion contains 24 dof being non-zero.

8mrrd o
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Axially symmetric black holes - spin orbit interaction

@ We found a slowly rotating Kerr-like black hole solution with a dynamical

torsion and (S. Bahamonde and J. Gigante Valcarcel, arXiv:2508.20035) -

Lagrangian like a gravitational spin-orbit interaction in the solution
le d1N12/€§ + lelaKJsG(T‘, ’19)

L= + Lsor =

87rr4 8mrrd 2

Q0 IfG(r,9) = ¢17 Y o549, Lsor this term would provide a term analogous
to the Thomas precessmn of atomic systems, but in this case with a

purely gravitational origin.
@ The form of torsion contains 24 dof being non-zero.

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

@ Is there any interesting new effect that can emerge from this solution and
analogy with atomic physics?
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Axially symmetric black holes - spin orbit interaction

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

@ The arbitrary function G(r,?) is encoded solely in the axial mode of the
torsion tensor of the solution.
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Axially symmetric black holes - spin orbit interaction

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

@ The arbitrary function G(r,?) is encoded solely in the axial mode of the
torsion tensor of the solution.

@ Therefore, trajectories of Dirac particles minimally coupled to torsion will
accordingly experience deviations from the geodesic motion, which can
already be measured in the semiclassical limit by an acceleration of the form:

1 . _
A A v

u V)\U,L = —4ms R)\p;waU pbou 5

where u,, represents the four-velocity of the particle, b, its normalised state,

ms its mass, o the spin matrices and R, ., the part of the Riemann-Cartan
curvature tensor that includes corrections from the axial mode alone.
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© Algebraic Classification in MAG
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How is the procedure for algebraic classification?

@ The complete classification of the relevant tensors in Riemannian
geometry is known.
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How is the procedure for algebraic classification?

@ The complete classification of the relevant tensors in Riemannian
geometry is known.
@ Broadly speaking, the steps followed are:
O Decompose the curvature tensor into its irreducible modes:

Riemmanian Curvature decomposition

1 1
R)\py,u = W)\puu + 5 (g)\[,b)R(py + ng)R()\,u - g)\VRpp, - gPMR)\u) + é Rg)\[ugu]p )
#20(R)\py.u) = #1O(W)\pl.w) + #Q(Rpu) + #I(R) 0
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How is the procedure for algebraic classification?

@ The complete classification of the relevant tensors in Riemannian
geometry is known.
@ Broadly speaking, the steps followed are:
O Decompose the curvature tensor into its irreducible modes:

Riemmanian Curvature decomposition

1 1
RAp/.w = W)\puu + 5 (g)\[,b)R(py + ng,R()\p, - g)\VRpp, - gPMR)\u) + é Rg)\[ugu]p )
#20(R)\py.u) = #1O(W)\p/.w) + #Q(Rpu) + #I(R) 0

@ Analyse algebraic properties for each mode: One can formulate an
eigenvalue problem or use principal null directions to find the different
types.
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How is the procedure for algebraic classification?

@ The complete classification of the relevant tensors in Riemannian
geometry is known.
@ Broadly speaking, the steps followed are:
O Decompose the curvature tensor into its irreducible modes:

Riemmanian Curvature decomposition

1 1
R)\PI-W = WAPMV + 5 (gA#/R(pu + gPV,R()\,u - g)\VRp,u - gPM)R()\u) + 6 ng[ugu]p ’
#20(R>\puu) = #10(W)\pw/) + #Q(Rpu) + #1(R) 0

@ Analyse algebraic properties for each mode: One can formulate an
eigenvalue problem or use principal null directions to find the different
types.

@ Result in Riemannian geometry: Weyl has 6 types (Petrov
classification); Ricci traceless has 15 types(Segre classification);
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How is the procedure for algebraic classification?

@ The complete classification of the relevant tensors in Riemannian
geometry is known.
@ Broadly speaking, the steps followed are:
@O Decompose the curvature tensor into its irreducible modes:

Riemmanian Curvature decomposition

1 1
Rxppv = Wippw + 2 (gAy.Rpu + gpu,R()\y, - g)\VRpp, - gpuR)\y) + 6 Rg)\[p,gulp )
#20(R>\puu) = #10(W)\pu1/) + #Q(Rpu) + #1(R) 0

@ Analyse algebraic properties for each mode: One can formulate an
eigenvalue problem or use principal null directions to find the different
types.

