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@ Dynamics

@ Spherical symmetry
@ Observational constraints
@ Axial symmetry
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Brief introduction to Metric-affine gravity

amental variables and characteristic tensors

@ In the most general metric-affine setting, the fundamental
variables are a metric g,,, (10 comp.) as well as the
coefficients I'”,,,, (64 comp.) of an affine connection.
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Brief introduction to Metric-affine gravity

damental variables and characteristic tensors

@ In the most general metric-affine setting, the fundamental
variables are a metric g, (10 comp.) as well as the
coefficients fPW (64 comp.) of an affine connection.

@ The most general connection can be written as

Torsion part

Levi-Civita

PA A oy L x4 0 1
pr — % +2 1% (p V)+2Q % Q(u V) ()

Curvature l:Z“l,p[, = [“)pf‘“w — 8gf“Vp + f‘“TprW — f‘“mf‘T,,p

Torsion TH,, =T*",, —T#,,

Nonmetricity|Q,.p = Vu9up = 0u0vp — T70pGop — 7 ppue
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Brief introduction to Metric-affine gravity

ics of metric-affine geometry

@ Gravitational action with dynamical torsion and nonmetricity:

S = / dz/—g [ﬁm - 16%59(7%, T,9)] . 2)
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Brief introduction to Metric-affine gravity

ics of metric-affine geometry

@ Gravitational action with dynamical torsion and nonmetricity:

1 -
5= / Tey=g [zm - = LRT.Q). @
@ Correspondence between geometry and matter:
05 1676, "7, 3)
el ,
05  _ 1670 . (4)
dw? bv

Here 60,7 is the energy-momentum tensor (canonical) and
A, is the hypermomentum density tensor.
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MAG models with dynamical torsion and nonmetricity

models with dynamical torsion and nonmetricity

@ Quadratic gravitational action with dynamical torsion and
nonmetricity in WeyI—Cartan geometry (Qxuw = g W))

/ d*zv/—g L + s [ — 4R — 6d1 Ry [y BN
v B, Hpy 1 B, S v
- 9d1RWW]RW Pl 4 8 dy Ry R + g (3261 + 8es + 17d1) R 5, R7 ¥

— 7d1R[m,]R)\ A +3 (1 — 2a2) T[M“,]T[)\“V]] } .

i S. Bahamonde and J. G. Valcarcel, JCAP 09, 057 (2020).
28. Bahamonde and J. G. Valcarcel, arXiv: 2108.12414, to be published in JCAP.
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odels with dynamical torsion and nonmetricity

@ Quadratic gravitational action with dynamical torsion and
nonmetricity in WeyI—Cartan geometry (Qxuw = g W))

/ d*zv/—g L + s [ — 4R — 6d1 Ry [y BN
v B, Hpy 1 B, S v
- 9d1RWW]R““ ol 4 8d1R[W]R[“ I+ g (3261 + 8es + 17d1) R 5, R7 ¥
— 7d1R[uy]R)\ A +3 (1 — 2a2) T[M“,]TP\“V]] } .

@ Absence of a general Birkhoff’s theorem in MAG: new
spherically and axially symmetric vacuum solutions with
independent dynamical torsion and nonmetricity fields'-2.

i S. Bahamonde and J. G. Valcarcel, JCAP 09, 057 (2020).
28. Bahamonde and J. G. Valcarcel, arXiv: 2108.12414, to be published in JCAP.
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MAG models with dynamical torsion and nonmetricity

ical symmetry

@ Metric, torsion and nonmetricity in spherically symmetric
space-times (#2 + #8 + #2 = #12):

Esguy = ﬁfT)\MV = £§Wlt =0 = ﬁgé,\pw/ =0
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MAG models with dynamical torsion and nonmetricity

ical symmetry

@ Metric, torsion and nonmetricity in spherically symmetric
space-times (#2 + #8 + #2 = #12):
Esguy = 'C&T)\ﬁw = £§Wlt =0 = ﬁgé,\pw/ =0

