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o Introduction to metric-affine geometry

e Teleparallel theories
o Trinity of Gravity
@ Modified Theories with torsion and applications (Metric TG)
@ Theories with Nonmetricity and applications (Symmetric TG)

Q Metric-Affine theories (where curvature is non-vanishing)
0 Black holes with torsion and nonmetricity

@ Spherically symmetric black holes
@ Axially symmetric black holes
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Overview of the Talk

0 Introduction to metric-affine geometry
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Definitions and conventions

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

V.V =9,V + TV,
Vv EL VLV = MDA VAV,
and provides the notion of parallel transport along a curve

"V, VY =0.
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Definitions and conventions

o The affine/linear connection I'” au defines the covariant derivative
operator

V. VY =0, VY +T7,,V*,
Vv EL VLV = MDA VAV,
and provides the notion of parallel transport along a curve
'V, V' =0.

@ In general, the metric tensor and the affine connection are
independent quantities.

@ Commutation rule:

[@#, @,,] v = R @ A= T @pv’\ )
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Definitions and conventions

@ Definition of the curvature tensor:

DA A Y PA T PA T
R puy = O py =017 o+ 17 617 oy =17 617 0.

Sebastian Bahamonde MAG and black holes 5/30



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:
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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.

Sebastian Bahamonde MAG and black holes 6/30



Definitions and conventions
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Definitions and conventions

Definition of the nonmetricity tensor:

Q)\,w/ = 6)\.g,ulf .
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Definitions and conventions

Definition of the nonmetricity tensor:

Q)\;w = 6)\.g,ul/ .

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

VAV (gt i) = VAQ i

1
)
VAVAIIKI[? = V2@ btk .

VAQuuw (1l + PR’ ) mPi,

Sebastian Bahamonde MAG and black holes 7/30



Definitions and conventions
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Post-Riemannian decomposition

@ According to the Fundamental Theorem of Riemannian geometry, in the
absence of torsion and nonmetricity:

- 1
FA py — ]-‘)\ pr = 5 g)\p (augl/p + anILP - 6{’91“1) ’

1( g | P9 Pgu Py
2 \ OzrPOxt = OxrOzv  OxPOx”  Ox Ozt
+ Gow (Fw p,u]-—‘U Av re pV]-—‘U )\,LL) .

Rxppv = Rappw =
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Post-Riemannian decomposition

@ According to the Fundamental Theorem of Riemannian geometry, in the
absence of torsion and nonmetricity:

- 1
FA py — ]-‘)\ pr = 5 g)\p (augup + anlLP - 6Pglw) ’
1 < %9 g g %90 )

Fxouw = Bappr = 2 \ 0zrdzr ' 92 0xv  OxrOzv O Oxh

+ Gow (Fw p,u]-—W Av re pV]-—‘U )\u) .
@ General decomposition of the affine connection and the curvature tensor:

fAuV:FA/,LV—i_N)\qu
1 A A 1 A A
ET HV_T(# U)+§Q [LV_Q(M V)
DA A o
Ry = R gy + 2V N* ) + 2N 1 N7 1)

A
N =
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Dy — 0
[Symmetric teleparallel] Qe

Q Q
V& A
&Q OQ &Q‘ \)Q
J v — 0
Teleparallel Qup [Metric teleparallel] ?
= g
T -
S 1SS
1§ (s}
o = T
T ]
[S) By
1§ (E:
& Weyl :
Q Q;wp —0 Q
Va A
N N

Ql, — 0
—

(Riemann-Cartan)

Classification of metric-affine geometries - Cube



Overview of the Talk

9 Teleparallel theories
o Trinity of Gravity
@ Modified Theories with torsion and applications (Metric TG)
@ Theories with Nonmetricity and applications (Symmetric TG)
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Teleparallel theories

o Teleparallel condition:

RFype = RMypo + V,N* g — Vo NH,, + N¥ N7, — N* o N7, = 0.
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Teleparallel theories

o Teleparallel condition:
RFype = RMypo + V,N* g — Vo NH,, + N¥ N7, — N* o N7, = 0.

