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0 Overview
e Teleparallel gravity and cosmology
e Symmetric teleparallel gravity and cosmology

@ Conclusion
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@ Open questions in cosmology and gravity:
o Accelerating phases in the history of the Universe - dark energy, inflation?
o Relation between gravity, quantum theory and gauge theories?
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@ Open questions in cosmology and gravity:
o Accelerating phases in the history of the Universe - dark energy, inflation?
o Relation between gravity, quantum theory and gauge theories?

@ Teleparallel gravity and symmetric teleparallel gravity:
o Based on a different (flat) connection - gravity is not mediated by curvature.
o Teleparallel gravity: interaction is mediated by the forsion.
o Symmetric teleparallel gravity: interaction is mediated by the non-metricity.
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@ Open questions in cosmology and gravity:
o Accelerating phases in the history of the Universe - dark energy, inflation?
o Relation between gravity, quantum theory and gauge theories?
@ Teleparallel gravity and symmetric teleparallel gravity:
o Based on a different (flat) connection - gravity is not mediated by curvature.
o Teleparallel gravity: interaction is mediated by the forsion.
o Symmetric teleparallel gravity: interaction is mediated by the non-metricity.
@ Modified gravity theories based on (symmetric) teleparallel gravity:
Contains f( T) gravity [Bengochea, Ferraro *09] and f(Q) graVity [Beltran Jimenez, Heisenberg, Koivisto '17].
Contains new GR [Hayashi, shiratuii 791 @and newer GR (geltran Jimenez, Heisenberg, Koivisto "17].
Contains teleparallel dark energy (ceng 1.
Contains scalar-torsion gravity in covariant formulation pH, sary, valikhanova 18]
Contains scalar-non-metricity gravity (v, rinkia, saal, vison ‘1g].
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@ Open questions in cosmology and gravity:
o Accelerating phases in the history of the Universe - dark energy, inflation?
o Relation between gravity, quantum theory and gauge theories?
@ Teleparallel gravity and symmetric teleparallel gravity:
o Based on a different (flat) connection - gravity is not mediated by curvature.
o Teleparallel gravity: interaction is mediated by the forsion.
o Symmetric teleparallel gravity: interaction is mediated by the non-metricity.
@ Modified gravity theories based on (symmetric) teleparallel gravity:
Contains f( T) gravity [Bengochea, Ferraro *09] and f(Q) graVity [Beltran Jimenez, Heisenberg, Koivisto '17].
@ Contains new GR (Hayashi, shirauii 791 and newer GR (8eltran Jimenez, Heisenberg, Koivisto '17].
o Contains teleparallel dark energy iceng 111.
o Contains scalar-torsion gravity in covariant formulation p, Jary, uaiiknanova '18].
o Contains scalar-non-metricity gravity (ar, rinkia, saal, vison ‘1g].
@ Teleparallel cosmology - how to describe the Universe as a whole:
o Flat cosmology allows for de Sitter attractors wH, sarv, uaiiknanova '17).
Make use of cosmological symmetry in order to find further solutions?
e Modified Friedmann equations for non-flat models?
e How to distinguish and exclude models based on cosmological observables?
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The trinity of geometric models of gravity
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e Teleparallel gravity and cosmology
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Gravity in the teleparallel language vs curvature gravity

Curvature gravity

Torsion gravity

Fundamental fields

Metric g,

Tetrad 02, & inverse ez
Spin connection &%,

Constraints

O 1] + @2 lpiy] = 0

Derived quantities

o
: 1
Connection ', = 59”7 (Quo,w + Qo — Guvo)

Metric g, = nap02,.60°,
Connection I*,,,, = e” (8,,0% + Hb#cf;ab,,)

Quantity mediating gravity

Curvature R¥,,, = 2 (8[pr“|u|a] + I r[prTlvlo])

Torsion 77, =21,

Vanishing quantities

TPy =271 = 0

Rypo =2 (5[pr“|u|a] + r“r[prﬂmo]) =0
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Modified teleparallel gravity: f( T) theory action and field equations

@ Gravitational action [Bengochea, Ferraro '09].