@ By solving these equations we find that torsion and
nonmetricity behave as

Tty =a(r), T4 =0b(r), T4, =f(r), T%,.q =g(r)
TO% 15, = € ¥y epd(r), T .9, = e by, €qp h(r),
T 0,0, = €1 k(1) sinfy, T" g9, = €xl(r) sindy,
Wi = (wi(r), ws(r),0,0) ,

whereas the metric is in the standard spherically symmetric form:
2

T
Wa(r)
Here, ey, is the Levi-Civita symbol in two dimensions.
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MAG models with dynamical torsion and nonmetricity

iIcal symmetry - Solving the field equations

The field egs are very involved. To solve them we use the
following strategy:

@ Imposing regularity: In general, the solutions can have a
singular behaviour. To ensure regularity, one can analyse the
torsion/nonmetricity tensors referred to the rotated basis
9% = A% b,
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cal symmetry - Solving the field equations

The field egs are very involved. To solve them we use the
following strategy:

@ Imposing regularity: In general, the solutions can have a
singular behaviour. To ensure regularity, one can analyse the
torsion/nonmetricity tensors referred to the rotated basis
9% = A% b,

One can write the gauge curvature F2;, = 9%y #9.VT> i
related to the torsion/nonmetricity tensor in this orthogonal

coframe.
Regularity restricts the initial arbitrariness of the torsion
components and the Weyl vector by imposing the relations

b(r) = a(r) V¥1(r)¥a(r),  f(r)=—g(r) V¥i(r)¥a(r),
d(r) = —h(r) V¥.(r)¥a(r), U(r)=k(r)VUi(r)¥s(r),
w1(r) = —wa(r)\/Vi(r)Pa(r).



MAG models with dynamical torsion and nonmetricity

iIcal symmetry - Solving the field equations

Q Solve the weak field limit: The weak field limit of the field
equations become

Vo VATY , + V,VPT 5 =V, V, T, =0,
V,.RM M =0.
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MAG models with dynamical torsion and nonmetricity

iIcal symmetry - Solving the field equations

Q Solve the weak field limit: The weak field limit of the field
equations become

Vo VATY , + V,VPT 5 =V, V, T, =0,
V,.RM M =0.

These equations can be solved, yielding

/
/f
127

b(r) =rf'(r)+ f(r) +

Wy(r)
27° Wy(r)’

where r4 is an integration constant which represents the
dilaton charge.
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MAG models with dynamical torsion and nonmetricity

iIcal symmetry - Solving the field equations

@ The final solution for the metric behaves as
Reissner-Nordstrom

2 2
2m dlﬁs — 461f£d7e

gtt:—l/grrE\If(T):].—T‘i‘ 7“2

()
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iIcal symmetry - Solving the field equations

@ The final solution for the metric behaves as
Reissner-Nordstrom

2 2
2m dlﬁs — 461f£d7e

gtt:_l/grrE\II(T):l—T"i‘ ) (5)
Q Nonmetricity sector:
W = "4 (1, 1/9(r),0,0) . (6)

Sebastian Bahamonde



MAG models with dynamical torsion and nonmetricity

ical symmetry - Solving the field

@ The final solution for the metric behaves as
Reissner-Nordstrom

om  dik?
gtt:_l/grrE\II(T):l—T"i‘ i
Q Nonmetricity sector:

W, = e

© Torsion sector:
Sa - = E(17 17070) )
,

0 00 0 00
Fabe _Ks | O 0 0 0 00
2 3rl 0 01 0 01
0 -1 0 —1 0 0
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(1,—1/%(r),0,0) .
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— 4e1K? .
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MAG models with dynamical torsion and nonmetricity

ation and spin charges

What do «, (dilation charge) and x4 (spin charge) physically
represent?

Point 1 - Hypermomentum density

In the geometric scheme of MAG, not only an
energy-momentum tensor of matter arises as source of
curvature, but also a hypermomentum density tensor which
operates as source of torsion and nonmetricity.
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lation and spin charges

What do «, (dilation charge) and x4 (spin charge) physically
represent?

Point 1 - Hypermomentum density

In the geometric scheme of MAG, not only an
energy-momentum tensor of matter arises as source of
curvature, but also a hypermomentum density tensor which
operates as source of torsion and nonmetricity.