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

Ricci scalar decomposition
R=R+ (T + 2@M(\/—gTﬂp“)) + (Q +V,.QM, — %Q,ﬁ‘”) +C=0

with
T := TPT, 5, + 2TPACT, \ — AT, TPy, Torsion scalar,
1 1 1 1 .
Q= — QOL,@’YQQB’Y + > Qaﬂ,yQBO‘“/ + A QaQ* — o Qa Q" , Nonmetricity scalar,

C:= Q(QHpATAKp + Qo7 TP — Q6T "x).
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Teleparallel theories

o Torsional teleparallel theories (or Metric teleparalellism) assumes
@ = R=0andthen R = —T + B and then the TEGR:

1
STEGR = / [_WT + Lm] ed*z.
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Teleparallel theories

o Torsional teleparallel theories (or Metric teleparalellism) assumes
@ = R=0andthen R = —T + B and then the TEGR:

1
STEGR = / [—QT - Lm:| edz.
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Teleparallel theories

o Torsional teleparallel theories (or Metric teleparalellism) assumes
@ = R=0andthen R = —T + B and then the TEGR:

1
STEGR = / [_ﬁT + Lm:| ed*z.

o Symmetric teleparallel theories assumes T' = R = 0 and then
R = —Q + Bg and then the STEGR:

1
SSTEGR = / [—2—’%2@ + Lm] V=g diz .

@ Then, these two theories are equivalent (classicality) to GR.
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Flat spacetime

T 42D, T" = Q + 2D, (Q" — Q)

Geometrical trinity of gravity (S. Bahamonde et.al., “Teleparallel Gravity: From Theory
o Cosmology,” Rept. Prog. Phys. 86 (2023) no.2, 026901.; J. Beltran Jiménez, L. Heisenberg and
. S. Koivisto, “The Geometrical Trinity of Gravity,” Universe 5 (2019) no.7, 173.)



(some)Modified Torsional Teleparallel theories

@ The simplest modification is called New General Relativity k. Hayashi and T. Shirafu,
Phys. Rev. D 19 (1979), 3524-3553

LNgr = ClT“VpT#,,p aF CQT“VPTPV” aF C3T‘MMPTI,V'D .
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(some)Modified Torsional Teleparallel theories

@ The simplest modification is called New General Relativity k. Hayashi and T. Shirafu,
Phys. Rev. D 19 (1979), 3524-3553

LNGR = ClT“VpTu,,p F CQT“V’)TPU” A C3T“NPTVV‘O .

@ Whenc, =1/4,¢0 =1/2,c5 = —1 we get TEGR (or GR).
@ Ghost avoided only in two possibilities:

@ 1-parameter NGR - but it is strongly coupled J. geltran Jiménez and
K. F. Dialektopoulos, JCAP 01 (2020), 018

@ Type 3 NGR - new branch healthy just found s. sanamonde, . Biixt,

K. F. Dialektopoulos and A. Hell, arXiv:2404.02972.
@ Another popular modification is r. Ferraro and F. Fiorini, Phys. Rev. D 75 (2007), 084031

Ley = f(T).

@ It has been highly analysed in cosmology - it gives interesting
phenomenology.

Q However, it is strongly coupled in Minkowski and even in non-flat

FLRW s. Bahamonde, K. F. Dialektopoulos, M. Hohmann, J. Levi Said, C. Pfeifer and E. N. Saridakis, Eur. Phys. J.
C 83 (2023) no.3, 193
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(some)Modified Torsional Teleparallel theories

@ It seems that the simplest modifications are pathological. More general
theories that requires further analysis
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(some)Modified Torsional Teleparallel theories

@ It seems that the simplest modifications are pathological. More general
theories that requires further analysis
Qo £f(T,B) = f(T, B) gravity where B = VHTM = R — T s. Bahamonde, C. G. Béhmer and
M. Wright, Phys. Rev. D 92 (2015) no.10, 104042
@ Of course we get f(R) in a limit, but there is more.

