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@ 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:
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%y = 217 [
QA;W = v)\g;w
o The general curvature is defined as in GR but changing T'* ., to T ,,.:
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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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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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@ The gauge connection can be written in terms of tetrads and spin
connection as:
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@ Curvatures and field strengths:

A d,
Gab,u = augab — Gac 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 -

Sebastian Bahamonde Grav Spin-Orbit interaction



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

S = / d'ev=g[L £,(R,T,9)].
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Dynamics in MAG gauge theories

@ Gravitational action with dynamical torsion and nonmetricity
= / d'oy/=g L £,(R,T,Q)|.

@ Correspondence between geometry and matter:

L SEVTD) _ g v

V=g oen,
1 5(£g\/—g) b

= 16wA,%".
vV—9g 5wabu
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Dynamics in MAG gauge theories

@ Gravitational action with dynamical torsion and nonmetricity
= / d'oy/=g L £,(R,T,Q)|.

@ Correspondence between geometry and matter:

L 9(£gv=9) = 1676,"

v—g e,
L 0EaV=9) _ g, v,
V=g wp,

@ Hypermomentum satisfies a conservation equation and can be split into
three parts:

1
A;WA = (S)A[;w]A + Zguu(d)A)\ + (sh) ,K(;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

@ Convenient to decompose torsion as

1
T =3 (0T, - ,T) + 66)‘ 'SP N

Wl =
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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

b di Ry (R — B™) + %(mmw T+ mES, 8"+ mita ™) |V g d'.
@ ltis not possible to have a stable propagating torsion tensor with

propagating vectors 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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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 generalised Cubic theory with nonmetricity as well (to cure known
ghosts) (S. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 111 (2025) no.8, 084058)
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@ Here, kg, ka and kg, represent the spin, dilation and shear intrinsic charges.
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Reissner-Nordstrom-like black holes

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

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

New exact black hole solution with three intrinsic charges

1 2m 1
git = ——— = qj(’l") =1- T aF T_Z(Hlﬁz A HZKZE aF H3K/§h) o

rTr

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

@ The constants H; can be negative allowing another branch different from RN
BHs — absence of inner Cauchy horizon.
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Reissner-Nordstrom-like black holes

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

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

New exact black hole solution with three intrinsic charges

1 2m 1
git = ——— = q’('l") =1- T aF T_Z(Hlﬁz A HZKE aF H3K/§h) o

rTr

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

@ The constants H; can be negative allowing another branch different from RN
BHs — absence of inner Cauchy horizon.

@ All the masses of the tensor modes of torsion and nonmetricity are different
from zero =—> We evaded the Weinberg-Witten no-go theorem (massless
higher-spin fields are pathological)
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Axially symmetric black holes - spin orbit interaction

Spin-Orbit Interaction in Atomic Physics

The spin-orbit interaction is a fundamental quantum mechanical effect that
describes how an electron’s intrinsic spin interacts with its orbital motion
around the nucleus. This interaction leads to energy level splitting in atoms,
particularly noticeable in heavy elements.
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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
noo- v
['SO = Am2 1/)0“ Fp,uw

@ 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

:u o 12
Lso = md)a“ Fuy

@ 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.

@ Nuclear Physics: the spin-orbit interaction increases the energy gap

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

@ Poincare theories successfully describes the gravitational effects of the
intrinsic and extrinsic parts of the canonical angular momentum tensor, but
the implications of the interaction between these two quantities at
macroscopical scales has not been found in the literature so far.
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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, Phys. Lett. B 873 (2026), 140126)
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Axially symmetric black holes - spin orbit interaction

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

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

Lagrangian like a gravitational spin-orbit interaction in the solution

le ,C . d1N12/€§ + lelaK,sG(T‘, ’19)
87rr4 SOT = Tgrd 2 i
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Axially symmetric black holes - spin orbit interaction

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

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

Lagrangian like a gravitational spin-orbit interaction in the solution

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

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

L= 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, Phys. Lett. B 873 (2026), 140126) .

Lagrangian like a gravitational spin-orbit interaction in the solution
le d1N12/€§ + lelaKJsG(T‘, ’(9)

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?

Sebastian Bahamonde Grav Spin-Orbit interaction



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
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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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Conclusions

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

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

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

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