_L 4 a |
S—zﬂszf(T)ad X+ Sm[0%,x].
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Modified teleparallel gravity: f( T) theory action and field equations

@ Gravitational action [Bengochea, Ferraro '09].
1 4 a I
S-= 2—&2fo(T)0d X+ Sm[0%,x].

@ Field equations:
o Symmetric part of the tetrad field equations:

1 ° 1 -
Efgl“’ +Vp (fTS(uV)p) - EfTS(Hp Toypo = ”zew )
o Antisymmetric part of the tetrad field equations = connection equations:

A fr T = 0.

w] =
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Modified teleparallel gravity: f( T) theory action and field equations

@ Gravitational action [Bengochea, Ferraro '09].
1 4 a I
S-= 2—&2fo(T)0d X+ Sm[0%,x].

@ Field equations:
o Symmetric part of the tetrad field equations:

1 ° 1
519+ Y (1)) = 580" Toypr = KO
o Antisymmetric part of the tetrad field equations = connection equations:

AT’y = 0.

w] =

@ Terms appearing in the action and field equations:
e Superpotential: S, = 1 (T“!, + T, - T ,) - SH T, + 64 T, ",
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Modified teleparallel gravity: f( T) theory action and field equations

@ Gravitational action [Bengochea, Ferraro '09].
1 4 a I
S-= 2—&2fo(T)0d X+ Sm[0%,x].

@ Field equations:
o Symmetric part of the tetrad field equations:

1 ° 1 -
19+ Y (frS(u)’) = 580" Toypr = KO
o Antisymmetric part of the tetrad field equations = connection equations:

A fr T = 0.

w] =

@ Terms appearing in the action and field equations:
o Superpotential: S, = (T"#, + T, — TH ) = 6K T, + 54 T, 1.
e Torsionscalar: T=1T7",,S,".
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Modified teleparallel gravity: f( T) theory action and field equations

@ Gravitational action [Bengochea, Ferraro '09].
1 4 a I
S-= 2—&2fo(T)0d X+ Sm[0%,x].

@ Field equations:
o Symmetric part of the tetrad field equations:

1 0 1
519+ Vp (frSun’) - 586" Toypo = KO, ,

o Antisymmetric part of the tetrad field equations = connection equations:
OpfrT? 0.

w] =

@ Terms appearing in the action and field equations:
o Superpotential: S, = § (T, + T,#* = TH ) = LT, + 64 T, 1.
o Torsion scalar: T=1T77,,S,".
e Energy-momentum tensor ©,,,, derived from the matter part S, of the action.
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Spatially flat (k = 0) f(T) cosmology as a dynamical system

@ Ansatz for spatially flat (k = 0) cosmology:
62, =diag (1,a(t),a(t),a(t)) , ©%,=0 = gudx'dx” =df?-a?(t)s;dx dx’.
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Spatially flat (k = 0) f(T) cosmology as a dynamical system
@ Ansatz for spatially flat (k = 0) cosmology:
62, =diag (1,a(t),a(t),a(t)) , ©%,=0 = gudx'dx” =df?-a?(t)s;dx dx’.
@ Ansatz for perfect fluid matter:
@iu’V:(p.l,.p)uiu’uu.i.pg:uV, UM:(1707070)'
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Spatially flat (k = 0) f(T) cosmology as a dynamical system
@ Ansatz for spatially flat (k = 0) cosmology:
62, =diag (1,a(t),a(t),a(t)) , ©%,=0 = gudx'dx” =df?-a?(t)s;dx dx’.
@ Ansatz for perfect fluid matter:
oM = (p+p)uu” + pg"”, u'=(1,0,0,0).
@ Cosmological field equations using T = —-6H2:
12H?fr + f = 2k%p,
48H?Hfrr — (12H? + 4H)fr — f = 2x%p,
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Spatially flat (k = 0) f(T) cosmology as a dynamical system
@ Ansatz for spatially flat (k = 0) cosmology:
62, =diag (1,a(t),a(t),a(t)) , ©%,=0 = gudx'dx” =df?-a?(t)s;dx dx’.
@ Ansatz for perfect fluid matter:
oM = (p+p)uu” + pg"”, u'=(1,0,0,0).
@ Cosmological field equations using T = —-6H2:
12H?fr + f = 2k%p,