Q Interesting applications to cosmology.
© New dof appearing in Minkowski 2+1 (scalar). Is this theory healthy in

some regime?
@ Gauss-Bonnet theories:

ey = =TT — %5 00" + a1G1(Y)Te + a2Ga(¥) Ba

@ Here, G = Rupu R — 4R,3R*P + R? = T + Be.
Q@ Interesting in black holes: scalarization (spontaneous) is triggered by
torsion. s. Bahamonde, D. D. Doneva, L. Ducobu, C. Pfeifer and S. S. Yazadijiev, Phys. Rev. D 107 (2023) no.10,

104013; Phys. Rev. D 108 (2023) no.6, 064044
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Torsional Teleparallel Horndeski gravity

@ By following a similar approach as Horndeski in a torsional TG framework,
one can formulate a more general theory than Horndeski (1 scalar
field+second order theory).
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Torsional Teleparallel Horndeski gravity

@ By following a similar approach as Horndeski in a torsional TG framework,
one can formulate a more general theory than Horndeski (1 scalar
field+second order theory).

@ Under some Conditions, the theory behaves as (s. Bahamonde, K. F. Dialektopoulos and J. Levi
Said, Phys. Rev. D 100 (2019) no.6, 064018)

5
L= Li+Greie(d, X, T, Tax, Tvec, o, J1, J3, Js, Jo, Js, J10)
1=2
where:
Ly =G2(¢,X), Ls=—-G3(¢,X)00,
La = Ga(¢, )R+ Ca x (4, X) [(99)° — V0 Vo 90h V9]

a s epev, L o S 5 @ amas
Ls = G5 (6, X) Gy V' V"6 — =G5, x($, X) [(06)° + 29, V46V VA9V, V16 — 306V, V, 69497 9] |
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Torsional Teleparallel Horndeski gravity

By following a similar approach as Horndeski in a torsional TG framework,
one can formulate a more general theory than Horndeski (1 scalar
field+second order theory).

Under some Conditions, the theory behaves as (s. Bahamonde, K. F. Dialektopoulos and J. Levi
Said, Phys. Rev. D 100 (2019) no.6, 064018)

5
L= Zﬁz =F GTeIe(¢7 X7 Ta TaXaTveC7I27 Jla J37 J5a Jﬁa ‘]87 JlO)

1=2
where:
Lo = G2($,X), Ls=—Gs(¢,X)06,
L = Ga(#, X)R + Ga x (8, X) [(04)° = Vu VL eVHVYe]

g 8 Emom, L B o D @ ACHEOR D D & & . Omc
Ls = G5(6, X)Cpu V' V"6 = <G5 x (9, X) [(09)° + 2V, VoV VARGV VG = 306V,V, 6V V9]
The new part is only related to torsional invariants:

L =Ty, J1=d"a"$udw, J3=Tot"™"oud,, Js=1t""1F .0,

JG = tauytaﬁpd);lt(ﬁ;v(z);ﬁ(b;ff 5 JS = tauyto-p‘p(b;u(b;f/ 5 JlO = f'uupo'aytapa(b;pﬂs;a .
with T, = T2 5, S = €uvpo TP, 1y = TA oy — 3 (62 0T — 8 W To) — §&* ppuSP.
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Reviving Horndeski using Teleparallel gravity

@ As we said before, for Gr.. = 0 (standard case), one gets that to
achieve a theory consistent with the GW observations ¢y = 1, one
requires Gs(¢, X)) = constant and G4 (¢, X) = G4(¢). Hence,
Horndeski gravity is highly constraint.
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o As we said before, for Gt = 0 (standard case), one gets that to
achieve a theory consistent with the GW observations ¢y = 1, one
requires Gs(¢, X)) = constant and G4 (¢, X) = G4(¢). Hence,
Horndeski gravity is highly constraint.

