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Introduction
Parametrized post-Newtonian formalism

Teleparallel geometry and tetrad PPN formalism

PPN limits of teleparallel theories

@ Generic F(Ty,7T2,T3) teleparallel gravity

@ Scalar-torsion extension of scalar-curvature gravity
@ Generic L(T, X, Y, ¢) scalar-torsion gravity

e Conclusion
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e Open questions in gravity theory and cosmology:
o Accelerating expansion of the universe.
o Homogeneity of cosmic microwave background.
o Unification with quantum theory and other fundamental forces.
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e Open questions in gravity theory and cosmology:

o Accelerating expansion of the universe.

o Homogeneity of cosmic microwave background.

o Unification with quantum theory and other fundamental forces.
e Possible solutions addressing these questions:

o Additional matter fields.

o Modification of gravitational dynamics.

o More general geometric structures to model gravity.
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e Open questions in gravity theory and cosmology:
o Accelerating expansion of the universe.
o Homogeneity of cosmic microwave background.
o Unification with quantum theory and other fundamental forces.
e Possible solutions addressing these questions:
o Additional matter fields.
o Modification of gravitational dynamics.
o More general geometric structures to model gravity.
o Gravity theories based on teleparallel geometry:
Corner of “Geometrical Trlnlty of Gravity” [Beltran Jiménez, Heisenberg, Koivisto '19]
Uses flat, metric-compatible connection.
Gravity is mediated via torsion of the connection.
Action more similar to Yang-Mills action.
More general than curvature-based theories.
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e Open questions in gravity theory and cosmology:
o Accelerating expansion of the universe.
o Homogeneity of cosmic microwave background.
o Unification with quantum theory and other fundamental forces.
e Possible solutions addressing these questions:
o Additional matter fields.
o Modification of gravitational dynamics.
o More general geometric structures to model gravity.
o Gravity theories based on teleparallel geometry:
o Corner of “Geometrical Trlnlty of Gravity” [Beltran Jiménez, Heisenberg, Koivisto '19]
o Uses flat, metric-compatible connection.
o Gravity is mediated via torsion of the connection.
o Action more similar to Yang-Mills action.
o More general than curvature-based theories.
« Consistency of modified theories with solar system?
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e Open questions in gravity theory and cosmology:
o Accelerating expansion of the universe.
o Homogeneity of cosmic microwave background.
o Unification with quantum theory and other fundamental forces.
e Possible solutions addressing these questions:
o Additional matter fields.
o Modification of gravitational dynamics.
o More general geometric structures to model gravity.
o Gravity theories based on teleparallel geometry:
o Corner of “Geometrical Trlnlty of Gravity” [Beltran Jiménez, Heisenberg, Koivisto '19]
o Uses flat, metric-compatible connection.
o Gravity is mediated via torsion of the connection.
o Action more similar to Yang-Mills action.
o More general than curvature-based theories.
« Consistency of modified theories with solar system?
~ Theories considered in this talk:
1. Generic (71,72, 7T3) teleparallel gravity.
2. Scalar-torsion analogue and extension of scalar-curvature gravity.
3. Generic L(X, T,Y,¢) scalar-torsion gravity.
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e Parametrized post-Newtonian formalism
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Post-Newtonian matter and velocity orders

o Energy-momentum tensor of a perfect fluid:

O = (p+pl+p)u'u” +pgh”.

Rest mass density p.
Specific internal energy I1.
Pressure p.

Four-velocity u/.
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Post-Newtonian matter and velocity orders

o Energy-momentum tensor of a perfect fluid:

OM = (p+ pM+ p)uu” + pgh” .

Rest mass density p.

Specific internal energy I1.

Pressure p.

Four-velocity u/.

e Universe rest frame and slow-moving source matter:
o Consider particular coordinates (“universe rest frame”).
o Velocity of the source matter: v/ = u//uC.
o Assume that source matter is slow-moving: |Vv| « 1.
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Post-Newtonian matter and velocity orders

o Energy-momentum tensor of a perfect fluid:

OM = (p+ pM+ p)uu” + pgh” .

Rest mass density p.

Specific internal energy I1.

Pressure p.

Four-velocity u/.

e Universe rest frame and slow-moving source matter:
o Consider particular coordinates (“universe rest frame”).
o Velocity of the source matter: v/ = u//uC.
o Assume that source matter is slow-moving: |Vv| « 1.

o Use |v| as perturbation parameter.
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Post-Newtonian matter and velocity orders

o Energy-momentum tensor of a perfect fluid:

OM = (p+ pM+ p)uu” + pgh” .

Rest mass density p ~ O(2).

Specific internal energy N ~ O(2).

Pressure p ~ O(4).

Four-velocity u/.

e Universe rest frame and slow-moving source matter:
o Consider particular coordinates (“universe rest frame”).
o Velocity of the source matter: v/ = u//uC.
o Assume that source matter is slow-moving: |v| « 1.

o Use |v| as perturbation parameter.
« Assign velocity orders O(n) ~ |v|” to all quantities.
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Post-Newtonian matter and velocity orders

o Energy-momentum tensor of a perfect fluid:

OM = (p+ pM+ p)uu” + pgh” .

Rest mass density p ~ O(2).

Specific internal energy N ~ O(2).

Pressure p ~ O(4).

Four-velocity u/.

e Universe rest frame and slow-moving source matter:

o Consider particular coordinates (“universe rest frame”).
o Velocity of the source matter: v/ = u'/u°.
o Assume that source matter is slow-moving: |v| « 1.

o Use |v| as perturbation parameter.
« Assign velocity orders O(n) ~ |v|" to all quantities.
o Quasi-static: assign additional O(1) to time derivatives .
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Post-Newtonian metric

o Standard post-Newtonian metric expansion:

0 1 2 3 4
G =9+ Guv + Guv + Guv + Guv + O(5).
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Post-Newtonian metric

o Standard post-Newtonian metric expansion:
0 1 2 3 4
G =9uw +Gu + Guv + Guv + Guv + O(5).

e Background metric given by Minkowski metric: &W = Nuw-
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Post-Newtonian metric

o Standard post-Newtonian metric expansion:
0 1 2 3 4
G =9+ Guv + Guv + Guv + Guv + O(5).

e Background metric given by Minkowski metric: E;,“, = Nuw-
» Higher than fourth velocity order ©O(4) is not considered.
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Post-Newtonian metric

o Standard post-Newtonian metric expansion:
0 1 2 3 4
G =9+ Guv + Guv + Guv + Guv + O(5).

e Background metric given by Minkowski metric: E;,“, = Nuw-
» Higher than fourth velocity order ©O(4) is not considered.
e Only certain components are relevant and non-vanishing:

2 2 3 4
goo, G, Goi» Goo-
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Post-Newtonian metric

o Standard post-Newtonian metric expansion:
0 1 2 3 4
G =9+ Guv + Guv + Guv + Guv + O(5).

