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0 Metric-Affine gravity and Gauge approach with Cubic interactions

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

e Cosmology with torsion and nonmetricity

@ Main results
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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

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

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

T)\ = 211/\ 24 dOf (Measures the nonclosure of infinitesimal parallelograms)
% [puv] P g

Q)\ ny = V)‘ g uv 40 dOf (Measures the change of lengths and angles under parallel transport)
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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

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

o In MAG:
o The metric and connection are independent: T*,,, # I'* ...

o New geometric degrees of freedom arise:
A A
T, =2T

[ I“/] 24 dOf (Measures the nonclosure of infinitesimal parallelograms)

Q)\ ny = @)‘ g uv 40 dOf (Measures the change of lengths and angles under parallel transport)
o The general curvature is defined as in GR but changing T*,,, to T*,,.:

DA A A BA T FA 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

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

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

T)\ v — 21~1)\ 24 dOf (Measures the nonclosure of infinitesimal parallelograms)
W (V]
Q)\ ny = V)‘ g uv 40 dOf (Measures the change of lengths and angles under parallel transport)
o The general curvature is defined as in GR but changing I'*,,, to I'*,,.:
DA _ A A A ro A o
R PMV_aNF PV_aVF PM+F G'NF PV_F UVF PH
96 dOf (Measures change of vector components on parallel transport along an infinitesimal closed curve)

@ 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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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, = @7 w“buLab, Gy = eaﬂeb,,gab
@ Curvatures and field strengths:

A d,
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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, = @7 w“buLab, Gy = e“ueb,,gab
@ Curvatures and field strengths:

A d,
Gabu = OupYab — Yac w* bu — Gbe W ap = Jacgbae e pQ,uAp ’

b b A
Y iy = G 1p = 8@ AR @ 50 @ oy = 6 5 @ iy = E T

A
B buv = uwa b — Opw® m + w? c,uwcbu —w cl/wcb,u = grce” 2e’R puv -

@ When nonmetricity is vanishing, the group becomes the Poincaré
group— Poincaré gauge theories of gravity.
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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 -
— | A= -
S—/d V=g |Lm — To-L4(R, T, Q)] .

@ Correspondence between geometry and matter:
L 0EvV=9) _ 5w,

/— g de v
1 6(Lgv=9) _ b
Ny A = 16wA,%".
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@ Correspondence between geometry and matter:
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Dynamics in MAG gauge theories

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

@ Correspondence between geometry and matter:
L 0EvV=9) _ 5w,

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 G A, 1 source of traceless nonmetricity
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Quadratic Poincaré gauge theory - ghost issue

@ Convenient to decompose torsion as

1
T =< (0T, - ,T) + 66)‘ o SP N

Wl =

using
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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 o SP N

Wl =

using
o Vector part 7, = T,
o Axial vector part S, = €upe T,
o Tensorpartt* ., =T* ,, — 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 + coRpun R — 5 (201 + c2) R A 4 ey R R

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

@ Convenient to decompose torsion as

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

W =

using
o Vector part T, = T* .\,
o Axial vector part S, = €upe T,
o Tensorpartt* ., =T* ,, — 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 + coRpun R — 5 (201 + c2) R A 4 ey R R

O ~ 1
+ diR,. (R — R™™) + i(mQTT,LT” +m%S,8" + mftAul,tA””)] V—gd'z.
@ 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 =
£ =Ry THT” + haRT, T, L) = h3RyyS”S” + haRS,S*,

Lg’t)t = 5 Ropputo P17 + ho B puuto 17V + by Ryt ot 7
+ hsRopput ™ ot7P” + ho Rt ™ otP?? + 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 RN 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 + ERTt + ‘CRSt 2

£ =R THT + haoRT,T#, L) = h Ry SHS” + ha RS,S*,
LD = hs Rappuuto P71 + he Rapputo 177 + by R gt o174
+ hsRopput ™ ot7P” + ho Rt ™ otP?? + hio Raptun  tPHY
+ hIIR/\ptuu)\t“Vp + hlZRt)\p,u,tApM ’

