Black holes with torsion

Sebastian Bahamonde

Postdoctoral Researcher at Kavli IPMU, University of Tokyo, Japan
Visiting Researcher at Institute for Basic Science, Daejeon, South Korea.

LeCosPA-IPMU Workshop, 2/April/2025
Phys.Rev.D 109 (2024) 10, 10

et By
L % . )
¢ INSTITUTE FOR THE PHYSICs AnD [ 5\ R
MATHEMATICS OF THE UNIVERSE IR )*)
/

(; ’ THE UNIVERSITY OF TOKYO

Sebastian Bahamonde BH with torsion 1/17



0 Brief review on torsion
©@ Poincare gauge gravity

© Black holes with torsion
@ Spherically symmetric black holes
@ Axially symmetric black holes

e Conclusions

Sebastian Bahamonde BH with torsion 2/17



General descriptions

@ Pseudo-Riemannian geometry (as in GR) assumes that our manifold
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General descriptions

@ Pseudo-Riemannian geometry (as in GR) assumes that our manifold
contains curvature (and nothing more).

@ This assumption automatically gives us a unique connection:
Levi-Civita connection FAW that is completely defined in terms of a
metric g,

o Curvature R* ,,, and all other geometrical quantities (like Weyl) are
NOT independent quantities: The metric tensor fully determines them.

@ We aim to construct consistent new theories of gravity with new
effects by modifying the geometry.

@ By doing that, the metric is no longer the only independent quantity,
but now the general affine connection I'*,, is also independent.

@ In the most general scenario, geometry contains curvature, torsion
and nonmetricity. | will concentrate only in the case where the
manifold contains curvature and torsion—>-Einstein-Cartan
geometries.
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Torsion and curvature

@ Definition of the torsion tensor (contains 24 dof):

A A
T b =21 ).
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Torsion and curvature

@ Definition of the torsion tensor (contains 24 dof):
A =\
T iy = A0 (1 o

o Curvature with torsion contains 36 dof and Bianchi identities are
modified:

B S A o A

B ) = Vi o) 17 10 T o
S BA w P
Vol 7 pl) = T [ou 17 puojo] -

@ Just one independent trace, the generalised Ricci tensor

5 HA
R,u,z/ =R LAV 5
@ Unique scalar and pseudoscalar curvatures:

- - - N &
R=g"R,, *R=e""Ry.
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Dynamics in theories with torsion

@ One can write down an action of the form

S = / d'or/=g| L — %59(7@, 7).

with x2 = 87G.
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Dynamics in theories with torsion

@ One can write down an action of the form
S = / d4x\/_ 1

with x? = 87G.
@ Correspondence between geometry and matter:

1 6 (L:g Y g) _ 2f§29 14

£,(R.7)].

\/__g de®,
1 5(£9V_g) _ 252Aaby;
vV —49 6wabu

where we have two matter sources:
9 2 6aﬂ 6(\/_g£m)
15 V=g de, )
A _ eyt 6 (v/—gL )
V=9 0wy,
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Poincaré gauge theory

@ 1S0(1,3) = T* x SO(1, 3) gauge connection’:
AN = N C G = €* ueb Sty 5

where
w“bu=e“>\eb’)I‘>‘pu+ea>\6ﬂeb>‘.
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Poincaré gauge theory

@ 1S0(1,3) = T* x SO(1, 3) gauge connection’:
Au = e uPa +w bp,Ja b v Guv = e’ ueb vTab
where ~
wab‘u = ea)\epr)\p“ +e“,\8,ieb’\.
o Generators of the Poincaré group 150(1, 3):
[Paan]:O7 [Pa,ch]=i77a[ch],
7

[Jabajc ] = 2

(ot e = Ty it = Tt o = Tlow i) <
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Poincaré gauge theory

@ 1S0(1,3) = T* x SO(1, 3) gauge connection’:

Au :eapPa+wabuJab7 uv = eauebunab7

where ~
wab‘u = ea)\eprApu +e“,\8ueb’\.
o Generators of the Poincaré group 150(1, 3):
[Paan]:07 [Pa,ch]=i77a[ch],

d
2
@ I50(1, 3) translational and rotational field strength tensors:

FMV:FGMVPa+Fab;WJabv

[Jab, Jed] = 5 (Nad Jbe + Neb Jad — Ndb Jac — Nac Jbd) -

where
F“W:8#6“,,—8ye“#+wabuebl,—w“b,,eb#,

a _ a a a c a c
/2 buv = OpWw b — Oyw by T W cpW by —W W by -
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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.