@ Result in Riemannian geometry: Weyl has 6 types (Petrov
classification); Ricci traceless has 15 types(Segre classification);

@ What happens in GR in vacuum? R, = R = 0 and then the
curvature is fully characterised by the Weyl tensor with their 6 types.
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Null directions and the Petrov Classification - Weyl tensor

@ This classification can be derived by means of its principal null directions
which requires expressing any tensor in terms of a set of null vectors [,,, k,,,
my,, and my,;

kL, = —mfm, =1,

ktm,, ktmy, = Wm, =l"m, =0,

kB = Bl =mfm, = mf = 0.
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my,, and my,;

kL, = —mfm, =1,
ktm, = k'my,=101Vm, =10m, =0,
kB = Bl =mfm, = mf = 0.

@ An algebraic classification of any tensor can then be obtained by defining its
PNDs and their levels of alignment.
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Null directions and the Petrov Classification - Weyl tensor

@ This classification can be derived by means of its principal null directions
which requires expressing any tensor in terms of a set of null vectors [,,, k,,,
my,, and my,;

kL, = —mfm, =1,

ktm,, ktmy, = Wm, =l"m, =0,

ktk, = WM, =m'm, =m"'m, =0.

@ An algebraic classification of any tensor can then be obtained by defining its
PNDs and their levels of alignment.

Algebraic type | Segre characteristic Intrinsic characterisation
I [111] Uy DWl P = 0
I [21] DWWyl =0
[+ D [(an1i OWypupp b6 = DWWy, 0l lP1* =0
M [3] DWy gl =0
N (1] DWWyl =0
o (-] (1)W>\/mv =0
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Why is this classification useful?

o Einstein’s field equations are in general difficult to solve and
symmetries are needed for obtain exact solutions.
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@ It is mathematically important to classify the curvature to understand
possible extra symmetries of a system.
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Why is this classification useful?

o Einstein’s field equations are in general difficult to solve and
symmetries are needed for obtain exact solutions.

@ It is mathematically important to classify the curvature to understand
possible extra symmetries of a system.

@ Reissner-Nordstrém and also Kerr-Newman have a very particular
characterisation which is known as Type D. Not only the Weyl tensor
is Type D in those cases but also the Faraday tensor fulfills a similar

property.
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Why is this classification useful?

o Einstein’s field equations are in general difficult to solve and
symmetries are needed for obtain exact solutions.

@ It is mathematically important to classify the curvature to understand
possible extra symmetries of a system.

@ Reissner-Nordstrém and also Kerr-Newman have a very particular
characterisation which is known as Type D. Not only the Weyl tensor
is Type D in those cases but also the Faraday tensor fulfills a similar
property.

@ The most general Type D solution in Einstein-Maxwell is known as the
Plebanski-Demianski characterised by { M, a, a, N} (mass, angular
momentum, acceleration and Nut charge) and the electromagnetic
charges.
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Einstein’s field equations are in general difficult to solve and
symmetries are needed for obtain exact solutions.

It is mathematically important to classify the curvature to understand
possible extra symmetries of a system.

Reissner-Nordstrém and also Kerr-Newman have a very particular
characterisation which is known as Type D. Not only the Weyl tensor
is Type D in those cases but also the Faraday tensor fulfills a similar
property.

The most general Type D solution in Einstein-Maxwell is known as the
Plebanski-Demianski characterised by { M, a, a, N} (mass, angular
momentum, acceleration and Nut charge) and the electromagnetic
charges.

Goldberg-Sachs theorem: A vacuum solution of the Einstein’s field
equations admits a shear-free null geodesic congruence if and only if
the conformal part of the Riemann tensor is algebraically special.
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Curvature decomposition in Metric-Affine geometry

@ First, we need to find the building blocks of the general curvature tensor

(recall that in Riemannian geometry, we had 3: Wops,,, K, and R).
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(recall that in Riemannian geometry, we had 3: Wops,,, K, and R).
@ We can decompose:
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Curvature decomposition in Metric-Affine geometry

@ First, we need to find the building blocks of the general curvature tensor

(recall that in Riemannian geometry, we had 3: Wops,,, K, and R).
@ We can decompose:

General curvature

RAP/W = R[Ap];w + R(Ap)uv = WAPW + ZAP/W .
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Curvature decomposition in Metric-Affine geometry

@ First, we need to find the building blocks of the general curvature tensor

(recall that in Riemannian geometry, we had 3: Wops,,, K, and R).
@ We can decompose:

General curvature

Z%Ap/w = R[/\p];w + R(Ap)uv = Wx\puv + ZAP/W .