@ If one has Teleparallel Horndeski, c?r is corrected and then when does
no need those conditions. Indeed, G5 = G5(¢) and G4 = G4(¢, X) still
respect this condition: (s. sanamonde, k. F. Dialektopoulos, V. Gakis and J. Levi Said, Phys. Rev. D 101

(2020) no.8, 084060)

Teleparallel Lagrangian respecting ¢z = 1 (ar = 0)

L= étele(¢ax7 T, TVeCaTaxa 12; J17 J37 Jﬁa JS - 4J57 Jl(]) aF G2(¢a X) = G3(¢7X)D¢a
+Ga(9,X) (-T + B) + Ga,x [(09)? = @™ + 4J5]
+ G5(9)Gur ¢ — 4J5Gs,6 -
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(some)Modified Symmetric Teleparallel theories

@ It is possible to construct theories only with nonmetricity.
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(some)Modified Symmetric Teleparallel theories

@ It is possible to construct theories only with nonmetricity.

@ Some interesting results in thermodynamics and definition of the
graVitatiOﬂa' energy momentum tensor b. A. Gomes, J. Beltran Jiménez and T. S. Koivisto, Phys. Rev.
D 107 (2023) no.2, 024044.

@ The most studied modified theory is L) = f(Q) where Q = R — Bg:

@ This theory has 6 dof (using Hamiltonian analysis) k. Tomonari and . Bahamonde,
Eur. Phys. J. C 84 (2024) no.4, 349

Q It was recently shown that this theory always propagate a ghost!
D. A. Gomes, J. Beltran Jiménez, A. J. Cano and T. S. Koivisto, Phys. Rev. Lett. 132 (2024) no.14, 141401
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(some)Modified Symmetric Teleparallel theories

@ It is possible to construct theories only with nonmetricity.

@ Some interesting results in thermodynamics and definition of the

graVitational energy momentum tensor b. A. Gomes, J. Beltran Jiménez and T. S. Koivisto, Phys. Rev.
D 107 (2023) no.2, 024044.

@ The most studied modified theory is L) = f(Q) where Q = R — Bg:

@ This theory has 6 dof (using Hamiltonian analysis) k. Tomonari and . Bahamonde,
Eur. Phys. J. C 84 (2024) no.4, 349

Q It was recently shown that this theory always propagate a ghost!
D. A. Gomes, J. Beltran Jiménez, A. J. Cano and T. S. Koivisto, Phys. Rev. Lett. 132 (2024) no.14, 141401

@ It was recently found that the K-essence theory a. a. Bello-Morales, J. Beltran Jiménez,
A. Jiménez Cano, A. L. Maroto and T. S. Koivisto, arXiv:2406.19355

L=0Q—-K(Qs3), Q3=Q".Q"\"

is healthy (free from ghosts and no strong coupling problem!)
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(some)Modified Symmetric Teleparallel theories

It is possible to construct theories only with nonmetricity.

Some interesting results in thermodynamics and definition of the

graVitational energy momentum tensor b. A. Gomes, J. Beltran Jiménez and T. S. Koivisto, Phys. Rev.
D 107 (2023) no.2, 024044.

The most studied modified theory is L) = f(Q) where Q = R — Bq:

@ This theory has 6 dof (using Hamiltonian analysis) k. Tomonari and . Bahamonde,
Eur. Phys. J. C 84 (2024) no.4, 349

Q It was recently shown that this theory always propagate a ghost!
D. A. Gomes, J. Beltran Jiménez, A. J. Cano and T. S. Koivisto, Phys. Rev. Lett. 132 (2024) no.14, 141401

It was recently found that the K-essence theory a. . Belio-Morales, J. Beltran Jiménez,
A. Jiménez Cano, A. L. Maroto and T. S. Koivisto, arXiv:2406.19355

L=0Q—-K(Qs3), Q3=Q".Q"\"

is healthy (free from ghosts and no strong coupling problem!)
This theory is a subset of Symmetric Teleparallel Horndeski s. sahamonde, G. Trenkier,

L. G. Trombetta and M. Yamaguchi, Phys. Rev. D 107 (2023) no.10, 104024.
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Overview of the Talk