48H?Hfrr — (12H? + 4H)fr — f = 2x%p,

@ Consider mixture of dust and radiation matter:

1

p:pm+pf? p:pm+pfa meO, pl':gpr.
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Spatially flat (k = 0) f(T) cosmology as a dynamical system
@ Ansatz for spatially flat (k = 0) cosmology:
62, =diag (1,a(t),a(t),a(t)) , ©%,=0 = gudx'dx” =df?-a?(t)s;dx dx’.
@ Ansatz for perfect fluid matter:
oM = (p+p)uu” + pg"”, u'=(1,0,0,0).
@ Cosmological field equations using T = —-6H2:
12H?fr + f = 2k%p,

48H?Hfrr — (12H? + 4H)fr — f = 2x%p,

@ Consider mixture of dust and radiation matter:

y
pP=pm+pry, P=Pm+Prs Pm=0, pr=pr.

3
@ Cosmological dynamics as a dynamical system h, Jar, aiikhanova 17]:

W(H) = 12H2fr +f, X=—PT = X=HX(X-1), o (X+3)H
PrOm (In W)y
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Example: f(T) = T + a(-T)" cosmology and evolution

@ Consider simple power law model:

[(T)=T+a(-T)".
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Example: f(T) = T + a(-T)" cosmology and evolution

@ Consider simple power law model:
f(T)=T+a(-T)".
@ Function in dynamical system:

W =6H?+(1-2n)a(6H?)".
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Example: f(T) = T + a(-T)" cosmology and evolution

@ Consider simple power law model:
f(T)=T+a(-T)".
@ Function in dynamical system:
W =6H?+(1-2n)a(6H?)".

@ Fora>0,f<n<tora<0,n<:
Bigbang at H= 00, X =1.

Transition from a<0to a> 0.

De Sitter attractor at H= H*, X = 0.
Phantom or non-phantom, no crossing.

NN
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The non-flat case: k = 1 cosmology

@ Ansatz for k = 1 tetrad:

a : a(t) .
0 ,L=d|ag(1, m,a(t)r,a(t)rsmz‘}) .
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The non-flat case: k = 1 cosmology

@ Ansatz for k = 1 tetrad:

a : a(t) .
0 ,L=d|ag(1, m,a(t)r,a(t)rsmz‘}) .

@ Resulting FLRW metric:

dr?

guaxtax” = di? - a2 (t) [ P

1 +r2(dv? +sin® 19d<,02):| .
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The non-flat case: k = 1 cosmology

@ Ansatz for k = 1 tetrad:

62, =diag( \/‘% a(t)r,a(t)rsin 19)

@ Resulting FLRW metric:

guwdx*dx” = df* - a (t)[ 5+ T 2(dv? +sin ¥dy )]

@ Solve antisymmetric part of the field equations using non-vanishing spin connection:

.‘I .2 .1 .2 . .1 .3
W 29 = —W 19 =— 1—r2, w2¢:—w1¢=—r5|n197 W39 =—Wiy=1,

° . . ° ° 1 ° .
w13¢=—w31¢=—\/1—r25m19, W3 =~ = - T2 W23<p_‘w32<p__‘:°519'
-r
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The non-flat case: k = 1 Friedmann equations

@ Friedmann equations:

f+12frH? = 2x2p,

1 _
f— 48fr (H+ ?) H2 1 12f, H2 + 4fy (H— ?) - _2x2p.
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The non-flat case: k = 1 Friedmann equations

@ Friedmann equations:
f+12frH? = 2K2)p,
’ 1 2 2 i 1 2
f—48fTT(H+ g)H +12frH +4fT(H— ?) - _2:%p.

@ Constraint equation is essentially unchanged compared to k = 0.
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The non-flat case: k = 1 Friedmann equations

@ Friedmann equations:
f+12frH? = 2x2p,
f— 48fy (H+ %) H2 + 12f7H2 + 4fy (H— %) - 2:2p.
@ Constraint equation is essentially unchanged compared to k = 0.