Sebastian Bahamonde BH with torsion 7/17



Cubic Poincaré gauge theory

Cubic parity preserving branch with mixing terms:?

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

£®

_ _ 5 _ _
©) =R THT” + ho RT, T, L) = hgRyS"S” + haRS,S"

LD = hs Rxputo 17 + ho B ppun to ™7 + i Ryt 0 17
+ hSR)\pputA“o‘to-pV 4= hQR)\p;U/tA”o‘tpyd =+ hloéAptuuAtpl“j

ar hllé)\ptl_“,/\tp‘up + hlgétkput'\p“ 5

4-}3;3 = h13E>‘p”VR>\pw,T(;SG + h14EyApUR>\pMUT“SV TP hlsakpuyé)\pT,uSV )
LD = h16Rapun T + hag B ppuy TP 4 hag Ry pTut? + hag Ry Tt
L:g;t = h205ap,u,l/R‘rpHVS’7taT'y + h21€app.VR‘rpp‘VS,yt'yaT

+ hzgsap‘uVRpm—yS’yt'yaT + h235ap“VR~m-rySat'ypT

I h245ap”VR'yy.-ruSatpT7 T+ h255ap-rMR”fySatpT'y + hzee,\pul,R)‘pSUt"“” 3

28. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 109 (2024) no.10, 10
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Cubic Poincaré gauge theory

@ Cubic parity preserving branch with mixing terms:?

(3) _ r® (3) (3) (3) (3) (3)
Liurv—tors = 'C'RTT + £ﬁ:ss + cf%tt + 'CRTS + £RTt + ‘CRSt 2

£®

_ _ 5 _ _
©) =R THT” + ho RT, T, L) = hgRyS"S” + haRS,S"

ngt = h51~%)‘pm,tg>‘pta“l' + haRxp‘uutg)‘”tapu + h7R)\th>‘pgta"“j
aF hSR)\pputAHatUpV 4= hQ-éApuutA”Utpyd =+ thR)\pt/u/Atpl“j

ar hllé)\ptl_wktp‘"p + hlgétkput'\p“ 5

4-}3;3 = h13E>‘p”VR>\pu,,TgSG + h148y>“mR>\pMUT“SV TP hlsakp“VRApT,uSV )
LD = h16Rapun T + hag B ppuy TP 4 hag Ry pTut? + hag Ry Tt
Cg;t = hZOEQp,u,VRTpHVS'YtaT'y + h21€app.VR‘rpp‘VS,yt'yaT

+ hzgsap‘uVRpm—yS’yt'yaT + hzgsap“VR—yu-ruSat'ypT

+ h24&‘ap‘uyé»yu-,—y5atp77 + h258ap-,—MR”’ySatpT'y + hQGE)\pHVRApSUtJ”V .

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

28. Bahamonde and J. Gigante Valcarcel, Phys. Rev. D 109 (2024) no.10, 10
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Spherically symmetric black holes

@ Explicit symmetries on the metric, torsion and nonmetricity tensors:

Legu = LT 1 =0 = LR, = 0.
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Spherically symmetric black holes

@ Explicit symmetries on the metric, torsion and nonmetricity tensors:
Legu = LT 1 =0 = LR, = 0.
o Static and spherically symmetric space-times:

dr?
Wo(r)

#10 — #2 {d32 = Uy (r)dt* — — 17 (d9? + sin® ¥dy?) ;
Tt tr T g Tﬁ ty

#24 — #8S TP 9 TP T7,,
T Y " Y
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Spherically symmetric black holes

@ Explicit symmetries on the metric, torsion and nonmetricity tensors:
Legu = LT 1 =0 = LR, = 0.
o Static and spherically symmetric space-times:

dr?
Wo(r)

#10 — #2 {d32 = Uy (r)dt* — — 17 (d9? + sin® ¥dp?) ;
Tt tr T g Tﬁ ty

#24 — #8S TP 9 TP T7,,
T Y " Y

@ First one needs to solve the connection egs (8 eqs+8 dof of torsion)
and then the metric egs (2 eqs+2 dof).
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Reissner-Nordstrom-like black holes in Cubic Poincare

@ By solving the equations in Cubic Poincare we find and exact BH
solution:

v’ (r wr
t ( ) T" ir — Tt tr\I/(r) )

TRw) T w(r)”
1 wr
9 9 9
= — T 5 T = T 5. T AT\
T T o ¥(r) v 2r  2¥(r)
N1I<&S .