Background metric given by Minkowski metric: E],“, = Nuw-
Higher than fourth velocity order O(4) is not considered.
Only certain components are relevant and non-vanishing:

2 2 3 4
goo, Gijj, Goi» Goo-

Properties of standard PPN metric:

o Second-order spatial part fg,-,— is diagonal.
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Post-Newtonian metric

o Standard post-Newtonian metric expansion:
0 1 2 3 4
G =9+ Guv + Guv + Guv + Guv + O(5).

Background metric given by Minkowski metric: E],“, = Nuw-
Higher than fourth velocity order O(4) is not considered.
Only certain components are relevant and non-vanishing:

2 2 3 4
Goo, G, Goi» YGoo-

Properties of standard PPN metric:
o Second-order spatial part 5,, is diagonal.
o Fourth-order temporal part _é]oo does not contain potential 8.
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PPN parameters and potentials

e Metric in standard PPN gauge:
2
9oo =2U,
gi =2Usj.
3 1 1
QOi:—§(3+47+041 -+ (4 —25)\//‘—5(1 +ag -G +2 W,

000 = (2+27 +ag+(y —26)dy +2(1+8y-28+ (o + )b,
+ 2(1 + C3)¢3 + 2(3’)/ + 3C4 — 26)(])4 — 2£¢W
— (¢ -26)A-2BU°.
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PPN parameters and potentials

e Metric in standard PPN gauge:
2
9oo = 2U,
g = 21Us;,
1 1
50i:_§(3+47+041 — a2+ (4 —25)\//—5(1 +ap =G +25) W,

000 = (2+27 + g+ —26)by +2(1 48726+ (o + )by
+ 2(1 + 43)(133 + 2(3’7 + 3<4 — 26)(])4 — 2£¢W
— (¢ -26)A-2BU2.

e Metric contains PPN parameters and PPN potentials:
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PPN parameters and potentials

e Metric in standard PPN gauge:
500 =2U,
g = 2vUs;,
1 1
50i:—§(3+47+041 —ap+(1-28)Vi- 5(1 +oap -1 +20)W;,
oo = (2427 +ag+ (i —26) 1 +2(1+37-28+ o+ )by
+2(1+(3)P3+2(37+3(4 —28)dy - 26Dy
— (G -26)A-28U°.

e Metric contains PPN parameters and PPN potentials:
o PPN potentials: Poisson-like integrals over source matter terms.
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PPN parameters and potentials

e Metric in standard PPN gauge:
goo = 2U,
g = 21Us;,
1 1
50i:—§(3+47+041 — a2+ (4 —25)\//—5(1 +ap =G +25) W,
Goo = (2+2y + a5+ (1 —20)01 +2(1+37 =26+ (o + )by
+2(1+(3)P3+2(37+ 30 —28)dy - 26Dy
— (¢ -26)A-28U2.

e Metric contains PPN parameters and PPN potentials:
o PPN potentials: Poisson-like integrals over source matter terms.
o PPN parameters: (usually) constants characterizing gravity theory.
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PPN parameters and potentials

e Metric in standard PPN gauge:
2
9oo =2U,
gi =2Usj.
1 1
50i:—§(3+47+041 —ap+ (1 =25V - 5(1 +ap -G +25)W;,

Joo = (2+27 +ag+ (1 —26)®1 +2(1+37 - 28+ (o + £) by
+ 2(1 + <3)¢3 + 2(3’)/ + 3C4 - 2§)¢4 - 2£¢W
— (1 -26)A-28U7.
e Metric contains PPN parameters and PPN potentials:

o PPN potentials: Poisson-like integrals over source matter terms.
o PPN parameters: (usually) constants characterizing gravity theory.

~ Perturbatively solve field equations order by order.
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PPN parameters and potentials

e Metric in standard PPN gauge:
2
9oo =2U,
gi =2Usj.
1 1
50i:—§(3+47+041 —ap+ (1 =25V - 5(1 +ap -G +25)W;,

Joo = (2+2y+ag + 1 —26)1 +2(1+ 37 - 28+ G + )b
+ 2(1 + <3)¢3 + 2(3’)/ + 3C4 - 2§)¢4 - 2£¢W
— (1 -26)A-28U7.
e Metric contains PPN parameters and PPN potentials:

o PPN potentials: Poisson-like integrals over source matter terms.
o PPN parameters: (usually) constants characterizing gravity theory.

~ Perturbatively solve field equations order by order.
~ Gompare with PPN metric to get PPN parameters.
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e Teleparallel geometry and tetrad PPN formalism
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General relativity and curvature

Metrics g,.,.: Connection and parallel transport v:
Gut"v” = |ul[[v]cosa. ¢ Moves vector u* from x to X'

Motion follows trajectory ~.

Result depends on the trajectory.
Curvature: difference between results.
Curvature mediates gravity:

S- [MﬁRd“x.

e Vectors u*, v”.
e Lengths |ul,|v].
° Angle Q.

ut
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Parallel transport and teleparallel geometry

Tetrad describes geometry: Torsion instead of curvature:
e Frame ez" at every point. e Non-symmetric transport.
e Frames generate transport. e Torsion «» gravity.
¢ Independent of trajectory. o Gravitational action:

= There is no curvature. 1
S=- f HAT.
ezﬂ 2 Jm
et eyer]
e e’ [e2]
es”
esﬂ egu
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Teleparallel geometry

e Fundamental fields:
o Coframe field 64 = 64,,dx*.
o Flat spin connection w”g = w”g,dx".
o Arbitrary matter fields .

Manuel Hohmann (University of Tartu) Teleparallel solar system consistency Tuzla - 9. 10. 2019 12/40



Teleparallel geometry

e Fundamental fields:
o Coframe field 64 = 64,,dx*.
o Flat spin connection w”g = w”g,dx".
o Arbitrary matter fields .
e Derived quantities:
Frame field ea = e4"0,, with 4”68, = 68 and es"64, = o+,
Metric g, = 1as0”,.0°,.
Determinant 6 = det(64,,).
Teleparallel connection I, = €4 (0,07, + w?g,08,).

O O O O

o

Levi-Civita connection I'*,,, = 97 (0,Gop + 0p9v0 — 0o Gup)-
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Teleparallel geometry

e Fundamental fields:
o Coframe field 64 = 64,,dx*.
o Flat spin connection w”g = w”g,dx".
o Arbitrary matter fields .
e Derived quantities:
Frame field ea = e4"0,, with 4”68, = 68 and es"64, = o+,
Metric g, = nag0”,.0°,
Determinant 6 = det(64,,).
Teleparallel connection I'*,,, = e4" (9, 04, +wA BpY B).