@ We find that there are 11 bUIIdlng blocks s. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 108
(2023) no.4, 4:

Building block Number of independent components Limit in Riemannian geometry
(I)prw 30 zero
(I)V.V)\puu 10 Weyl tensor Wy 10

=T
)irg\[pw] zero

©

zero

Ricci traceless R‘WJ

zero

zero

zero

zero
Ricci scalar R
zero

==l OO ©|©| ©
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Algebraic classification in MAG

@ It turns out that the sets { R&fﬁwl ) R&?,,)W], R‘(W), Rﬁfﬁ)} and

{R[(Zlf], Rff,}], Ry} contain building blocks with 9 and 6 independent
components.
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Algebraic classification in MAG

@ It turns out that the sets { R&TP)W] E\Qp)m,] Ry, RESZ)} and

{R(flf ,Rffy)], R\, } contain building blocks with 9 and 6 independent
components

@ Then, those two sets actually give identical classifications for these tensors
as the symmetric traceless Ricci tensor (9 dof) (in Riemannian geometry)

and a standard electromagnetic field F,,, (6 dof).
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Algebraic classification in MAG

@ It turns out that the sets { R(Aaw] ) R&?,,)W], fi‘(w), R‘ESZ)} and

(R RY) R} contain building blocks with 9 and 6 independent

[pv] ~ ]
components.

@ Then, those two sets actually give identical classifications for these tensors
as the symmetric traceless Ricci tensor (9 dof) (in Riemannian geometry)
and a standard electromagnetic field F,,,, (6 dof).

@ The richest part is the (V) Z, ., tensor that is purely related to the traceless
part of nonmetricity:

@ This tensor is very difficult to classify since it contains 30 degrees of
freedom (dof) with the following symmetry properties:

(1)2)\)\“11 = (1)ZAp)\V =0, (I)Z)\[p/,tu] =0.
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Algebraic classification in MAG

@ It turns out that the sets { R&T,))W],R(A?,,)W], R(;u/), RESB)} and

(R RY) R} contain building blocks with 9 and 6 independent

[pv] ~ ]
components.

@ Then, those two sets actually give identical classifications for these tensors
as the symmetric traceless Ricci tensor (9 dof) (in Riemannian geometry)
and a standard electromagnetic field F,,,, (6 dof).

@ The richest part is the (V) Z, ., tensor that is purely related to the traceless
part of nonmetricity:

@ This tensor is very difficult to classify since it contains 30 degrees of
freedom (dof) with the following symmetry properties:

(I)ZA)\;U/ = (1)ZA[1,)\V =0, (I)Z)\[p/,tll] =0.

@ Using its principal null directions (PNDs), we found that this tensor has

15 main types and Subtypes within it. s.Bahamonde, J. Gigante Valcarcel and
J. M. M. Senovilla, Phys. Rev. D 110 (2024) no.12, 12
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Algebraic classification in MAG

@ It turns out that the sets {R&T,))M,,},R(A?,,)W], R(;u/), EESB)} and

{R[(Zy)], Rfﬁ,)], R* .} contain building blocks with 9 and 6 independent
components.

@ Then, those two sets actually give identical classifications for these tensors
as the symmetric traceless Ricci tensor (9 dof) (in Riemannian geometry)
and a standard electromagnetic field F,,,, (6 dof).

@ The richest part is the (V) Z, ., tensor that is purely related to the traceless
part of nonmetricity:

@ This tensor is very difficult to classify since it contains 30 degrees of
freedom (dof) with the following symmetry properties:

(1)Z>\)\HV = (1)ZA;J)\V =0, (I)Z)\[p,ull] =0.