Point 2 - Dilation and spin charges

In Weyl-Cartan geometry, hypermomentum density tensor
splits into spin and dilation currents, which carry their own
charges and provide a RN solution.
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MAG models with dynamical torsion and nonmetricity

ation and spin charges

When these charges might be important?

Significant effects are contemplated only around extreme
gravitational systems, such as neutron stars with intense
magnetic fields and sufficiently oriented elementary spins or
black holes endowed with spin and dilation charges.
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MAG models with dynamical torsion and nonmetricity

rvational constrains

o Let us now consider the case where the effect of torsion
dominates over the contribution of nonmetricity.

38. Bahamonde and J. Gigante Valcarcel, Eur. Phys. J. C 81 (2021) no.6, 495.
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MAG models with dynamical torsion and nonmetricity

vational constrains

@ Let us now consider the case where the effect of torsion
dominates over the contribution of nonmetricity.

o Perihelion shift+ Gravitational redshift: Assuming the
same approximation in Sgr A* and considering the
universality of the coupling constant d;, we find®

1.396 - 1010 < fsSerdx 4 6eg. 1010
Rs,SiriusB

38. Bahamonde and J. Gigante Valcarcel, Eur. Phys. J. C 81 (2021) no.6, 495.
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vational constrains

@ Let us now consider the case where the effect of torsion
dominates over the contribution of nonmetricity.

o Perihelion shift+ Gravitational redshift: Assuming the
same approximation in Sgr A* and considering the
universality of the coupling constant d;, we find®

Rs,SgrAx

1.396 - 10'° < < 1.688-100.

Rs,SiriusB
@ To the best of our knowledge, this bound provides the first
observational comparison between the spin charges of a
supermassive black hole and a degenerate star.

38. Bahamonde and J. Gigante Valcarcel, Eur. Phys. J. C 81 (2021) no.6, 495.

Sebastian Bahamonde



MAG models with dynamical torsion and nonmetricity

sion to axisymmetric space-times

@ Metric, torsion and nonmetricity tensors in symmetric
space-times:

Leguw = LT 1y = LeQ 1y =0 = LR =0 (9)

4S. Bahamonde and J. G. Valcarcel, arXiv: 2108.12414, to be published in JCAP.
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sion to axisymmetric space-times

@ Metric, torsion and nonmetricity tensors in symmetric
space-times:

Leguw = LT 1y = LeQ 1y =0 = LR =0 (9)

o Stationary and axisymmetric space-times*:

) ds? = Wy (r,9) di* — o=
FLODFY o 9)[d92 + sin? 9(dyo — Ta(r, ﬁ)dt)Q] ’
424 {T’\ o =T 1 (r,9) (10)
44 {WM = (Wi(r, 9), W(r, 9), Wy (r, 9), W (r, 0)) . (11)

4S. Bahamonde and J. G. Valcarcel, arXiv: 2108.12414, to be published in JCAP.
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MAG models with dynamical torsion and nonmetricity

sion to axisymmetric space-times

@ Rotating Kerr-Newman metric structure:

72 + a2 cos® ¥ dr?
(r2 + a2 cos29) ¥(r,d) + a2 sin®
— (r* + a® cos® ¥) d¥* + 2a (1 — V(r,¥)) sin® 9 dtdyp
—sin® 9 [rQ +a® +a* (1 — U(r,9))sin’ V] de?, (12)

ds® = W(r,9) dt* —

[2mr + 4e1 (K3e+ Kim) — dlnz}

U(r,d)=1-—
(r9) 72 4+ a2 cos2 ¥

(13)
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sion to axisymmetric space-times
@ Rotating Kerr-Newman metric structure:

72 + a2 cos® ¥ 2

ds® = W(r,9) dt* — d
s r,9) (r2 + a2 cos29) ¥(r,d) + a2 sin® "
— (r* + a® cos® ¥) d¥* + 2a (1 — V(r,¥)) sin® 9 dtdyp