O O O O

o Levi-Civita connection I'*,, = Eg“"(al,gc,p + 0,00 = 0509up)-
e Properties of the teleparallel connection:
o Vanishing curvature:
Rt e = 0pTH e = O+ TH T e =TH T, =0.
o Vanlshlng nonmetricity: Q,., = V.9, = 0.
o Nonvanishing torsion: T#,,=T1",,-T*,, 0.
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Teleparallel geometry

e Fundamental fields:
o Coframe field 64 = 64, dx*.
o Flat spin connection w”5 = w”g,dx".
o Arbitrary matter fields .
e Derived quantities:
Frame field ea = e4"0,, with 4”68, = 68 and es"64, = o+,
Metric g, = nag0”,.0°,
Determinant 6 = det(64,,).
Teleparallel connection I, = €4 (0,07, + w?g,08,).

O O O O

o Levi-Civita connection F“,,p = 39" (0uGop + 0p Qv — 0o Gup)-
e Properties of the teleparallel connection:

o Vanishing curvature:

R'uz/po' —a r# ucr_a r”up+rufprTva_r TO' l/ —O
o Vanlshlng nonmetricity: Q,., = V.9, = 0.
o Nonvanishing torsion: T#,,=T*,, -T*,, # 0.

= Possible to use Weitzenbdck gauge: w”p, = 0.

Manuel Hohmann (University of Tartu) Teleparallel solar system consistency Tuzla - 9. 10. 2019



Teleparallel equivalent of general relativity

e Torsion scalar:

1 1
T= g T Tt 5 T T = T, TP
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Teleparallel equivalent of general relativity

e Torsion scalar:
1 1
T = ) THP Ty + 5 THP T — THL TP
o Relation between Levi-Civita Ricci scalar and torsion scalar:

o

R=-T+B=-T+2v,T,".
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Teleparallel equivalent of general relativity

e Torsion scalar:
1 1
T = ) THP Ty + 5 THP Ty — T, TP
o Relation between Levi-Civita Ricci scalar and torsion scalar:
R=-T+B=-T+2v,T,".

o Relation between tetrad and metric determinants:

0=/-g.
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Teleparallel equivalent of general relativity

e Torsion scalar:
T= %T‘“’p Tuwp + %T“W’ Tovp— TH, TP
» Relation between Levi-Civita Ricci scalar and torsion scalar:
R=-T+B=-T+2v,T,.
e Relation between tetrad and metric determinants:
0=\/-9.

= Possible to rewrite Einstein-Hilbert action:

Y iR [T
SEH—ZHZ[d x\/~gR-= 2K2/d x0(T-B).
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Teleparallel equivalent of general relativity

e Torsion scalar:
T= %T’“’p Tuwp + %T“”p Tovp— TH, TP
» Relation between Levi-Civita Ricci scalar and torsion scalar:
R=-T+B=-T+2v,T,.
e Relation between tetrad and metric determinants:
0=\/-9.
= Possible to rewrite Einstein-Hilbert action:

Y iR [T
SEH—ZHZ[d x\/~gR-= 2K2/d x6(T-B).

e Boundary term does not contribute to field equations.
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Post-Newtonian tetrad

o Post-Newtonian tetrad expansion:

0 1 2 3 4
08, =08, + 0%, + 0%, + 07, + 0%, + O(5).
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Post-Newtonian tetrad

o Post-Newtonian tetrad expansion:
0 1 2 3 4
08, =07, + 0%, + 0%, + 07, + 0%, + O(5).

0
o Background tetrad is diagonal: ¢4, = A#, = diag(1,1,1,1).
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Post-Newtonian tetrad

o Post-Newtonian tetrad expansion:
0 1 2 3 4
08, =0, + 0%, + 0%, + 07, + 0%, + O(5).

0
o Background tetrad is diagonal: #4, = A%, = diag(1,1,1,1).
» Higher than fourth velocity order O(4) is not considered.
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Post-Newtonian tetrad

o Post-Newtonian tetrad expansion:
0 1 2 3 4
08, =08, + 0%, + 0%, + 07, + 0%, + O(5).

0
o Background tetrad is diagonal: #4, = A%, = diag(1,1,1,1).
» Higher than fourth velocity order O(4) is not considered.
o Useful to define tetrad with lower spacetime indices:

k k
H,uy = AAM]ABQBV .
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Post-Newtonian tetrad

o Post-Newtonian tetrad expansion:
0 1 2 3 4
08, =08, + 0%, + 0%, + 07, + 0%, + O(5).

0
Background tetrad is diagonal: 64, = A#, = diag(1,1,1,1).
Higher than fourth velocity order O(4) is not considered.
Useful to define tetrad with lower spacetime indices:

k k
H,uy = AAM]ABQBV .

Only certain components are relevant and non-vanishing:

2 2 3 4 4
boo, Ojj, 0Goi, bGoo, Oj-
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Post-Newtonian tetrad

o Post-Newtonian tetrad expansion:
0 1 2 3 4
08, =08, + 0%, + 0%, + 07, + 0%, + O(5).

0
Background tetrad is diagonal: 64, = A#, = diag(1,1,1,1).
Higher than fourth velocity order O(4) is not considered.
Useful to define tetrad with lower spacetime indices:

k k
H,uy = AAM]ABQBV .

Only certain components are relevant and non-vanishing:

2 2 3 4 4
boo, Ojj, 0Goi, bGoo, Oj-

Relation to metric components:

2 2 2 2 3 3

9oo =2000, Gjj =20, Goi =20,
4 2 2 4 4 4 2 2
9oo = —(000)" +2000, Gij = 20jj) + Okibl; -
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e PPN limits of teleparallel theories
@ Generic F(Ty,7T2,T3) teleparallel gravity
@ Scalar-torsion extension of scalar-curvature gravity
@ Generic L(T, X, Y, ¢) scalar-torsion gravity
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0 Introduction
e Parametrized post-Newtonian formalism
e Teleparallel geometry and tetrad PPN formalism

e PPN limits of teleparallel theories
@ Generic F(Ty,7T2,T3) teleparallel gravity

e Conclusion
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Action and field equations

o Gravitational part of the action:

Sol0.w]= 55 [ F(Ti T, Ta) 0.
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Action and field equations

o Gravitational part of the action:

Solb.wl= 55 [, F(Ti T2, Ta) 0.
e Torsion scalars:

ﬂ =TH? T,u,up ) 7-2 = TH? Tpuu s 7?3 = Tﬂup Tuup .
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Action and field equations

o Gravitational part of the action:

Sol0.w]= 55 [ F(Ti T, Ta) 0.
 Torsion scalars:
Ti=T" Ty, To=T'°Tou, Ta=TH,T,"".
= Field equations:

1 o
”zew - Efglw +2v7 (-7'-1 Topp + FoTpun + Fa Taa[pgu]V)

1
+ ‘7::1 Tpou (TV/JG - 2T[PU]V) a 5‘7:73 TUUP ( TplW + 2T(l“’)p)

1
+ 5 F2 [T @Tom = Topa) + T (2Tipop = Top)] -

Manuel Hohmann (University of Tartu) Teleparallel solar system consistency Tuzla-9. 10. 2019 17/40



PPN parameters

e PPN parameters [uaikhanova, MH '19]:
B 2F71 + F72 + Eg
B 2(2E1 +F,2+2F73) ’

§=ar=a2=03=(1=C=(3=04=0.