T‘19 _— —T‘19 TSO\II(T)’ T”l9 o T\I}(r) SIH’LQ,

N.
= 2250 gng, T7 g, =T, U(r),
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Reissner-Nordstrom-like black holes in Cubic Poincare

@ By solving the equations in Cubic Poincare we find and exact BH
solution:

U’ (r) wr
L= T, =T, ¥
tr 2\1’(7’) \IJ(T) ) P P (7"),
1 wr
9 9 9
=—T" s¥(r), TV, 9=——— ——,

T w 2 U(r) v 2r  2¥(r)
TP = — T, 0(r), T, = 38 oy

2 w2 ’ () ’

Noksr .

Tt Yo = W’]‘s) Sll’l’L97 T Yo = Tt ﬂ¢\P(T) 9

Wy (r) = Va(r) = ¥(r),

@ The metric sector behaves as:

2N + N 2
s 2 dy + 2hgs ;S-

4N1 + No r2

2
\P:I—Tm+(2N1—N2)(N1+N2)
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Reissner-Nordstrom-like black holes in Cubic Poincare

@ By solving the equations in Cubic Poincare we find and exact BH
solution:

U’ (r) wr
t _ Tr — Tt U
tr 2\1’(7’) \IJ(T) ) P P (7"),
1 wr
9 9 9
=—TY s¥(r), TV, 9=—————,

T w 2 U(r) v 2r  2¥(r)
TP = — T, 0(r), T, = 38 oy

2 w2 ’ () ’

Noksr .

Tt Yo = —\II(:) sin ¥ 9 T Yo = Tt 19@\11(7“) 9

Wy (r) = Va(r) = ¥(r),

@ The metric sector behaves as:

2m 2N + N:
T=1- =+ (2N~ Na) (N1 + No) 1T

2
s

di + 2has | 25 .
4Ny + No 25 32

@ This solution has a dynamical torsion with its spin-2 part being
massive and is related to the constant w.
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Electrodynamics coupled with torsion

o Let us consider a theory with couplings between the electromagnetic
field strength F,, = 9, A,) and R*,,,,:

L=—R—4kiF, F* + koR?> + ksF* R, .
Iz iz
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Electrodynamics coupled with torsion

o Let us consider a theory with couplings between the electromagnetic
field strength F,, = 9, A,) and R*,,,,:

L=—R— 4k F,, F*" + kyR? + ks F*' R, .

@ We found the following black hole solution:

v’ (r) c Ks 2
00 = G tie trey PO=Y0(0-um-1),
ta(r) = YOAFrtal) i) = tr(r) = ta(r) = 0.

T

with ¢, satisfying a differential equation.
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Electrodynamics coupled with torsion

o Let us consider a theory with couplings between the electromagnetic
field strength F,, = 9, A,) and R*,,,,:

L=—R— 4k F,, F*" + kyR? + ks F*' R, .

@ We found the following black hole solution:

\Ill(r) C Ks 2
00 = G tie trey PO=Y0(0-um-1),
ta(r) = SMQAFrta() 0y ) = tr(r) = ts(r) = 0.

T

with ¢4 satisfying a differential equation.
@ With the following metric and electric potential

kskeq  k3q°
)\ = 1 - — _ _
(r) r + r2 4r2 128kor2’

A, = (g,o,o,o).

Sebastian Bahamonde BH with torsion 11/17



Electrodynamics coupled with torsion

o Let us consider a theory with couplings between the electromagnetic
field strength F,, = 9, A,) and R*,,,,:

L=—R— 4k F,, F*" + kyR? + ks F*' R, .

@ We found the following black hole solution:

v’ (r) c1 Ks
20(r) T W) e

U(r)(1+ rta(r))

t3(7‘) = %, t5(7‘)=t6(7') =t7(’r‘) =t8(T) =0.

t1 (7‘) S

, () =¥ () — talr) = ),

with ¢4 satisfying a differential equation.
@ With the following metric and electric potential

kskeq  k3q°
)\ = 1 - — _ _
(r) r + r2 4r2 128kor2’

A, = (g,o,o,o).

@ New coupling between spin charge s and electric charge q.
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Electrodynamics coupled with torsion

o Let us consider a theory with couplings between the electromagnetic
field strength F,, = 9, A,) and R*,,,,:
L=-R— 4k F,, F*" + kR? + k3F* R,,,, .
@ We found the following black hole solution:
v’ (r) c1 Ks
2¥(r)  U(r) r¥(r)
U(r)(1+ rta(r))

with ¢4 satisfying a differential equation.
@ With the following metric and electric potential

(r) , () =¥ () — talr) = ),

t3(r) ts(r) =te(r) = t7(r) = tg(r) =0.

kskeq  k3q°
)\ = 1 - — _ _
(r) r + r2 4r2 128kor2’

- (4
A, = (r,o,o,o).
@ New coupling between spin charge s and electric charge q.