@ Dynamical equation now also depends on the scale factor.
= Additional dimension in dynamical systems analysis.
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The non-flat case 2: k = -1 cosmology

@ Ansatz for k = -1 tetrad:

a _ 4 a(t) -
Hﬂ-dlag(hm,a(t)r,a(t)rs 19).

Manuel Hohmann (University of Tartu) The universe as a whole in teleparallel gravity Tuorla-Tartu 2018 13/24



The non-flat case 2: k = -1 cosmology

@ Ansatz for k = -1 tetrad:
. a(t) .
62, = dia (1,—,a tr,a(t rsmﬁ) )
@ Resulting FLRW metric:

2
g dxtdx” = df? - a (t)[ ol 2(dv? +sin ¥dy )]

Manuel Hohmann (University of Tartu) The universe as a whole in teleparallel gravity Tuorla-Tartu 2018 13/24



The non-flat case 2: k = -1 cosmology

@ Ansatz for k = -1 tetrad:
0 =dia( _ai atratrsmz?)
@ Resulting FLRW metric:

2
g dxtdx” = df? - a (t)[ ol 2(dv? +sin ¥dy )]

@ Solve antisymmetric part of the field equations using non-vanishing spin
connection H, Jar, valikhanova 18]

.0 [ ] 1 .0 .2 .0 .3 .
Whar=wlor = s Wiy =wog=r, wap=wo,=rsind,
+r

° ° ° ° . ° °
Wlop =Py =-V1+12, W13<p = _w314p =-V1+r2sind, w23¢, = _w32(p =—cos?.
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The non-flat case 2: k = -1 cosmology

@ Ansatz for k = -1 tetrad:

2 ging[1, 2D .
Gﬂ—dlag(Lm,a(t)r,a(t)rs 19).

@ Resulting FLRW metric:
2
g dxtdx” = di? - &2 (t) [ el 2(dv? +sin ¥dy )]
(*] Alternative CompleX ChO|Ce Of the Sp|n ConneCtion [Capozziello, Luongo, Richard Pincak, Ravanpak'18]:

L] L] L] L] L] .
(,¢J1219=—C,L)2119=—\/'|—1’27 w12(P w21¢, —II'SIn19 w1319=—w3119=/r,

° . . . I ° .
w13¢=—w31¢=—\/1—r25m19, WPar =~ = - > W23<p _w32<p__C°519'
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Trouble ahead? Non-unique evolution in kK = -1 cosmology

@ Friedmann equations derived using real spin connection wk, Jar, vaiiknanova '18):

f+12frH? = 252p,

f 48f (H+ﬂ)(H-1)2+12f H(H-1)+4f (H+l)——2 2
T 2 - T p T =) =-25"p.
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Trouble ahead? Non-unique evolution in kK = -1 cosmology

@ Friedmann equations derived using real spin connection wk, Jar, vaiiknanova '18):

f+12frH? = 252p,

. H 1\2 1 oo
f-a8frr(H+ = |(H-~) +12fH(H- ) +4fr[H+ — | = -2x°p.
8TT( +a)( a) Tlerr ( a)+ T( +a2) wp

@ Friedmann equations derived using complex spin connection (capozzieio, Luongo, Richard Pincak,

Ravanpak '18]-

f+12frH? = 2k2p,

1 .
f— 48 (H— ?) H2 1 12f, H2 + 4fy (H+ ?) - _2x2p.
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Trouble ahead? Non-unique evolution in kK = —1 cosmology

@ Friedmann equations derived using real spin connection wk, Jar, vaiiknanova '18):

f+12frH? = 252p,

f 48f (H+ﬂ)(H-1)2+12fH(H-1)+4f (H+l)—-252
T 3 3 T 2 T 2)° p.

@ Friedmann equations derived using complex spin connection (capozzieio, Luongo, Richard Pincak,

Ravanpak '18]-
f+12frH? = 2k2p,
i 1 2 2 i 1 2
f—48fTT(H— ¥)H +12f1H +4fT(H+ ?) - _2:2p.