@ Using its principal null directions (PNDs), we found that this tensor has

15 main types and Subtypes within it. s.Bahamonde, J. Gigante Valcarcel and
J. M. M. Senovilla, Phys. Rev. D 110 (2024) no.12, 12

Q@ Itis common that in spherical symmetry, the field strength tensors are
of Type D (two null directions aligned). For a black hole solution
endowed with shears, we found that even in spherical symmetry,

M Z* ., is no longer Type D.
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e Cosmology with torsion and nonmetricity
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Brief discussion on cosmology

@ Any realistic theory should describe both background and
cosmological perturbations observables (for example CMB, dark
energy, large scale structure,etc.)
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describing background cosmology only. A few models (very specific)
goes beyond background.
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goes beyond background.
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@ Usually, it is possible to avoid cosmological singularities and replace
them a cosmic bounce.
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@ Usually, it is possible to avoid cosmological singularities and replace
them a cosmic bounce.

@ Dark energy can be explained by the scalar modes of torsion.
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Brief discussion on cosmology

@ Any realistic theory should describe both background and
cosmological perturbations observables (for example CMB, dark
energy, large scale structure,etc.)

@ So far, the majority of the studies in MAG have been concentraded on
describing background cosmology only. A few models (very specific)
goes beyond background.

@ The majority of these studies predominantly focus on torsion.

@ Usually, it is possible to avoid cosmological singularities and replace
them a cosmic bounce.

@ Dark energy can be explained by the scalar modes of torsion.

@ It is possible to find inflationary models such as Einstein-Cartan
couple to Higgs or other more complicated ones which are compatible
with observations.
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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)

LeGuy = LeT> 1 = LeQ 1, = 0.

@ By solving those equations one get the FLRW metric and
torsion+nonmetricity satisfying homogeneity and isotropy:

g = —nyndet ®@da” + leda:“ ®dz¥ = — N2dt @ dt + azmjd:ci ®dz?
Ji“*w 271 (t) ny Py + 2T5(t) €70 p7t”
Q)\[LV 2Q1(t)ﬁ)\ﬁunu i 2Q2( )n)\P,uu i 2Q3( )PA p,nl/) )

where v;;dz’ @ dz? = 1_d§<2r2 +r2dQ2. Note that there are 5 independent
functions coming from Post-Riemannian.
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Cosmology in MAG - matter

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

Ty = (p(t) + p(t)) NNy + p(t)gw, = p(t)n“n,, + p(t)p,w )
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Cosmology in MAG - matter

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

T = (p(t) + p(t) nuny, + p(t)gu = p(t)nun, + p(t)Pu »

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

1 1
A)\uu = gAl(t)p)\unI/ ar A? (t)p)\unp, aF AB (t)n)\p;tu + ZA4 (t)n)\npnu + AS(t)s)\pupnp )

which contains 5 different sources dof related to the intrinsic spin, dilations,
and shears.
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Background Cosmology in Poincaré Gauge Gravity

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

Vv —g(QVHTMa - A)\MVR)\MVQ) + 6,uﬁv( \% _gAaMV) + QTHQ)\ﬁV( \% _gA)\HV) =0.
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Background Cosmology in Poincaré Gauge Gravity

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

Vv _g(2vMTMa - A)\MVR)\MVOZ) + 6,uﬁv( \% _gAaMV) + QTHQAﬁV( \% _gA)\HV) =0.
@ When Nonmetricity is vanishing, only intrinsic spin contributes
A[)\/,L]l/ =2 (S)A?)n[)\Pp,]u + (S)ASEA/wpnp, (d)A4 = (Sh)AI = (Sh)A2 =0,
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Background Cosmology in Poincaré Gauge Gravity

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

Vv _g(2vMTMa - A)\MVR)\MVOL) + @Mﬁu( \% _gAaMV) + 2TM0¢>\@V( V _gA)\HV) =0.
@ When Nonmetricity is vanishing, only intrinsic spin contributes
Ape = 20 83np Py + O Aserwpn?, DAL =EDA; =6A, =0,

@ In our Cubic Poincaré Gauge Gravity theory, we have the modified FLRW
equations of the form: s. ahamonde, R. Brifa, K. Dialektopoulos, . losifidis and J. Levi Said,
arXivi2506.17017.