5—1:—%, y-1=-2¢, ¢
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PPN parameters

L J PPN pal’ametel’s [Ualikhanova, MH '19] .

2F1+F>+F
ﬂ—1:—£, y-1=-2¢, ¢e= AR ,
2 2(2/:71+F’2+2F73)
§=ay=ap=a3=(1=0=0G=04=0.
= Fully conservative gravity theory:

o No preferred frame or preferred location effects.
o Total energy-momentum is conserved.
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PPN parameters

e PPN parameters (uaiihanova, M+ 19]:

Go1--S. yt-p., eo_2batFerhs
20 7 : 2(2F 1+ Fp+2F3)’

§=ar=az=a3=(1=0=0G=0=0.
= Fully conservative gravity theory:
o No preferred frame or preferred location effects.
o Total energy-momentum is conserved.
o Nordvedt parameter vanishes identically:

%f—aﬁrgaz—gﬁ—%Qfo-

v =48-7-3- 3
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PPN parameters

e PPN parameters (uaiihanova, M+ 19]:
3 2F71 + F72 + Eg
- 2(2/'_71 +E2+2Es) ’

f=ar=ap=a3=(1=0=0G=04=0.
= Fully conservative gravity theory:
o No preferred frame or preferred location effects.
o Total energy-momentum is conserved.

o Nordvedt parameter vanishes identically:
10 2 2 1
T]N—4ﬂ—’7—3—?f—a1 +§042—§C1 —§C2=0-

= No Nordvedt effect - lunar laser ranging unaffected.

5—1:—%, y-1=-2¢, ¢
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PPN parameters

e PPN parameters (uaiihanova, M+ 19]:
3 2F71 + F72 + Eg
N 2(2/'_71 +E2+2Es) ’

f=ar=ap=a3=(1=0=0G=04=0.
= Fully conservative gravity theory:
o No preferred frame or preferred location effects.
o Total energy-momentum is conserved.

o Nordvedt parameter vanishes identically:
10 2 2 1
T]N—4ﬂ—’7—3—?f—a1 +§042—§C1 —§C2=0-

= No Nordvedt effect - lunar laser ranging unaffected.
e Bounds on theory parameters from Cassini tracking:

y-1=-2:=(21+23)-107°.

5—1:—%, v-1=-2¢, ¢
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Axial-vector-tensor decomposition

e Irreducible decomposition of torsion components:

1
Tax—_(T 27—2) Tten=§(ﬂ +7—2_7?3), Tvec = T3
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Axial-vector-tensor decomposition

e Irreducible decomposition of torsion components:
1
Tax—_(T 272), Tten=§(ﬂ +T2-T3), Tewec=T3.

o Alternative representation of the action:

}—(7—1’7-&7:-3) = g(Tax, TveCa Tten)-
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Axial-vector-tensor decomposition

e Irreducible decomposition of torsion components:
1
Tax——(T 27), Tten=§(ﬂ +T2-T3), Tewec=T3.
o Alternative representation of the action:

}—(7—1’7-&7:-3) = g(TaXa TveCa Tten)-

o Relation between Taylor expansion coefficients:

1 1 1 1 1
F,1=§G,a+§G,t, F,2=—§G,a+§G,t, F,3=G,v—§G,t-
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Axial-vector-tensor decomposition

e Irreducible decomposition of torsion components:
1
Tax——(T 27), Tten=§(ﬂ +T2-T3), Tewec=T3.
o Alternative representation of the action:

}—(7—1’7-&7:-3) = g(TaXa TveCa Tten)-

« Relation between Taylor expansion coefficients:

1 1 1
Ga+ Gt, E2=—§G,a+§G,t; F,3=G,v—§G,t-

F1=18
e Constant defining PPN parameters:
_ G7V + GJ’
- 4G,V + G’t '
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Axial-vector-tensor decomposition

e Irreducible decomposition of torsion components:
1
Tax——(T 27), Tten=§(ﬂ +T2-T3), Tewec=T3.
o Alternative representation of the action:

}—(7—1’7-&7:-3) = g(TaXa TveCa Tten)-

« Relation between Taylor expansion coefficients:

1 1 1
Ga+ Gt, E2=—§G,a+§G,t; F,3=G,v—§G,t-

F1=18
e Constant defining PPN parameters:
_ G7V + GJ’
- 4G,V + G’t '

= Purely axial modifications do not affect PPN parameters.
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Particular theories

o New general relativity (Hayasni, sniratuji 79
o Most general action linear in torsion scalars:
F(Ti,T2,T3) = tiT1 + T2 + 1373
= Taylor coefficients givenby F;=t,i=1,...,3.
= Constant defining PPN parameters:
c- 2t1 + t2 + t3
22k + b+ 28)
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Particular theories

o New general relativity (Hayasni, snirafuii 79):
o Most general action linear in torsion scalars:

F(T1,72,T3) =ttTi + bTo + 373

= Taylor coefficients givenby F;=t,i=1,...,3.
= Constant defining PPN parameters:

c- 2t1 +t2+t3
22k + b+ 28)

° f( T) graVity theories [Bengochea, Ferraro '08; Linder '10] -
o Lagrangian defined as function of linear combination:

1 1
-7:(7;77-237?3):f(7-)7 T:Zﬂ+§7-2_7?3
= Taylor coefficients given by:
Fi=3(0). Fa=3(0). Fo=-f(0)

= Indistinguishable from GR, since ¢ = 0.
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0 Introduction

e Parametrized post-Newtonian formalism

e Teleparallel geometry and tetrad PPN formalism
e PPN limits of teleparallel theories

@ Scalar-torsion extension of scalar-curvature gravity

e Conclusion

Manuel Hohmann (University of Tartu) Teleparallel solar system consistency Tuzla - 9. 10. 2019



o Gravitational part of the action:

1

Sg[eawa ¢] = 2_52

[ [FA@)T +2B(6)X +20(9) Y - 2620(0)] 0 tx
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o Gravitational part of the action:

sg[e,w,gz)]:2%2[M[—A(¢)T+2B(¢)X+2C(¢)Y-252V(¢)]9d4x.

e Scalar quantities appearing in the action:

1 v 1 v v
T= 2 TpuyspM , X= _EQM Gudw Y =g" Tpp/L¢,y .
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o Gravitational part of the action:

sg[e,w,gz)]:2%2[M[—A(¢)T+2B(¢)X+2C(¢)Y-252V(¢)]9d4x.

e Scalar quantities appearing in the action:

1 v 1 v v
T=5T"wS™, X=-50"¢u00, Y=9"Tpoy.

e Superpotential:

1

Spuw = > (Topp+ Touw = Tuwp) = Gou T 00 + G T o -
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o Gravitational part of the action:

1
Salt,0,6] = 55 fM [~A(6)T +2B()X +2C() Y - 262V(6)] 0.d*x
e Scalar quantities appearing in the action:
1 14 1 14 4
T= 5 Tp;u/sp'u , X= _Egu Qs,u(z),u , Y= g'u Tppu¢,u .
e Superpotential:

1 g g
Spuv = > (Topp + Topr = Tuwp) = 9pu T o0 + Qo T s -

0
e Taylor expansion of functions around background ¢ = ¢:

A=A(®), A=A(®), A= A'®), A"-A"(®),
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Field equations

e Field equations:
o Tetrad field equations - symmetric part:

14 2 1 2 !
K20, = (A" +C) Sy’ + A (RW _ EHg,w) —(B-Cé b

1 , - o o o
+ (53 -C )¢,p¢,agp v +C (VMVV¢ - D¢gw) + K2V G
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Field equations

e Field equations:
o Tetrad field equations - symmetric part:

14 2 1 2 !
K20, = (A" +C) Sy’ + A (RW _ EHg,w) —(B-Cé b

1 ’ - o o o
+ (53 -C ) ¢,06,69” Qv +C (VMVV¢ - D¢gw) + K2V G
o Tetrad field equations - antisymmetric part:
0=(A"+C)T’ [, -
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Field equations

e Field equations:
o Tetrad field equations - symmetric part:

14 2 1 2 !
K20, = (A" +C) Sy’ + A (RW _ EHg,w) —(B-Cé b

1 ’ - o o o
+ (58 -C ) ¢,p¢,agp gul/ +C (Vuvu(b - D¢gu1/) + HZVQHV .
o Tetrad field equations - antisymmetric part:
0= (A’ + C)Tp[uu¢,p] .

o Scalar field equation:

0= %A’T ~Bo¢- %B'gﬂw,m,y +CV, T, M+ K2V
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Field equations

e Field equations:
o Tetrad field equations - symmetric part:

14 2 1 2 !
K20, = (A" +C) Sy’ + A (FIW _ ERg,w) —(B-Cé b

1 ’ - o o o
+ (58 -C ) ¢,p¢,agp g,LLV +C (Vuvu(b - D¢gu1/) + HZVQHV .
o Tetrad field equations - antisymmetric part:
0= (A’ + C)Tp[uu¢,p] .

o Scalar field equation:

0= %A’T -BoO¢- %B'gﬂwm,y +CV, T, M+ K2V

o Helpful steps to decouple / simplify:
o Trace reversal: R, - $Rgu, — Ry .
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Field equations

e Field equations:
o Tetrad field equations - symmetric part:

14 2 1 2 !
K20, = (A" +C) Sy’ + A (RW _ EHg,w) —(B-Cé b

1 ’ - o o o
+ (58 -C ) ¢,p¢,agp g,LLV +C (VMVV¢ - D¢gu1/) + HZVQHV .
o Tetrad field equations - antisymmetric part:
0= (A’ + C)Tp[uu¢,p] .

o Scalar field equation:
0= %A’T ~Bo¢- %B’g’*”qﬁ,m,y + C%M T, "+ K2V

o Helpful steps to decouple / simplify:

o Trace reversal: R, - $Rgu, — Ry .
o Eliminate second-order tetrad derivatives using tetrad equations.
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Simplified field equations

e Trace-reversed symmetric tetrad field equations:

— o 1
@#V = ('A/ + C) (S(uu)p + Qv TXXP) ¢,p + ARMV + Eclg,uud),pd),agpa

o o 1 [}
- (B - CI)¢,u¢,u + CVMqub + EC O ¢guu - KZVQ/LV
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Simplified field equations

e Trace-reversed symmetric tetrad field equations:

_ o 1 "
O = (A +C) (S(ul/)p + 9w Txxp) ¢,p+ ARy + EC,guV¢,p¢,agp
o o 1 o
- (B - CI)¢,u¢,u + CVMqub + EC O ¢guu - KZVg/w
e “Debraided” scalar field equation:

K2CO = (A'+C) (AT -2CT,""¢,) - (2AB+3C2) 0 ¢
+(BC - AB' -3CCG" ¢, + 22 (AV' +2CV).
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Simplified field equations

e Trace-reversed symmetric tetrad field equations:

— o 1
@/W = ('A/ + C) (S(;w)p + Qv TXXP) ¢,p + AR/U/ + Eclguud),pd),agpa

o o 1 o
- (B - CI)¢,u¢,u + CVMqub + EC O ¢guu - KZVQLW
e “Debraided” scalar field equation:
K2CO = (A'+C) (AT -2CT,""¢,) - (2AB+3C2) 0 ¢
+(BC - AB' -3CCG" ¢, + 22 (AV' +2CV).