@ Different field equations depending on choice of the (unobservable) spin connection.
@ Evolution of the Universe depends on a gauge variable?
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The next step: scalar-torsion gravity action and field equations

@ Add scalar fields ¢ = (¢*) to the set of dynamical variables.
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The next step: scalar-torsion gravity action and field equations

@ Add scalar fields ¢ = (¢*) to the set of dynamical variables.
@ Example for gravitational action without derivative couplings w, L. sary, u. ualikhanova 181:

1

=57 [ [(T.0)+ Zua(9)g" ¢/,65]0ax + Snl6%,\).
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The next step: scalar-torsion gravity action and field equations

@ Add scalar fields ¢ = (¢?) to the set of dynamical variables.

@ Example for gravitational action without derivative couplings w, L. sary, u. ualikhanova 181:
1
S=5 [ [1(T.0)+ Zas(@)g" ¢,05]0ax + Snl0%, X1,
@ Field equations:
o Symmetric part of the tetrad field equations:

1 ° 1 - 1 -
Efg,uu +V, (fTS(p,y)p) - EfTS(Mp v)po ZAB¢:4#¢,B; + EZAB¢:4p¢i-gp Guv = Hzeiw )
o Antisymmetric part of the tetrad field equations = connection equations:

A frT?n = 0.

w] =
o Scalar field equation:
f¢A - (2ZAB’¢,C - ZBC@A) g’w(ﬁi(bfj - 2ZAB E! (bB =0.

@ Richer cosmology, can be further generalized pa s}, w, Preiter 18] & MH 18
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A more general torsion scalar: new general relativity

@ Action depends on three parameters ¢; (vayashi, shirauji 79

S= # /M (1 TP Thwp + TP Tppy + C3TH,, T,77) 0 d*x+ Sm[6°, XI] '
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A more general torsion scalar: new general relativity

@ Action depends on three parameters ¢; (vayashi, shirauji 79

=53 fM (C1THP Ty + TP T+ s TV, T,"7) 0 d*X + Sm[62, ']

o Reduces to TEGR for ¢y = 1, &
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A more general torsion scalar: new general relativity

@ Action depends on three parameters ¢; (vayashi, shirauji 79

=53 fM (C1THP Ty + TP T+ s TV, T,"7) 0 d*X + Sm[62, ']

@ Reduces to TEGR for ¢; = , co = %, c3 = 1.
@ Cosmology independent of parameters.
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A more general torsion scalar: new general relativity

@ Action depends on three parameters ¢; (vayashi, shirauji 79

S= # /M (1 TP Thwp + TP Tppy + C3TH,, T,77) 0 d*x+ Sm[6°, XI] '

@ Reduces to TEGR for ¢; = , co = %, c3 = 1.
@ Cosmology independent of parameters.

@ Distinguishable by gravitational waves:
[MH, Krssak, Pfeifer, Ualikhanova '18]
M 1is - 6 polarizations.
M 1il;5 - 5 polarizations.
[] Njs - 3 polarizations.
M N, - 2 polarizations.
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e Symmetric teleparallel gravity and cosmology
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Gravity in the symmetric teleparallel language

Curvature gravity

Non-metricity gravity

Fundamental fields

Metric g,

Metric g,

X
Connection ',

Constraints

X

5 rp[l;u] = 9
O™ o1 + T 1M o1 = O

Derived quantities

(o)
Connection I, = 39°7 (Guow + Quoy =~ Guv,or)

Quantity mediating gravity

Curvature R*,,, =2 (%r“ o] + T T[prTlvlcr])

Non-metricity Q..

VpQuv

Vanishing quantities

o

Qo

VpGuv =0

X
Ruupa

X

=29 o1 + T[T o]
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Modified teleparallel gravity: f(Q) theory action and field equations

o GraVltat|Ona| aCt|0n [Beltran Jimenez, Heisenberg, Koivisto '17].

S- 212ff(0)\/_d4x+8m[gw,x]
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Modified teleparallel gravity: f(Q) theory action and field equations

o GraVltat|Ona| aCt|0n [Beltran Jimenez, Heisenberg, Koivisto '17].