@ Metric-Affine theories (where curvature is non-vanishing)
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MAG as a Gauge Theory

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

@ 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:

Au = eaupa + wabuLaba Juv = eauebugab
@ Curvatures and field strengths:

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

b b a A
= O = Ok e e = e = I

A
e bur = ,uwa b — Opw® b + w? c,uwcbl/ —w cz/wcb,u = Gbe e \ePR pUV +
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MAG as a Gauge Theory

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

@ 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:

Au = eauPa + wabuLaba uv = eauebugab
@ Curvatures and field strengths:
Gabu = OuYab — Yac w* bu — Gbe w ap = gacgbdeC)\edpQ,uAp ’
Y e = GE = One —|—wabﬂeb,, —wabyebu = eaATA,,H,
e bur = ,uwa b — Opw® b w® cp Wy — w o wf bu = Ybe e )\GCPR)\ 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)].

Sebastian Bahamonde MAG and black holes 21/30
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Dynamics in MAG gauge theories
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L 0EvV=9) _ 5w,

vV—g de*,
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V=9 Owip

@ Hypermomentum can be split into three parts:

1
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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

Sebastian Bahamonde MAG and black holes
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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 @ |, G
Levrv—tors = Lppp t Lpge t Lt ¥ Lape T Lo, T Lggy

3)  _ = v = I (3) _ = wav = m
£ = MR THTY + ho RT,TH, £E) = haRuySHSY + heRS,SH,
B3 — R to MPETHY L hg R to N TPY L o R PR oy
Rtt 58 xpuvto 6 purvto TXppv o
+ hgRpunt™ot7?” + hoRypuut™ o t?’7 + hig Ry ptuy M tPHY
+ h11 Ryt NP+ Ry Ry, 60 PF
g _ _ _
L) = h13e Y Ry To ST + h1ae 7 Ry puo T SY + h1se M Ry, Ty Sy
LD = h1gBapuy TV 4 hir By TP + hig By Tut* P + hig Ry, Tyt P
Bre = MeRxpuy + h17Rxppuv + hisRxpTu +higRxp Ty s
@ _ _
£8) = hoocapuy Br P ST 4 hotcapun Ry PPV 76,7

TP h225apuyépy1‘us’yt'ya‘r Sl h235apuvéﬁyu'rusat’yp7

+ hoscap™ Rypry S*°7Y + haseapru R4St ™Y + hogex ppn BPSot7HY .
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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)

L%{T = hy Ry, THTY + hy RT,T* Li;;s = h3Ru, S*SY + hy RS, S",
Lg’zt = h5 R ppto Pt7"Y + he R ppwto ™ t7PY + hy Rt o t7H
+ hgRpunt™ot7?” + hoRypuut™ o t?’7 + hig Ry ptuy M tPHY
aF h11R>\ptuu>‘t”Vp aF h12Rt)\p;Lt>\pu7
qu)"s = h13e " By To 87 + h1aey P Ry ppuo T SY + hi5e MY Ry, TS0
£ = h16Rapun TV + hir R TP + hag B, Tut" ™ + hig Ry, Tt ™H,
Lg;t = haoeapuw Rr PPV SVEYT . + hoteapuy Re PPV ST 4,27

TP h225apuuépy7‘us’ytﬂya‘r Sl h235apuvéﬁyu'rusat’yp7

5 5 B
+ hageap™ Rypurv S¥tPTY 4 haseapruB* S tP™Y + hagexppun RN 5ot .