3H? + f(T1(t), Ta(t)) = K2%p, B3H?+2H 4 g(Ti(t), Ta(t)) = —k%p.
and the connection equations:
w2 GA; = 37, [6h1(H — Ty)(H — 2T1) — 6(hy — 16h13)T2 + sz] ,

R2OA; = 3T [48h13 (—H2 + T2 + 2T2) — 3, T2 + 8m25] .
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Background Cosmology in Poincaré Gauge Gravity

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

Vv _g(2vMTMa - A)\MVR)\ILVOL) + @Mﬁlj( \% _gAaw/) + 2TH0¢>\6V( V _gA)\HV) =0.
@ When Nonmetricity is vanishing, only intrinsic spin contributes
Ape = 20 83np Py + O Aserwpn?, DAL =EDA; =6A, =0,

@ In our Cubic Poincaré Gauge Gravity theory, we have the modified FLRW
equations of the form: s. ahamonde, R. Brifa, K. Dialektopoulos, . losifidis and J. Levi Said,
arXivi2506.17017.

3H? + f(T1(t), Ta(t)) = w2p, 3H?+2H + g(T1(t), Ta(t)) = —k%p.
and the connection equations:
w2 A, = 3Ty [6h1(H —TV)(H — 2T1) — 6(h1 — 16h13)T2 + m%«] ,
R2OA; = 3Ty[48his (—H? + TP +2TF) — 8 TY + 8m3] .

@ The theory at the background level depends on k1, h13 and the mass
parameters mg, mr.
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Background Cosmology in Poincaré Gauge Gravity - Conservation independent

@ The conservation equation is modified:

p+3H(p+p) =3O A; (HT2 + Tg) —30) A, (H — HT, + H? — Tl) .
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Background Cosmology in Poincaré Gauge Gravity - Conservation independent

@ The conservation equation is modified:
p+3H(p+p) =3O A; (HTg + Tz) —30) A, (H — HT, + H? — Tl) .

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

Ti(t) = ;f—tl)JrH, T = o5
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Background Cosmology in Poincaré Gauge Gravity - Conservation independent

@ The conservation equation is modified:
p+3H(p+p) =3O A; (HTg + Tz) —30) A, (H — HT, + H? — Tl) .

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

Tit)= S5+ H, To0 =22

@ In this case, the connection equations are fully determined and the system decouples.
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Background Cosmology in Poincaré Gauge Gravity - Conservation independent

@ The conservation equation is modified:
p+3H(p+p) =3O A; (HT2 + Tz) —30) A, (H — HT, + H? — Tl) .

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

Ky
T (t) = E-I-H, Ta(t) = alt)

@ In this case, the connection equations are fully determined and the system decouples.
@ Then the first FLRW equation can be written as

( C1 )H2 _pPmo  (pro—=Ca) = paco _ C2

03+a72 a3 ar o +a3(w+1) 7(172

where C; depends on the theory parameters and torsion constants K, K.
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Background Cosmology in Poincaré Gauge Gravity - Conservation independent

@ The conservation equation is modified:
p+3H(p+p) =3 A5 (HT2 T Tz) — 30, (H —HTy + H? — Tl) .

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

Ky
T (t) = %-I-H, Ta(t) = alt)

@ In this case, the connection equations are fully determined and the system decouples.
@ Then the first FLRW equation can be written as

C - o — C. C!
(Co+ Z)mn = ooy (0200 | i 2

3] + at a3(w+l) g2

where C; depends on the theory parameters and torsion constants K, K.

@ (; and C3 modify the gravitational coupling, Cs is an effective 'spatial curvature’ term and Cy
alters the radiation energy density, all coming due to the presence of hypermomentum.
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Background Cosmology in Poincaré Gauge Gravity - Conservation independent

@ The conservation equation is modified:
p+3H(p+p) =3 A5 (HT2 T Tz) — 30, (H —HTy + H? — Tl) .

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

K3
Ti(t) = @-I-H, To(t) = @.

@ In this case, the connection equations are fully determined and the system decouples.
@ Then the first FLRW equation can be written as

( C1 )Hz _pPmo  (pro—=Ca) = paco _ C2

03+a72 a3 ar o +a3(w+1) 7(172

where C; depends on the theory parameters and torsion constants K, K.

@ (; and C3 modify the gravitational coupling, Cs is an effective 'spatial curvature’ term and Cy
alters the radiation energy density, all coming due to the presence of hypermomentum.