—sin® 9 [rQ +a® +a* (1 — U(r,9))sin’ V] de?, (12)
[2mr + dei (K3, + K3 L) — dlnz}
=1- : : . 1
vind) =1 72 + a? cos? ¥ (13)

o Field strength tensors:
Ry = %—:A our VAS7 + %VAF wvs R =4V W,;
R [wvp] = é‘?)\ a[ﬂvvu]‘gg + V[M{)\ pv] T iEA wff[pgtlr W]SM
. (14)

el
— E&}yﬂ,ypTl S7.
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MAG models with dynamical torsion and nonmetricity

sion to axisymmetric space-times

@ Nonmetricity sector:

Kd,e” — G Kd,m COS U

wi(r, ) = 2 +a2cos2d ws(r,9) =0,
Kd,eT
119 - :
wa(r, ) (r2 + a2 cos? ¥)¥(r,¥) + a?sin® ¥’
o r? 4 g2 9 Kd,eT" sin? ¢
iy ) = s |\ S s = | =€ e
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sion to axisymmetric space-times

@ Nonmetricity sector:

Kd,e” — G Kd,m COS U

w1 (T‘, 19) = 72 + a2 cos2 O , w3 (717 19) =0 5
wa(r,9) = — Rd,eT ——,
(r2 + a? cos? )Y (r,¥) + a?sin” 9
r? + a? Ka.er sin ¢
= kdm | ——— —y)—a—22 0 (d
wa(r, 9) = Ao, (r2 + a2 cos?2 cosV Fy) @ acos2 9 (15)
@ Torsion sector (decoupling limit between the spin and the
orbital angular momentum |aks| < 1):
St = —%(1,1,0,0)—0—(’)((1/15), (16)
0 00 0 0 0 2
=abe __ Rs 0 0 0 0 0 0 2
T2 = Evell I 0 1 o0 10|t O(aks) . (17)
0 -1 0 -1 0 0 0
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MAG models with dynamical torsion and nonmetricity

tational spin-orbit interaction

@ We found a solution in the decoupling limit axs < 1, which
ensures that the Maxwell equation and closure conditions
are fulfilled by the field strength tensors of torsion

_ - ) i
VAR puj = VuRPT =0, Vi Ry = Vp Ry = 0.
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avitational spin-orbit interaction

@ We found a solution in the decoupling limit axs < 1, which
ensures that the Maxwell equation and closure conditions
are fulfilled by the field strength tensors of torsion

_ - N i
VAR g = VuRF1 =0, Vi, Rapuy = VipRpuy = 0.

Possible new effects in the decoupling limit

The dynamics of torsion and nonmetricity alters the geometry
of the space-time —> Additional modifications provided by a
strong coupling between the orbital and the spin angular.

o Gravitational spin-orbit interaction:
1 8V d1 8gtt
m2r or 2r Or

Sebastian Bahamonde

His = aks cos U (18)




MAG models with dynamical torsion and nonmetricity

@ In the 1st paper we found an exact black hole solution in a
MAG theory with torsion and nonmetricity being dynamical
and independent.
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@ In the 1st paper we found an exact black hole solution in a
MAG theory with torsion and nonmetricity being dynamical
and independent.

@ In the 2nd paper, we studied the phenomenology of particle
and provided observational constrains for the charges.

@ In the 3rd paper, we obtained an axially symmetric solution
behaving as a Kerr-Newman-de Sitter solution (in the
decoupling limit).

@ In progress: we are constructing Plebanski-Demianski
uniformly accelerated rotating black hole solutions with NUT
parameter, electromagnetic charges and a cosmological
constant.
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@ In the 1st paper we found an exact black hole solution in a
MAG theory with torsion and nonmetricity being dynamical
and independent.

@ In the 2nd paper, we studied the phenomenology of particle
and provided observational constrains for the charges.

@ In the 3rd paper, we obtained an axially symmetric solution
behaving as a Kerr-Newman-de Sitter solution (in the
decoupling limit).

@ In progress: we are constructing Plebanski-Demianski
uniformly accelerated rotating black hole solutions with NUT
parameter, electromagnetic charges and a cosmological
constant.

@ Future: search of a gravitational spin-orbit interaction in MAG
beyond the Kerr-Newman space-time (MAG is the main
candidate to describe a spin-orbit interaction beyond GR).
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