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

L%{t = hi6Rppu TV PH + hi7 R pu TP + hig R, Tt ™ + hag By, Tyt P,

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

+ h245apl“jR'yu/rVSatpT’y + h256ap_r“é,u’ysatp'r’y + hQGEApMVRApSgtO-HV 0

@ We showed that by including these Poincaré gauge invariants, ghost issue is

solved!
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Cubic Metric-Affine gauge theory

@ Let us focus on the axial and vector sectors. Let us recall the decomposition:
e ,,:l(é)‘,,T R T,,)-l-lf:‘)‘ V8P X
© 3 © © 6 pL J2]

1 1 1
Qxrpr = guwWix + 5 (grpho + gruhp) — ZguuA)\ 4+ 58,\;;0(“9”) BESR OOV
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o From torsion: 1 vector 7, and 1 axial vector S,
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Cubic Metric-Affine gauge theory

@ Let us focus on the axial and vector sectors. Let us recall the decomposition:
A 1/ox A 15 B oA
T = Gty 5 oS 1
1 1 1
Qxrpr = guwWix + 5 (grpho + gruhp) — ZguuA)\ 4+ ggxpo(uﬂu) BESR OOV

o From torsion: 1 vector 7, 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

@ Let us focus on the axial and vector sectors. Let us recall the decomposition:
A 1/ox A 15 B oA
T py = § (6 VT,u -6 MTV) + 65 PMVS +t ()

1 1 1
Qxrpr = guwWix + 5 (grpho + gruhp) — ZQMVAA 4+ §€>\po(uﬂu) BESR OOV

o From torsion: 1 vector 7, 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 = LQuad + Eg"I)‘T + ‘CS()QQ + ‘C’g"l)"Q .
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Cubic Metric-Affine gauge theory

@ Let us focus on the axial and vector sectors. Let us recall the decomposition:
A 1/ox A 15 B oA
T py = g (6 VT,u -6 MTV) + 65 PMVS +t w9

1 1 1
Qxrpr = guwWix + 5 (grpho + gruhp) — ZguuAA 4+ §€>\p0(uﬂu) BESR OOV

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

1671'[: = LQuad A ES’I)‘T + ‘CSC)QQ + LE‘%Q °

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

o Explicit symmetries on the metric and torsion tensors:

‘Cfglﬂ/ = E&T)‘ p = E&Q)\m, =0 = EgRA 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 = ﬁgR)‘ 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 @) 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

Sebastian Bahamonde MAG: theory and new effects 12/27



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 @) 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 @) 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_z(Hl/{/z a4 H2K/§ aF H3K/§h) o

rTr

@ 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 () . +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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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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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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@ 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 x4: deformations that change the shape of
an object without changing its volume.
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Electrodynamics coupled with torsion

@ Now, consider another theory with couplings between the electromagnetic field strength
Fu = 26[MAV] and R)\PMV: (S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)

L=-R—kF,F" + kyR?> + ksF" R, .
Iz iz
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Electrodynamics coupled with torsion

@ Now, consider another theory with couplings between the electromagnetic field strength
Fu = 26[#‘4"] and RAM“,: (S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)

L=-R—kF,F" + kyR?> + ksF" R, .
Iz iz

@ The Maxwell Eq. has a torsion source: 2k1V, F* = k3V,, R+,
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Electrodynamics coupled with torsion

@ Now, consider another theory with couplings between the electromagnetic field strength
Fuy = 20,4, and R ;1% (S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)

L=-R—kF, F*" 4+ kR? + ksF"R,,, .

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

_ W' (r) c1 Ks _ _ B Al (r)
W) = Ot gt e 60 =230 () -6 - 40
) = jF(TM(T)rﬂ’ %(r):%i\y(r)m(r), ta(r) = +T(r)tr(r)
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@ Now, consider another theory with couplings between the electromagnetic field strength
Fuy = 20,4, and R ;1% (S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)

L=—R—kF,F" + kyR? + ks F*' R, .