@ A flat FLRW geometry produces the same term as a nonflat geometry with hypermomentum
playing this role.
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SVT decomposition around FLRW

@ The 10 dof described by the metric perturbations are split in terms of
four scalars {«, 8, ¢, h} (1 dof each), two transverse vectors

{ﬁ(T) (T) } (2 dof each), and one symmetric and transverse-traceless
tensor hz(-jTT (2 dof).
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SVT decomposition around FLRW

@ The 10 dof described by the metric perturbations are split in terms of
four scalars {«, 8, ¢, h} (1 dof each), two transverse vectors

{ﬁi(T), hl(.T)} (2 dof each), and one symmetric and transverse-traceless
tensor hz(.jTT) (2 dof).

SVT Quantities dof Total dof
5 scalars {T, B, ¢, A, o} 1 dof each 5
3 pseudoscalars {S8,B, A} 1 dof each 3
o | 3 vectors {T(T) B(T) A(T)} 2 dof each 6
3 pseudovectors {S; (T) B .A(T)} 2 dof each 6
1 rank-2 tensor {A(TT)} 2 dof each 2
1 rank-2 pseudotensor {.AZ(-;-PT)} 2 dof each 2

Table: Perturbation spectrum for the torsion tensor.k. acki, s. Bahamonde, J. Gigante
Valcarcel and M. A. Gorji, “Cosmological Perturbation Theory in Metric-Affine Gravity,” Phys. Rev. D 110 (2024) no.2, 2.
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SVT decomposition around FLRW

SVT Quantities dof Total dof
10 scalars {0,0,6,\,Y, Z, ,Q,W,C} 1 dof each 10
2 pseudoscalars {Y,9} 1 dof each 2
o | 7veetors {AD, Y™,z xM, QM W, ¢} | 2 dof each 14
2 pseudovectors {y(T)i, Q(T)i} 2 dof each 4
3 rank-2 tensor {&TD;, QD) ,;, ¢, .} 2 dof each 6
1 rank-2 pseudotensor {9} 2 dof each 2
1 rank-3 tensor {00} 2 dof each 2

Table: Perturbation spectrum for the nonmetricity tensor.
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SVT decomposition around FLRW

SVT Quantities dof Total dof
10 scalars {0,0,6,\,Y, Z, ,Q,W,C} 1 dof each 10
2 pseudoscalars {Y,9} 1 dof each 2
o | 7veetors {AD, Y™,z xM, QM W, ¢} | 2 dof each 14
2 pseudovectors {y(T)i, Q(T)i} 2 dof each 4
3 rank-2 tensor {&TD;, QD) ,;, ¢, .} 2 dof each 6
1 rank-2 pseudotensor {9} 2 dof each 2
1 rank-3 tensor {00} 2 dof each 2

Table: Perturbation spectrum for the nonmetricity tensor.

@ Note that the spin-3 carries a helicity-3 part and since the metric does
not have such terms, it totally decouples from the other modes in
FLRW.
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SVT decomposition around FLRW

SVT Quantities dof Total dof
10 scalars {0,0,6,\,Y, Z, ,Q,W,C} 1 dof each 10
2 pseudoscalars {Y,9} 1 dof each 2
° 7 vectors {AD, Y™,z xM, QM W, ¢} | 2 dof each 14
2 pseudovectors {y(T)i, Q(T),-} 2 dof each 4
3 rank-2 tensor {«TD),;, QD) cTT), .} 2 dof each 6
1 rank-2 pseudotensor {9} 2 dof each 2
1 rank-3 tensor {00} 2 dof each 2

Table: Perturbation spectrum for the nonmetricity tensor.

@ Note that the spin-3 carries a helicity-3 part and since the metric does
not have such terms, it totally decouples from the other modes in

FLRW.
@ We studied this spin-3 in quadratic MAG finding

EMW 1+ 3HCW 4 [WEN2CW = W
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SVT decomposition around FLRW

SVT Quantities dof Total dof
10 scalars {0,9,6, MY, Z,k,Q,W,C} 1 dof each 10
2 pseudoscalars {Y,9} 1 dof each 2
° 7 vectors {AD, Y™,z xM, QM W, ¢} | 2 dof each 14
2 pseudovectors {y(T%, Q(T)i} 2 dof each 4
3 rank-2 tensor {«TD),;, QD) cTT), .} 2 dof each 6
1 rank-2 pseudotensor {9} 2 dof each 2
1 rank-3 tensor {00} 2 dof each 2

Table: Perturbation spectrum for the nonmetricity tensor.

