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Q: Are you related to Werner Heisenberg?

L.H: It is uncertain!
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Geometrical Field theoretical
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Gravity theories

New
concepts
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Geometrical objects
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Geometrical Trinity of GR!

L.H & J.Beltran, T.Koivisto

Universe 5 (2019) 7, 173,

arXiv:1903.06830
Curvature
R
—
GR >
. }e
) equivalent | J J ‘
‘ TEGR CGR
Torsion Non-Metricity
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General Relativity (Curvature)
GR

(pseudo-) Riemanian manifold
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Yuv r;f,u _~ {;u/}

]
8 R, Vs y ‘
{;uz} i ;(] (()i/.(//\/f + ();i.(/,\ff — (),\,(//rw)

.

( Riemann: B)f-)l’/u/ 7{ () )

o

)\ rgicxy o r
Torsion: l;w = ()

Non-metrieity: Q;TV = ()
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TEGR (Torsion)

TEGR u
/ AT

a manifold based on torsion

a A A rov /A
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K, = —l,’,‘,, ~1,",, contorsion tensor

Riemann: R(a’;w =0
A T A
[ Torsion: ‘l;u/ % 0 J -[/m — (l 7 I N,u)
Non-metricity: Q — ()
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Torsion
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TEGR (Torsion)

TEGR u
/ AT

a manifold based on torsion
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TEGR (Torsion)

TEGR u
/ AT

a manifold based on torsion
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I' [ %4
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)I(’]}
I '1 | |
g = & Cr =, 3= — — equivalent to GR!
ovs o
— 6 (Lor. rot+boosts) = 2+ dof

A% (M6 components) =24 (transl.gauge)
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TEGR (Torsion)

TEGR u
/ AT

a manifold based on torsion

a NN T
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CGR (Non-metricity)

CGR L.H & ]J.Beltran, T.Koivisto
PRD9S (2018) 4, 044048,
! L arXiv:1803.10185
a manifold based on non-metricity

}eQ
1 0\

Yuv r;l”, 'r;u/ > I'ruf] T L;H \[ l
P

Ly = 5 =Q, — (){F“l’_ . disformation tensor

Riemann: (.-}'ﬂ . 0

3 a-’l'T(l I ) a
TOI'SIOH: lLll o V(l!]/l‘,/ — (2(1/([/
Non-metrieity: Q!W ;é 0

Non-metricity
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CGR (Non-metricity)

CGR L.H & J.Beltran, T.Koivisto
PRD98 (2018) 4, 044048,

! o arXiv:1803.10185
a manifold based on non-metricity v

g DR L+ L (Q)

77 I S s\

% ¥ L wo —Lyov: A

Riemann: fig,, = 0 * | i (A77)NOu AL
& Ty - AP .0
Torsion: ll(”f =0 - AL =0,¢

Ty 6)'1'(‘ ‘ ‘ -~ [ . g
l jL1 — ')('ﬂ (-);n(-);fi I)]H"a
Q

the connection €an be set to zero by means of a gauge choice
P =0

}'”/
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CGR (Non-metricity)

CGR L.H & ]J.Beltran, T.Koivisto
PRD9S (2018) 4, 044048,
! L arXiv:1803.10185
a manifold based on non-metricity
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Ly = 5 =Q, — (){F“l’_ . disformation tensor

Riemann: (.-}'ﬂ . 0

3 a-’l'T(l I ) a
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CGR (Non-metricity)

CGR L.H & J.Beltran, T.Koivisto
PRD98 (2018) 4, 044048,

! o arXiv:1803.10185
a manifold based on non-metricity v

L 1
-(If-“’ r” r/LN -l;.f,” _+_ L};; ( )

JLv

4 / E 2 (311 oy \ L1/ rpcy
/d l _( ( "(L«f /\f\ l 1' )JI”} + /\(‘," 1 If’;

T

] I l :
| ] =g = ——Cy = ——(5 = i and ¢y = 0 — cequivalent to GR!

4

Z( .*Q;z Qnd;tQ” o4 — n i!a(u).,-’i;r.rv ‘— 4(;.)(\-((,.)” } 9 (;‘)(l'(—g)r

i =\l 2 | -
Q, =10, and Q" = Q"
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CGR (Non-metricity)

CGR L.H & J.Beltran, T.Koivisto
PRD98 (2018) 4, 044048,

! o arXiv:1803.10185
a manifold based on non-metricity v

g DR L+ L (Q)

yn . jrJ fLis \ e
. 0N o o .5 _
I L - DD (--);l(-)tfa! Diffs
ocr

the connection can be set to zero by means of a gauge choice

[*' =0

|
All points are equivalent!

No inertial.effects at all!

From the full GE(4,R) we have reduced it to Diffs.
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CGR (Non-metricity)

CGR L.H & J.Beltran, T.Koivisto
PRD98 (2018) 4, 044048,

! o arXiv:1803.10185
a manifold based on non-metricity v
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CGR (Non-metricity)
CGR

a manifold based on non-metricity

Guws L} r:ll“" 3 1 + ];:’ ()

JLv

o

5
2 vt l I 0
E ;)z (v)f\ )ﬂ() H— f(;,)m;)';r(b)_fﬂn — ()u()

in the coincident gauge

[ Be, ={0.}+L, Q=0 —- {5 }y=1L;,

Rt et

5

> wRi= o ({n 3 LAY =(n3 {0))

1= |

the action is the {}{} part of R({})
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CGR (Non-metricity)
CGR

a manifold based on non-metricity

. WO L0 (Q) =0

Jv

S

2 _ /” lejl_ r\l )Jl
Z(‘r(‘v), ({fﬂj IﬁfrlJ {";“J 11 J )

=1

No need for GHY boundary term for a well-defined
variational principle

More direct contact with (the most fundamental) field
theory.description (Deser’s resummation approach)

Improvediand.unambigous entropy of BHs

New tool to canonically quantize GR?
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Modified gravity (geometrical perspective)

Promote the scalars to general functions

[vem > [vrum
[v=a —  [veam
/ﬂQ — / vV—aqf(Q)

Other consistent quadratic actions? Cz

-~ / Z r 2 f Y] X x J Y
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Geometrical setup

oceneral
= Non-metricity

space-time '
(H Clul g Q geometry

£ ()
() =8
Q Riemanian
1 = y geometry
Einstein- / General Relativity
Cartan (
g9, R)
(Ta g, R) - Minkowski
6)\ Weitzenbick space-time
SN

N0 space-time
' Teleparallel gravity

(T')
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General Relativity (field theory perspective)

Imagine a universe in which
Einstein did not exist!
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General Relativity (field theory perspective)

Imagine a modern version of Einstein

Who would have learned
all the standard techniques
of field theory description

We would have eventually constructed GR from
field'theory perspective, just years later
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General Relativity (field theory perspective)

Imagine a modern version of Einstein

Who would have learned
all the standard techniques
of field theory description

We would have eventually constructed GR from
field'theory perspective, just years later
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massless Spin 2 Field

In 4 dimensions the only Lovelock invariants are

Cosmological constant  / — (]
Ricci scalar [}

Gauss-Bonnet term f,( '3 Lap = BupasMP — AR, " + R?
(topological)

* L& \/—gﬂ;[gl_fl’ + \/‘_'(jfi) GR
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Gravity theories

New
Theories

Scalar-Tensor
(Horndeski)

-

Vector-Tensor
(gen. Proca)

J

Tensor-Tensor
(massive gravity)
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Field Theoretical Trinity of Gravity

Horndeski

st T

distinct

AM VT TT fﬂl/

Generalized Proca Massive Gravity
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