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

_ W' (r) c1 Ks _ _ B Al (r)
ti(r) = 250(r) T um T e to(r) = £9(r) (t4(7’) t1(r) AZ(T)) )
) = :F(”“(’")rﬂ, ) = % £ U()te(r), ts(r) = £T(r)tr(r)
@ The metric and electric potential behave as
= _ 2_m i 2 _ 1 _ L 2 2
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@ Now, consider another theory with couplings between the electromagnetic field strength
Fuy = 20,4, and R ;1% (S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)

L=—R—kF,F" + kyR? + ks F*' R, .

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

_ W' (r) c1 Ks _ _ B Al (r)
ti(r) = 200 T T e to(r) = £9(r) (t4(7’) t1(r) AZ(T)) )
) = :F(”“(’")Tw, ) = % £ U()te(r), ts(r) = £T(r)tr(r)
@ The metric and electric potential behave as
= _ 2_m i 2 _ 1 _ L 2 2
Y(r) = 1 4 2 <k1q 2k3"€sq 32k2k3q ) )
- (4
A, = (r,o,o,o).

@ 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
Fu = 26[#‘4"] and RAPW,: (S. Bahamonde, J. Maggiolo and C. Pfeifer, arXiv:2507.02362)

L=—R—kF,F" + kyR? + ks F*' R, .

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

_ W' (r) c1 Ks . () — Al (r)
ti(r) = 200 T T e to(r) = £9(r) (t4(7’) t1(r) AZ(T)) )
) = :F(”“(’")Tw, ) = % £ U()te(r), ts(r) = £T(r)tr(r)
@ The metric and electric potential behave as
= _ 2_m i 2 _ 1 _ L 2 2
U(r)y = 1 " + 2 <k1q 2k3/~csq 32k2k3q ) ,

q
A, (—, 0,0, 0) .
r
@ New coupling between intrinsic spin charge s and electric charge gq.
@ Different charges would give rise to different phenomenology. RN Cauchy problem can be

evaded here!
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3D Axially symmetric black holes

@ In 3D, Torsion has 9 dof: In the electromagnetism with torsion theory we
found a slowly BTZ black hole solution:

ds® = (fA(r) + JfB(r))dt2 - (f%(r) +J fl;é")

dtdp, J<1

)ar? — 12dg?

meA("'))

ge

+2(K3Jr2+ J

where

k2q2
falr) = —-M-— Ar? — (leqg — 12]; + nskgqe) logr,
fB(T) = —K¢— Krlogr,

with a potential being

d
Au:(qelogr—i—JK510gr,O,qulogr+JK4 fTT(:))
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3D Axially symmetric black holes

@ In 3D, Torsion has 9 dof: In the electromagnetism with torsion theory we
found a slowly BTZ black hole solution:

ds® = (fA(r) + JfB(r))dt2 - (fAL(T) +J f’;é")

dtdp, J<1

)ar? — 12dg?

‘ImfA("'))

ge

+2(K3Jr2+ J

where

2 % k2q2
fa(r) = —M—Ar°— (leqe - 12]; + nskgqe) logr,
fB(r) = —Kg— Krlogr,
with a potential being
rdr
AH:(qelogr—i—JKslogr,O,qulogr—{—JK4 7)
fa(r)

@ We notice a new coupling between the intrinsic spin xs, the angular
momentum of the rotation J and the magnetic charge ¢, i.e.
X J Q@ Ks-
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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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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 = mgba" F;wlb
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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 gt 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 gt 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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4D Axially symmetric black holes - spin orbit interaction

@ In 4D: This problem 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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4D Axially symmetric black holes - spin orbit interaction

@ In 4D: This problem 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 a similar effect would appear in gravity:
gravitational spin-orbit interaction.
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momentum a and the intrinsic spin « in 4D.

@ We found a slowly rotating Kerr-like black hole solution in Poincaré
Cubic gravity with a dynamical torsion and: (work in progress)
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4D Axially symmetric black holes - spin orbit interaction

@ In 4D: This problem 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 a similar effect would appear in gravity:
gravitational spin-orbit interaction.