@ Note that the spin-3 carries a helicity-3 part and since the metric does
not have such terms, it totally decouples from the other modes in

FLRW.
@ We studied this spin-3 in quadratic MAG finding

EMW 1+ 3HCW 4 [WEN2CW = W

@ Since we have spin-3,spin-2,spin-1,spin-0 being dynamical, different
effects might emerge!
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e Main results and Possible directions

Sebastian Bahamonde Theories with Torsion and Nonmetricity 44/47



Main results

@ Gauge gravity with propagating 7" and @ can be formulated without known
ghosts via Cubic interactions in axial/vector sectors.
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Main results

@ Gauge gravity with propagating 7" and @ can be formulated without known
ghosts via Cubic interactions in axial/vector sectors.

@ New black hole solutions with:

o Modified Einstein—Maxwell theory: ngWR,W with interactions g,
(4D) and g, ksa (3D).
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Main results
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@ New black hole solutions with:

o Modified Einstein—Maxwell theory: ngWRW with interactions g,
(4D) and g,,,ksa (3D).
o Modified Gauss-Bonnet solution with dilations in 5D.
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Main results

@ Gauge gravity with propagating 7" and @ can be formulated without known
ghosts via Cubic interactions in axial/vector sectors.

@ New black hole solutions with:
o Modified Einstein—Maxwell theory: ngWRW with interactions g,
(4D) and g,,,ksa (3D).
o Modified Gauss-Bonnet solution with dilations in 5D.
o Cubic MAG: dynamical T', @, massive spin-2 and spin-3 with intrinsic
charges: spin, dilation, shear.
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Main results

@ Gauge gravity with propagating 7" and @ can be formulated without known
ghosts via Cubic interactions in axial/vector sectors.

@ New black hole solutions with:

o Modified Einstein—Maxwell theory: ngWRW with interactions g,
(4D) and g,,,ksa (3D).

o Modified Gauss-Bonnet solution with dilations in 5D.

o Cubic MAG: dynamical T', @, massive spin-2 and spin-3 with intrinsic
charges: spin, dilation, shear.

o Cubic Poincaré: slowly rotating Kerr-like BH with gravitational
spin-orbit interaction.
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Main results

@ Torsion and hypermomentum lead to faster expanding cosmologies with
similar matter content as ACDM. Geometry acts as effective curvature,
radiation or varying G.
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Main results

@ Torsion and hypermomentum lead to faster expanding cosmologies with

similar matter content as ACDM. Geometry acts as effective curvature,
radiation or varying G.

@ Developed cosmological perturbation theory including helicity-3 sector of
spin-3 nonmetricity.
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Main results

@ Torsion and hypermomentum lead to faster expanding cosmologies with
similar matter content as ACDM. Geometry acts as effective curvature,
radiation or varying G.

@ Developed cosmological perturbation theory including helicity-3 sector of
spin-3 nonmetricity.

@ We formulated the algebraic classification of all field strength tensors
appearing in MAG = rich structure.
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Possible future directions

@ Quasinormal modes for those solutions? I-Love-Q relations?
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@ Can torsion/nonmetricity in any of these theories might help to alleviate
tensions in cosmology?
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Possible future directions

@ Quasinormal modes for those solutions? I-Love-Q relations?

o Is it possible to get a modified Kerr solution with spin-orbit interaction?

@ Can torsion/nonmetricity in any of these theories might help to alleviate
tensions in cosmology?

@ Linear GW in these theories?

@ Neutron stars in these theories?
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Possible future directions

@ Quasinormal modes for those solutions? I-Love-Q relations?

©

Is it possible to get a modified Kerr solution with spin-orbit interaction?

Can torsion/nonmetricity in any of these theories might help to alleviate
tensions in cosmology?

Linear GW in these theories?

Neutron stars in these theories?

Primordial BHs?
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Possible future directions

@ Quasinormal modes for those solutions? I-Love-Q relations?

©

Is it possible to get a modified Kerr solution with spin-orbit interaction?

©

Can torsion/nonmetricity in any of these theories might help to alleviate
tensions in cosmology?

Linear GW in these theories?

(*]

Neutron stars in these theories?

Primordial BHs?

©

©

Are there any interesting new effects that can emerge from this geometrical
picture?
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