@ We showed that by including these Poincaré gauge invariants, ghost issue is solved!
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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)
Leurv—tors = Lppp T Lggs T Lo+ Lars T EaTe T s
E%)T = hy Ry, THTY + hy RT,T* Lgés = hy Ry, S*SY + ha RS, 5",
Eg—fzt = h5 Rappunto P t7H + heRapuute M t7PY 4+ hy Ry puut™P ot 7MY

hg Ry ppunt ™ ot7P” + ho R ppn t™ 0 t?” 4 hig Ry ptuw  tPHY

+
= A = A
+ har Raptpn 1P 4+ hia Ry, t7FH

3 z = -
z:g.a;s = h13e MY Ry 0 To ST + hiaew P Ry ppo THSY + hise Y Ry, TSy

3 = A = A 5 A 5 A
£ = h16Rapun TV + hir R TP + hag B, Tut" ™ + hig Ry, Tt ™H,

3 ~ ~
£ = haocapun R ST o + hateapun Be P4V SV 1,7

TP h225txpuyépu7‘us’yt'ya1' Sl h23€apuyé’yu'rusat’yp7

5 5 B
+ hageap™ Rypurv S¥tPTY 4 haseapruB* S tP™Y + hagexppun RN 5ot .

(*)

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

(*]

Further, we showed that nonmetricity can be added dynamically as a ghost-free Gauge
theory(s. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 111 (2025) no.8, 084058)
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Overview of the Talk

0 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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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 ’[‘_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 @) 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
git — ——— = \Il(’l") =1- T aF T_Z(Hlﬁz 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.

Sebastian Bahamonde MAG and black holes 26/30



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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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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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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@ This interaction is of the following form

uo - v
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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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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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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 = % adiks(a(r) + B(r) cosd + v(r) sin )

@ So, it can have 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 = % ey (o) A ) o5 J ) )

@ So, it can have 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?
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@ There are different ways of modifying GR form a geometrical point of
view and they might trigger different effects.

Sebastian Bahamonde MAG and black holes 30/30



@ There are different ways of modifying GR form a geometrical point of
view and they might trigger different effects.

o Teleparallel gravity is a simpler description where one assumes
curvature to vanish and the dof are just encoded in torsion or
nonmetricity.

Sebastian Bahamonde MAG and black holes 30/30



@ There are different ways of modifying GR form a geometrical point of
view and they might trigger different effects.

o Teleparallel gravity is a simpler description where one assumes
curvature to vanish and the dof are just encoded in torsion or
nonmetricity.

o If one formulates a Gauge theory of gravity, torsion and nonmetricity
appear and they are sourced by intrinsic properties of matter.

Sebastian Bahamonde MAG and black holes 30/30



@ There are different ways of modifying GR form a geometrical point of
view and they might trigger different effects.

o Teleparallel gravity is a simpler description where one assumes
curvature to vanish and the dof are just encoded in torsion or
nonmetricity.

o If one formulates a Gauge theory of gravity, torsion and nonmetricity
appear and they are sourced by intrinsic properties of matter.

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

Sebastian Bahamonde MAG and black holes 30/30



@ There are different ways of modifying GR form a geometrical point of
view and they might trigger different effects.

o Teleparallel gravity is a simpler description where one assumes
curvature to vanish and the dof are just encoded in torsion or
nonmetricity.

o If one formulates a Gauge theory of gravity, torsion and nonmetricity
appear and they are sourced by intrinsic properties of matter.

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

@ New black hole solutions with:

Sebastian Bahamonde MAG and black holes 30/30



@ There are different ways of modifying GR form a geometrical point of
view and they might trigger different effects.

o Teleparallel gravity is a simpler description where one assumes
curvature to vanish and the dof are just encoded in torsion or
nonmetricity.

o If one formulates a Gauge theory of gravity, torsion and nonmetricity
appear and they are sourced by intrinsic properties of matter.

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

@ New black hole solutions with:

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

Sebastian Bahamonde MAG and black holes 30/30



@ There are different ways of modifying GR form a geometrical point of
view and they might trigger different effects.

o Teleparallel gravity is a simpler description where one assumes
curvature to vanish and the dof are just encoded in torsion or
nonmetricity.

o If one formulates a Gauge theory of gravity, torsion and nonmetricity
appear and they are sourced by intrinsic properties of matter.

@ Gauge gravity with propagating 7" and @ can be formulated without
ghosts via Cubic interactions in axial/vector sectors.
@ New black hole solutions with:
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: £ « = adiksm(acosd + Bsind).
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