S- 212ff(0)\/_d4X+Sm[g;w,X]

@ Field equations ... are a bit lengthy, and therefore not shown here. But we remark,
that the connection equations are simply the divergence of the metric equations, and
are thus equivalent to the Bianchi identities.
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Modified teleparallel gravity: f(Q) theory action and field equations

o GraVltat|Ona| aCt|0n [Beltran Jimenez, Heisenberg, Koivisto '17].

S- 212ff(0)\/_d4X+Sm[g;w,X]

@ Field equations ... are a bit lengthy, and therefore not shown here. But we remark,
that the connection equations are simply the divergence of the metric equations, and
are thus equivalent to the Bianchi identities.

@ Terms appearing in the action and field equations:

e Superpotential: P*,,, = -1Q%,, + Q%) + 1Q“Gu — § (CN?C‘QW + 5&01/))-
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Modified teleparallel gravity: f(Q) theory action and field equations

o GraVltat|Ona| aCt|0n [Beltran Jimenez, Heisenberg, Koivisto '17].

S- 212ff(0)\/_d4x+8m[gw,x]

@ Field equations ... are a bit lengthy, and therefore not shown here. But we remark,
that the connection equations are simply the divergence of the metric equations, and
are thus equivalent to the Bianchi identities.

@ Terms appearing in the action and field equations:

o Superpotential: P, = -1Q%,, + Q%) + 1Q° G - (Qagw + 67, OV))
o Non-metricity scalar: Q = Q°,,,P,*” and vectors Q, = Q",,, & Q, = QW .
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Modified teleparallel gravity: f(Q) theory action and field equations

o GraVltat|Ona| aCt|0n [Beltran Jimenez, Heisenberg, Koivisto '17].

S- 212ff(o)\/_d4X+Sm[Q;w7X]

@ Field equations ... are a bit lengthy, and therefore not shown here. But we remark,
that the connection equations are simply the divergence of the metric equations, and
are thus equivalent to the Bianchi identities.

@ Terms appearing in the action and field equations:

o Superpotential: P, = -1Q%,, + Q%) + 1Q“Gyv - (Q G + 60 O,,))

o Non-metricity scalar: Q = Q°,,,P,*” and vectors Q, = Q”,, & Q, = Qu,, .
e Energy-momentum tensor ©,,,, derived from the matter part S, of the action.
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f(Q) cosmology and field equations

X
o Choose COInCIdent gauge r“,,p = 0 and k = 0 FLRW met”c [Beltran Jimenez, Heisenberg, Koivisto '17]

G dx"dx” = di® - &2 (t)5;dx’ dx .
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f(Q) cosmology and field equations

o Choose COInCIdent gauge F,Lbyp = 0 and k = 0 FLRW met”c [Beltran Jimenez, Heisenberg, Koivisto '17]
G dx"dx” = di® - &2 (t)5;dx’ dx .
@ Cosmological field equations:

12H?fq + f = 2K°p,
48H?Hfqq - (12H? + 4H)fq - f = 2K2p,
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f(Q) cosmology and field equations

o Choose COInCIdent gauge F,Lbyp = 0 and k = 0 FLRW met”c [Beltran Jimenez, Heisenberg, Koivisto '17]
G dx"dx” = di® - &2 (t)5;dx’ dx .
@ Cosmological field equations:

12H?fq + f = 2K°p,
48H?Hfqq - (12H? + 4H)fq - f = 2K2p,

@ Cosmological dynamics essentially equivalent to f( T) cosmology.
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Scalar-torsion gravity and cosmology

@ Action involves in addition also scalar field ¢ ar. rinkia, saal, vison 181:

1

S= 53 [ [A@)Q-B&)g" 6,00~ 29(8)] V=-Gd*x + Sulgu\'].
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Scalar-torsion gravity and cosmology

@ Action involves in addition also scalar field ¢ ar. rinkia, saal, vison 181:

1
S= 53 [ [A@)Q-B&)g" 6,00~ 29(8)] V=-Gd*x + Sulgu\'].
@ Cosmological dynamics for k = 0 FLRW metric:
-5 )
H* = 3A KSp+ B(b +V

2H +3H? = ,171 (—2A’H¢ - §B¢ +V - nzp)