@ In this case, this would be an interaction between the angular
momentum a and the intrinsic spin « in 4D.

@ We found a slowly rotating Kerr-like black hole solution in Poincaré
Cubic gravity with a dynamical torsion and: (work in progress)

Lagrangian like a gravitational spin-orbit interaction in the solution

Lso adyksm(acos ¥ + fsind)

!
"~ 167GrS
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@ In 4D: This problem 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 a similar effect would appear in gravity:
gravitational spin-orbit interaction.

@ In this case, this would be an interaction between the angular
momentum a and the intrinsic spin « in 4D.

@ We found a slowly rotating Kerr-like black hole solution in Poincaré
Cubic gravity with a dynamical torsion and: (work in progress)

Lagrangian like a gravitational spin-orbit interaction in the solution

Lso adyksm(acos ¥ + fsind)
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"~ 167GrS

@ So, it has the same form as the spin-orbit interaction but for gravity!
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@ In 4D: This problem 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 a similar effect would appear in gravity:
gravitational spin-orbit interaction.

@ In this case, this would be an interaction between the angular
momentum a and the intrinsic spin « in 4D.

@ We found a slowly rotating Kerr-like black hole solution in Poincaré
Cubic gravity with a dynamical torsion and: (work in progress)

Lagrangian like a gravitational spin-orbit interaction in the solution

Lso adyksm(acos ¥ + fsind)

!
"~ 167GrS

@ So, it has the same form as the spin-orbit interaction but for gravity!
@ The form of torsion contains 24 dof being non-zero.
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4D Axially symmetric black holes - spin orbit interaction

@ In 4D: This problem 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 a similar effect would appear in gravity:
gravitational spin-orbit interaction.

@ In this case, this would be an interaction between the angular
momentum a and the intrinsic spin « in 4D.

@ We found a slowly rotating Kerr-like black hole solution in Poincaré
Cubic gravity with a dynamical torsion and: (work in progress)

Lagrangian like a gravitational spin-orbit interaction in the solution

Lso adyksm(acos ¥ + fsind)

!
~ 167GrS

@ So, it has the same form as the spin-orbit interaction but for gravity!
@ The form of torsion contains 24 dof being non-zero.
@ Is there any interesting new effect that can emerge from this analogy?

Sebastian Bahamonde MAG: theory and new effects 17/27



e Cosmology with torsion and nonmetricity
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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 = —-nun,det @da” + leda:“ ®dz¥ = — N2dt @ dt + azmjd:ci ®dz?
Ji“*w 2T (t) ny Py + 2T5(t) €70 p7t”
Q)\[LV 2Q1(t)ﬁ)\ﬁunu i 2Q2( )n)\P,uu i 2Q3( )PA [tnl/) )

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()Puw »

@ 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)

V=92V, T"y — A Ry va) + ViV (V=920") + 2T, V., (vV—=gAN™) = 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)

V=gV, T#y — AM Ry 0) + V.V (V=gA™) + 2T,V (V—gA\) = 0.
@ When Nonmetricity is vanishing, only intrinsic spin contributes

A[)\M]V =2 (S)Ag’n[)\Pﬂ]V + (S)A5E)\H,,pnp s (d)A4 = (Sh)Al = (Sh)AQ =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)

V=92V, Ty — A Rya) + ViV (V=920") + 2T, V., (V—gAx") = 0.
@ When Nonmetricity is vanishing, only intrinsic spin contributes
A[)\,u]u =2 (S)Agn[)\Pu]V aF (S)A58)\H,,pnp s (d)A4 = (Sh)Al = (Sh)AQ =0,

@ In our Poincaré Gauge Gravity theory, we have the modified FLRW equations
of the form: s. Bahamonde, R. Briffa, K. Dialektopoulos, D. losifidis and J. Levi Said, arXiv:2506.17017.