 Trace-reversed energy-momentum tensor:

1 a
Ou =0 — ég,wgp Opo -
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Simplified field equations

e Trace-reversed symmetric tetrad field equations:

_ o 1 o
O = (A +C) (S(ul/)p + 9w Txxp) ¢,p+ ARy + EC,guV¢,p¢,agp
o o 1 o
- (B - CI)¢,u¢,u + Cvuvu¢ + EC O ¢guu - KZVQLW
e “Debraided” scalar field equation:

K2CO = (A'+C) (AT -2CT, "¢ ,) - (2AB+3C2) 0 ¢
+(BC - AB' -3CCG" ¢, + 22 (AV' +2CV).
e Trace-reversed energy-momentum tensor:
_ 1 -
Ou =0 - Egﬂ,,gp O©p0 -

= Trace © of energy-momentum becomes source of scalar field.
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Simplified field equations

e Trace-reversed symmetric tetrad field equations:

_ o 1 o
O = (A +C) (S(ul/)p + 9w Txxp) ¢,p+ ARy + EC,guV¢,p¢,agp
o o 1 o
- (B - CI)¢,u¢,u + Cvuvu¢ + EC O ¢guu - KZVQLW
e “Debraided” scalar field equation:

K2CO = (A'+C) (AT -2CT, "¢ ,) - (2AB+3C2) 0 ¢
+(BC - AB' -3CCG" ¢, + 22 (AV' +2CV).
e Trace-reversed energy-momentum tensor:
_ 1 -
Ou =0 - Egﬂ,,gp O©p0 -

= Trace © of energy-momentum becomes source of scalar field.
= Scalar source term vanishes for minimal coupling C = 0.
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PPN parameters (massive case)

o Effective gravitational constant:

2 2 o—Myr
Gt = = (1 Ce™ )

8rA\ " 2AB:3C2
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PPN parameters (massive case)

o Effective gravitational constant:

EZ Cze—m¢r
Gett = g (1 " 2AB+ 302)

e PPN parameter ~:

 2AB+3C?- CPe !
" 2AB+3C2 + C2eMs"

v
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PPN parameters (massive case)

o Effective gravitational constant:

EZ Cze—m¢r
Gett = g (1 " 2AB+ 302)

e PPN parameter ~:

2AB+3C? - C2e™m"

T 5AB+3C2+ C2e
e Scalar field mass:
2 2:‘4}2AV”
m=———-.
¢~ 2AB+3C2
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PPN parameters (massive case)

o Effective gravitational constant:

EZ Cze—m¢r
Gett = g (1 " 2AB+ 302)
e PPN parameter ~:

2AB+3C? - C2e m!

T 5AB+3C2+ C2e
e Scalar field mass:
p) 2//{,2AV”
my =" ——s-
2AB+3C

= Gravitational potential receives Yukawa-type corrections.
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PPN parameters (massive case)

o Effective gravitational constant:

EZ Cze—m¢r
Gett = g (1 " 2AB+ 302)
e PPN parameter ~:

2AB+3C? - C2e "

1T 0AB+3C2+ C2e Ml
e Scalar field mass:
p) 2//{,2AV”
my =" ——s-
2AB+3C

= Gravitational potential receives Yukawa-type corrections.
= Corrections vanish for minimal coupling C = 0.
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PPN parameters (massive case)

o Effective gravitational constant:

EZ Cze—mcf)r
Gett = g (1 " 2AB+ 302)
e PPN parameter ~:

2AB+3C2- CRe ™
" 2AB+3C2 + C2e Ms"

v

e Scalar field mass:
p) 2//{,2AV”

Mo~ 2AB+3C%
= Gravitational potential receives Yukawa-type corrections.
= Corrections vanish for minimal coupling C = 0.
= Corrections vanish for infinite mass my — oo.
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PPN parameters (massless case)

e PPN parameters (emisova, MH 19
CZ
V=1 g o
AB+2(C?2

B=1- C{6C*(C+A")+ABC2(7C+8A")+A2[2B2(C+A')+B' C2-2BCC']}
= 4(AB+2C?)2(2AB+3C?) ’

f=ar=az2=0a3=(1=C=C=0G4=0.
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PPN parameters (massless case)

e PPN parameters (emisova, MH 19

CZ
. A
7 AB+2C2’

B=1- C{6C*(C+A")+ABC2(7C+8A")+A2[2B2(C+A')+B' C2-2BCC']}
= 4(AB+2C?)2(2AB+3C?) ’

§=ar=az=a3=(1=0=0=0=0.
= Fully conservative gravity theory:

o No preferred frame or preferred location effects.
o Total energy-momentum is conserved.
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PPN parameters (massless case)

e PPN parameters (emisova, MH 19

CZ
"=1"ZB.ace

B=1- C{6C*(C+A")+ABC2(7C+8A")+A2[2B2(C+A')+B' C2-2BCC']}
= 4(AB+2C?)2(2AB+3C?) ’

f=ar=az2=0a3=(1=C=C=0G4=0.

= Fully conservative gravity theory:

o No preferred frame or preferred location effects.
o Total energy-momentum is conserved.

= lIdenticalto GRy=3=1for C =0.
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Equivalent of scalar-curvature gravity

e Choose non-minimal coupling function C = -A".
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Equivalent of scalar-curvature gravity

e Choose non-minimal coupling function C = -A".
= Action functional after integration by parts ps:

1

%= 52

[ [A@R 285)x - 262v(9) | sax.
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Equivalent of scalar-curvature gravity

e Choose non-minimal coupling function C = -A".
= Action functional after integration by parts ps:

1

%32

[ [A@R 285)x - 262v(9) | sax.

= Theory becomes equivalent to scalar-curvature gravity (ranagan 04.
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Equivalent of scalar-curvature gravity

e Choose non-minimal coupling function C = -A".
= Action functional after integration by parts ps:

1

%32

[ [A@R 285)x - 262v(9) | sax.

= Theory becomes equivalent to scalar-curvature gravity (rianagan 04.
e Re-obtain well-known PPN parameters as consistency check.

Manuel Hohmann (University of Tartu) Teleparallel solar system consistency Tuzla - 9. 10. 2019 27/40



Minimally coupled theories

e Numerous minimally coupled (C = 0) theories:
o Teleparallel dark energy (ceng, Lee, Saridakis, wu '11]:

A=1+2k%€¢%, B=-K%.
o Interacting dark energy [otaiora 13
A=1+26%¢F(¢), B=-k2.
o Brans-Dicke type with a general coupling to torsion (izumi, cu, ong 13:
A=F(¢), B=2r%w.
o Brans-Dicke type with a dynamical kinetic term (chen, wu, wei 14

A=¢, B=2k%w($)/o.
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Minimally coupled theories

e Numerous minimally coupled (C = 0) theories:
o Teleparallel dark energy (ceng, Lee, Saridakis, wu '11]:

A=1+2k%€¢%, B=-K%.
o Interacting dark energy [otaiora 13
A=1+26%¢F(¢), B=-k2.
o Brans-Dicke type with a general coupling to torsion (izumi, cu, ong 13:
A=F(¢), B=2r%w.
o Brans-Dicke type with a dynamical kinetic term (chen, wu, wei 14

A=¢, B=2k%w($)/o.

= PPN parameters take GR values v = 3 = 1.
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Minimally coupled theories

e Numerous minimally coupled (C = 0) theories:
o Teleparallel dark energy (ceng, Lee, Saridakis, wu '11]:

A=1+2r%¢¢%, B=-r2.
o Interacting dark energy [otaiora 13
A=1+26%¢F(¢), B=-k2.
o Brans-Dicke type with a general coupling to torsion (izumi, cu, ong 13:
A=F(¢), B=2r%w.
o Brans-Dicke type with a dynamical kinetic term (chen, wu, wei 14

A=¢, B=2k%w($)/o.