@ Different charges would give rise to different phenomenology.
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What does this charge «, represent?

D Intrinsic spin generates gravitation. This effect does not exist in GR.
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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?
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What does this charge x, represent?

D Intrinsic spin generates gravitation. This effect does 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 does this charge x, represent?

D Intrinsic spin generates gravitation. This effect does 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.

@ We expect that the spin charge might be important in certain
astrophysical scenarios such as: highly magnetized neutron stars;
supermassive black holes with endowed spin.

Sebastian Bahamonde BH with torsion 12/17



Axially symmetric black holes

@ We are now working on the slowly rotating case. This problem
involves the full axially symmetric torsion containing 24 dof and 4 dof
of the metric.
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Axially symmetric black holes

@ We are now working on the slowly rotating case. This problem
involves the full axially symmetric torsion containing 24 dof and 4 dof

of the metric.

o ltis a extremely difficult problem to solve the system. One can
separate it into non-dynamical (xs = 0) and dynamical part x5 # 0.
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Axially symmetric black holes

@ We are now working on the slowly rotating case. This problem
involves the full axially symmetric torsion containing 24 dof and 4 dof

of the metric.
o It is a extremely difficult problem to solve the system. One can
separate it into non-dynamical (xs = 0) and dynamical part x5 # 0.
@ We recently found a solution in the non-dynamical part and with that
part, we are investigating the dynamical part.
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Axially symmetric black holes

@ We are now working on the slowly rotating case. This problem
involves the full axially symmetric torsion containing 24 dof and 4 dof
of the metric.

o ltis a extremely difficult problem to solve the system. One can
separate it into non-dynamical (xs = 0) and dynamical part x5 # 0.

@ We recently found a solution in the non-dynamical part and with that
part, we are investigating the dynamical part.

@ In spherical symmetry we obtained RN, but in axial symmetry we
expect to have an extension of Kerr-Newman with new interactions
between «; (intrinsic spin) and macroscropic spin a.
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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

M —
Lso = WWTWFM:ﬂp
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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 = #lﬁa”yﬂw

@ Then,
Lso=Ar)L-S

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 = #%WFW
@ Then,
Lso=Ar)L-S

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

@ Our main aim is to find out if a similar effect would appear in gravity:
gravitational spin-orbit interaction.
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@ Our main aim is 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 «.
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Axially symmetric black holes - spin orbit interaction

@ Our main aim is 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 axial symmetry, the Lagrangian of our theory can be written as

1

£50 = TonGr

———d1 Fi(r) aks cos 9
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@ Our main aim is 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 axial symmetry, the Lagrangian of our theory can be written as

1
167 Grd

@ So, it has the same form as the spin-orbit interaction!

Lso = ————d1 F1(r) aks cos 9
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Axially symmetric black holes - spin orbit interaction

@ Our main aim is 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 axial symmetry, the Lagrangian of our theory can be written as
1
£50 = {6zt

@ So, it has the same form as the spin-orbit interaction!

@ We just found a solution of the 24 connection equations in the
non-dynamical sector with F (r)

———d1 Fi(r) aks cos 9
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Axially symmetric black holes - spin orbit interaction

@ Our main aim is 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 axial symmetry, the Lagrangian of our theory can be written as

1
167 Grd
@ So, it has the same form as the spin-orbit interaction!

@ We just found a solution of the 24 connection equations in the
non-dynamical sector with F (r)

@ We are now trying to find the dynamical part as well.

Lso = ————d1 F1(r) aks cos 9
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Conclusions

o ltis possible to construct a Gauge approach of gravity that includes
torsion and the invariants are restricted to be invariant under the
Poincare group.
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Conclusions

o ltis possible to construct a Gauge approach of gravity that includes
torsion and the invariants are restricted to be invariant under the
Poincare group.

@ Quadratic Poincare gauge gravity contains ghosts but we cure this
issue with cubic interactions of the form RT'T.

@ We found new exact spherically symmetric solutions with dynamical
torsion with a charge (intrinsic spin) that enters the metric as RN.

@ We are now investigating axial symmetry where we observe the
emergence of a potentially new physical interaction within our theory:
a gravitational spin-orbit coupling axs.
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Thank You for Listening!

Questions? Comments?
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