0=Bi+ (SBH N %B’(j&) b4V +BAH
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Scalar-torsion gravity and cosmology

@ Action involves in addition also scalar field ¢ ar. rinkia, saal, vison 181:

1
S= 53 [ [A@)Q-B&)g" 6,00~ 29(8)] V=-Gd*x + Sulgu\'].
@ Cosmological dynamics for k = 0 FLRW metric:
-5 )
H* = 3A KSp+ B(b +V

2H +3H? = ,171 (—2A’H¢ - §B¢ +V - /ezp)
0=Bi+ (SBH N %B’(j&) b4V +BAH

@ Rich cosmology that deserves further studies (dynamical system).
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A more general non-metricity scalar: newer general relativity

@ Action depends on five parameters C;j (eitran simenez, Heisenberg, Koivisto '17]:

S= #‘/[\‘/[(C.l QPMVQPMV"'CQQPMVQyup"'CSQMQN+C4ED“Q#+C5@MQ#) Hd4x+8m[g#y,xl]
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A more general non-metricity scalar: newer general relativity

@ Action depends on five parameters C;j (eitran simenez, Heisenberg, Koivisto '17]:

S= #‘/[\‘/[(C.l QPMVQPMV"'CQQPMVQyup"'CSQMQN+C4E)MQ#+C5@MQ#) Hd4x+8m[g#1”xl]

@ Reduces to STEGR for
C1 =_%: CZ=%503=%, C4=0, 05=_

N —

Manuel Hohmann (University of Tartu) The universe as a whole in teleparallel gravity Tuorla-Tartu 2018 22/24



A more general non-metricity scalar: newer general relativity

@ Action depends on five parameters C;j (eitran simenez, Heisenberg, Koivisto '17]:

S= #‘/[\‘/[(C.l QpMVQPMl/"'CQquVQyup"'CSQMQN+C4E)MQ#+C5@MQ#) Hd4x+8m[g#1”xl]

@ Reduces to STEGR for
Cy =—%, Cz=%,03=},,04=0, Cs=—%-
@ Cosmology independent of parameters.
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A more general non-metricity scalar: newer general relativity

o ACt|On depends on flve pal‘ametel‘s C,' [Beltran Jimenez, Heisenberg, Koivisto'17]:

fM (01 QM Quu + QM Qypp + c3Q" Q) + 0463“(3“ + 05@"(2“) \/@d4x+8m[g,w, X']

T 22

@ Reduces to STEGR for
Ci=-7.02=%03=4,0=005=-3.

@ Cosmology independent of parameters.

@ Distinguishable by gravitational waves:
[MH, Pfeifer, Said, Ualikhanova '18]

M 1i; - 6 polarizations.
M 1il;5 - 5 polarizations.
[] N3 - 3 polarizations.
M N, - 2 polarizations.

N
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Outline

e Conclusion
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Conclusion

@ Summary:

Teleparallel and symmetric teleparallel gravity use geometries without curvature.
Gravity is mediated by torsion in teleparallel gravity.

Gravity is mediated by non-metricity in symmetric teleparallel gravity.

Rich cosmology in f(T) and f(Q) theories.

Even richer cosmology when adding scalar fields, different from scalar-curvature.
Possible ambiguity in cosmological evolution for certain cases.

Certain theories can be distinguished using gravitational waves.
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Conclusion

@ Summary:

o Teleparallel and symmetric teleparallel gravity use geometries without curvature.
o Gravity is mediated by torsion in teleparallel gravity.

o Gravity is mediated by non-metricity in symmetric teleparallel gravity.

o Rich cosmology in f(T) and f(Q) theories.

o Even richer cosmology when adding scalar fields, different from scalar-curvature.
o Possible ambiguity in cosmological evolution for certain cases.

Certain theories can be distinguished using gravitational waves.

@ Outlook:

o Enhance analysis of cosmology by, e.g., cosmological perturbations.

o Resolve ambiguity in cosmological solutions and evolution.

o Obtain constraints on shown theories, chart the landscape of parameters.
o Describe the Universe as a whole in teleparallel gravity!
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