= PPN parameters take GR values v = 3 = 1.
= Theories are indistinguishable from GR by PPN parameters.
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Non-minimally coupled boundary term

e Action functional anamonde, wright 15

T 1
So= [ |50+ 5 (9" 0ubs - 67T - x02B) - V(6) | 0a'x.
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Non-minimally coupled boundary term

e Action functional anamonde, wright 15

T 1
So= [ |50+ 5 (9" 0ubs - 67T - x02B) - V(6) | 0a'x.

e Boundary term B ~ Y after integration by parts:

B=R+T=29,T,".
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Non-minimally coupled boundary term

e Action functional anamonde, wright 15

T 1
So= [ |50+ 5 (9" 0ubs - 67T -x02B) - V(6) | 0a'x.

e Boundary term B ~ Y after integration by parts:
B=R+T=2v,T, ",

e Consider only massless scalar field VV = 0.
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Non-minimally coupled boundary term

e Action functional anamonde, wright 15

T 1
So= [ |50+ 5 (9" 0ubs - 67T - x02B) - V(6) | 0a'x.

e Boundary term B ~ Y after integration by parts:
B=R+T=2v,T, ",

e Consider only massless scalar field V = 0.
= Parameter functions:

A=1+26%¢¢%, B=-r?, C=4r%v0.
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Non-minimally coupled boundary term

e Action functional anamonde, wright 15

T 1
So= [ |50+ 5 (9" 0ubs - 67T - x02B) - V(6) | 0a'x.

e Boundary term B ~ Y after integration by parts:
B=R+T=2v,T, ",

e Consider only massless scalar field V = 0.
= Parameter functions:

A=1+26%¢¢%, B=-r2, C=4r%y0.

= Deviations from GR governed by C ~ .
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Non-minimally coupled boundary term

e Action functional anamonde, wright 15

T 1
So= [ |50+ 5 (9" 0ubs - 67T - x02B) - V(6) | 0a'x.

e Boundary term B ~ Y after integration by parts:
B=R+T=2v,T, ",
e Consider only massless scalar field V = 0.
= Parameter functions:
A=1+26%¢¢%, B=-r?, C=4r%v0.

= Deviations from GR governed by C ~ .
= PPN parameters:

v=1+128mPd% + O(x*), B=1+32mExd? +32m 9% + O(x°).
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Non-minimally coupled boundary term

e Action functional anamonde, wright 15

T 1
So= [ |50+ 5 (9" 0ubs - 67T - x02B) - V(6) | 0a'x.

e Boundary term B ~ Y after integration by parts:
B=R+T=2v,T, ",

e Consider only massless scalar field V = 0.
= Parameter functions:

A=1+26%¢¢%, B=-r?, C=4r%v0.

= Deviations from GR governed by C ~ .
= PPN parameters:

y=1+128m 202+ O(x*), B =1+82mexd%+32my %02 + O(x®).

= Depends on background value ¢ (determined from potential V).
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0 Introduction
e Parametrized post-Newtonian formalism
e Teleparallel geometry and tetrad PPN formalism

e PPN limits of teleparallel theories

@ Generic L(T, X, Y, ¢) scalar-torsion gravity

e Conclusion
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o Gravitational part of the action:

1
Sg[H,w,QS]:ﬁfML(T,X, Y, $)0d%x.
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o Gravitational part of the action:

1
Sg[ﬂ,w,QS]:ﬁfML(T,X, Y, $)0d%x .

e Scalar quantities appearing in the action:

1 1
T= 5 Tplwspﬂl’ , X= _Eglw(z),/td),u , Y= gwj TpPM(Z)vV :
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o Gravitational part of the action:

1
Sg[ﬁ,w,QS]:ﬁfML(T,X, Y, $)0d%x.

e Scalar quantities appearing in the action:
1 vV 1 14 v
T= ETPMVSp“ , X= —Eg“ budy, Y=9""Tpud..

e Superpotential:

1 o o
Spuu = é (Tl//Lp + Tp,uu - T,uup) - gp/LT ov T gpy T ou -
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o Gravitational part of the action:

1
sg[e,w,qs]:@fM/_(T,x, Y, $)0d%x.

e Scalar quantities appearing in the action:
1 4 1 14 v
T= ETPMVSp“ , X= —Eg“ by, Y=9"T ,ud..

e Superpotential:

1 g g
Sppv = > (Top + Topr = Tuwp) = 9ou T o0 + Qo T o -

0
e Taylor expansion of function L around background ¢ = ¢:
& T X YE(g-o)m o o 9F o™

L= AR .
,.J.E,,zo LKL ml 9T 0XI9Yk ogm

T=X=Y=0,4=%
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o Gravitational part of the action:
Syl0,w,0] = = f L(T,X,Y,$)0d*x.
e Scalar quantities appearmg in the action:
1 v 1 v
T=5TwS™, X=-50"0uby, ¥=9"T poy.
e Superpotential:

1 g (o
Spuv = > (Topp + Topr = Tuwp) = 9ou T o0 + Qo T oy -

e Taylor expansion of function L around background 35 =o:
© T X YK(p-d)™ o o of om

L=y LAY =% 7 9 o ,
,-J-g,:n:o itk mt AT OX Yk ogm ToX=Y=0.60

I TX XY
o Taylor coefficients Iy, I, Ix, Iy, I, . . .. T T XYY e
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Field equations

o Tetrad field equations:

- 2vp (LTSuup) - LX¢,H¢,V +Vy (LY(b,u) - Vo (LY¢,p) gpcrgw/
. (Tp,w T+ 277 o T - % T T + T Tp"l,)

1
+ LY ( T(l“/)p¢,p + E TPNV¢,p + Tpp,u¢,u) - Lg,“, = 2/'%2@“,/ .
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Field equations

o Tetrad field equations:

2V, (LrSuf) = Lxd b + Vi (Lyd ) = Vo (Lyo ) 0 G
. (Tp,w T+ 277 o T - % T T + T Tp"l,)
ily ( Towyo, + %Tﬂw,gs,p ; Tﬂpm,y) ~Lgy = 2+20,,, .
e Scalar field equation:

g'w/v,u (LYTppV - LX¢,V) - L¢ =0.
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PPN parameters

e PPN parameters ratmann, mH19):

oM
Tl = 2
2Irlx - 212
5 _1 _ ly[lrlxl$(16/T¢—7ly)+3/¢(Iy—2/7’¢)—8/?—/)2(/7'45+2/$—/y(2/)2(+/yl)(¢—2’x/y¢)]
8(4lrlx-3R) (B ~Irlx)?