3H? + f(T1(1), Ta(t)) = w°p, 3H?+2H +g(T1(1), Ta(t)) = —~°p.
and the connection equations:
22 ©A; = 3T [Ghl(H — Ty)(H — 2T1) — 6(hy — 16h13)T2 + m%] ,

k2ZOA; = 3T [48h13 (—H? + T2 + 2T3) — 3l 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)

V=92V, Ty — A Rya) + ViV (V=920") + 2T, V., (V—gAx") = 0.
@ When Nonmetricity is vanishing, only intrinsic spin contributes
A[)\,u]u =2 (S)Agn[)\Pu]V aF (S)A58)\H,,pnp s (d)A4 = (Sh)Al = (Sh)AQ =0,

@ In our Poincaré Gauge Gravity theory, we have the modified FLRW equations
of the form: s. Bahamonde, R. Briffa, K. Dialektopoulos, D. losifidis and J. Levi Said, arXiv:2506.17017.

3H? + f(T1(1), Ta(t)) = w°p, 3H?+2H +g(T1(1), Ta(t)) = —~°p.
and the connection equations:

262 A; = 3Ty |6hy(H — T1)(H — 2T1) — 6(h1 — 16h13)T3 + m3 |,
T

K2 Ay S [48h13 (—H? + T2 + 2T2) — 3h, T2 + 8m25] .

@ The theory at the background level depends on ki, hi3 and the mass
parameters mg, mp.
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Background Cosmology in Poincaré Gauge Gravity - Conservation independent

@ The conservation equation is modified:

p+3H(p+p) =3 A; (HT2 + Tg) —30) A, (H — HT, + H? — Tl) .

Sebastian Bahamonde MAG: theory and new effects 22/27



Background Cosmology in Poincaré Gauge Gravity - Conservation independent

@ The conservation equation is modified:
p+3H(p+p) =3 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 = o
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Background Cosmology in Poincaré Gauge Gravity - Conservation independent

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

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

Tit)= b+ 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) =3 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)A, (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)mm = 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)A, (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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Background Cosmology in Poincaré Gauge Gravity - Conservation independent

— ccHsN
— CC+SN+DESI
— CC+DESI

Qmo
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Flg LII'E? Confidence contours and posterior distributions for the Independent conservation of fluid and hypermomentum
model parameters which include C1, C2 and w. Hg and Q,, o are also constrained. The blue contours represent the CC+SN
dataset, the red contours illustrate CC+DESI, while the green contours correspond to the combination CC+SN+DESI.
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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 {A(TT } 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, k,Q,W,C} 1 dof each 10
2 pseudoscalars {Y,0} 1 dof each 2
o | 7veetors {AD, Y™, 2, kM, QM W, ¢} | 2 dof each 14
2 pseudovectors {y(T)i, Q(T)i} 2 dof each 4
3 rank-2 tensor {0, QN ¢TD), .} 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, k,Q,W,C} 1 dof each 10
2 pseudoscalars {Y,0} 1 dof each 2
o | 7veetors {AD, Y™, 2, kM, QM W, ¢} | 2 dof each 14
2 pseudovectors {y(T)i, Q(T)i} 2 dof each 4
3 rank-2 tensor {0, QN ¢TD), .} 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, k,Q,W,C} 1 dof each 10
2 pseudoscalars {Y,0} 1 dof each 2
° 7 vectors {AD, Y™, 2, kM, QM W, ¢} | 2 dof each 14
2 pseudovectors {y(T)i, Q(T),-} 2 dof each 4
3 rank-2 tensor {«T),;, 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 = JW .
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SVT decomposition around FLRW

SVT Quantities dof Total dof
10 scalars {0,9,6,\,Y, Z,k,Q,W,C} 1 dof each 10
2 pseudoscalars {Y,0} 1 dof each 2
° 7 vectors {AD, Y™, 2, kM, QM W, ¢} | 2 dof each 14
2 pseudovectors {y(T%, Q(T)i} 2 dof each 4
3 rank-2 tensor {«T),;, 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 = JW .

@ Since we have spin-3,spin-2,spin-1,spin-0 being dynamical, different
effects might emerge! (like Iman’s talk)
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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: £ o ;- adirsm(acosd + Bsind).

@ In cosmology:

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

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