E=ar=0p=03=(1=0=0=04=0.

I
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PPN parameters

e PPN parameters ratmann, mH19):
Iy?

I . A
[T T

B-1- /Y[/T/X/$(16/T¢_7/Y)+3/¢(/Y_2/T¢)_8/$/§/T¢+§/$/Y(2/§+/ylx¢_2lxly¢)]
8(41rlx-3R)(B-Irly)
§=aj=ap=a3=(1=0=0@=34=0.
= Fully conservative gravity theory:

o No preferred frame or preferred location effects.
o Total energy-momentum is conserved.

I
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PPN parameters

e PPN parameters ratmann, mH19):
Iy?

I S S
T T 2l — 2R

B-1- /Y[/T/X/$(16/T¢_7/Y)+3/¢(/Y_2/T¢)_8/$/§/T¢+§/$/Y(2/§+/ylx¢_2lxly¢)] 7
8(41rlx-3R)(B-Irly)
f=oq=ap=a3=(1=C=(=¢=0.
= Fully conservative gravity theory:

o No preferred frame or preferred location effects.
o Total energy-momentum is conserved.

= Identicalto GR~v= =1 for [y = 0.
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Analogue of scalar-curvature gravity

o Consider previous studied class of theories:

L(T,X,Y,0)=-A(¢)T +2B(¢)X +2C($) Y - 262V () .

Manuel Hohmann (University of Tartu) Teleparallel solar system consistency Tuzla - 9. 10. 2019 34/40



Analogue of scalar-curvature gravity

o Consider previous studied class of theories:
L(T,X,Y,p) =-A(¢) T +2B(¢)X +2C(4) Y - 2k2V(¢) .

o Restrict to massless case V for simplicity.
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Analogue of scalar-curvature gravity

o Consider previous studied class of theories:
L(T,X,Y,p) =-A(¢) T +2B(¢)X +2C(4) Y - 2k2V(¢) .

o Restrict to massless case V for simplicity.
= Values of Taylor series coefficients:

Ir=-A, Ix=2B, Iy=2C, Iry=-A, Ix,=2B", Iy4=2C.
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Analogue of scalar-curvature gravity

o Consider previous studied class of theories:
L(T,X,Y,$) =-A(¢) T +2B(¢)X +2C(4) Y - 2k2V() .

o Restrict to massless case V for simplicity.
= Values of Taylor series coefficients:

Ir=-A, Ix=2B, Iy=2C, Iry=-A", Ixs=2B", Iy,=2C".
= Reproduce previously found PPN parameters:
C2
V= s
AB +2C?

B=1- C{6C*(C+A")+ABC?(7C+8A")+A2[2B2(C+A')+B' C2-2BCC']}
= 4(AB+2C?)2(2AB+3C?) :
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Analogue of scalar-curvature gravity

o Consider previous studied class of theories:
L(T,X,Y,$) =-A(¢) T +2B(¢)X +2C(4) Y - 2k2V() .

o Restrict to massless case V for simplicity.
= Values of Taylor series coefficients:

Ir=-A, Ix=2B, Iy=2C, Iry=-A", Ixs=2B", Iy,=2C".
= Reproduce previously found PPN parameters:
C2
V= s
AB +2C?

B=1- C{6C*(C+A")+ABC?(7C+8A")+A2[2B2(C+A')+B' C2-2BCC']}
= 4(AB+2C?)2(2AB+3C?) :

= Consistency of both derivations.
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Theories without derivative couplings

o Consider simple scalar-torsion theory H, s, uaiiknanova 1):

L(T,X,Y,p)=F(T,p)-2Z(¢)X.
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Theories without derivative couplings

o Consider simple scalar-torsion theory H, s, uaiiknanova 1):
L(T7X7 Y7¢) = F(T7¢) _22(¢)X

= No derivative coupling to vector torsion: Iy = 0.
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Theories without derivative couplings

o Consider simple scalar-torsion theory H, s, uaiiknanova 1):
L(T7X7 Y7¢) = F(T7¢) —22(¢)X

= No derivative coupling to vector torsion: Iy = 0.
e Assume non-vanishing denominator in PPN parameters:

o It = Fr(0,®) + 0: non-degenerate kinetic term for tetrad.
o Iy =-2Z(®) # 0: non-degenerate kinetic term for scalar field.
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Theories without derivative couplings

o Consider simple scalar-torsion theory H, s, uaiiknanova 1):
L(T7X7 Y7¢) = F(T7¢) _22(¢)X

= No derivative coupling to vector torsion: Iy = 0.
e Assume non-vanishing denominator in PPN parameters:
o It = Fr(0,®) + 0: non-degenerate kinetic term for tetrad.
o Iy =-2Z(®) # 0: non-degenerate kinetic term for scalar field.

= Theories are indistinguishable from GR v = 5 =1.
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Outline

e Conclusion
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e Parametrized post-Newtonian formalism:
o Weak-field approximation of metric gravity theories.
o Characterizes gravity theories by 10 (constant) parameters.
o Parameters closely related to solar system observations.
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e Parametrized post-Newtonian formalism:
o Weak-field approximation of metric gravity theories.
o Characterizes gravity theories by 10 (constant) parameters.
o Parameters closely related to solar system observations.
o Teleparallel gravity:
o Makes use of flat, metric-compatible connection.
o Gravity mediated by torsion instead of curvature.
o Uses tetrad and spin connection as dynamical variables.
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e Parametrized post-Newtonian formalism:

o Weak-field approximation of metric gravity theories.

o Characterizes gravity theories by 10 (constant) parameters.

o Parameters closely related to solar system observations.
o Teleparallel gravity:

o Makes use of flat, metric-compatible connection.

o Gravity mediated by torsion instead of curvature.

o Uses tetrad and spin connection as dynamical variables.
e Teleparallel PPN formalism:

o Work in Weitzenbdck gauge w”p, = 0.

o Perturbation of tetrad instead of metric.
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e Parametrized post-Newtonian formalism:
o Weak-field approximation of metric gravity theories.
o Characterizes gravity theories by 10 (constant) parameters.
o Parameters closely related to solar system observations.
o Teleparallel gravity:
o Makes use of flat, metric-compatible connection.
o Gravity mediated by torsion instead of curvature.
o Uses tetrad and spin connection as dynamical variables.
e Teleparallel PPN formalism:
o Work in Weitzenbdck gauge w”p, = 0.
o Perturbation of tetrad instead of metric.
o Post-Newtonian limit of teleparallel gravity theories:
o Obtained PPN parameters for different teleparallel theories.
o All considered theories are fully conservative.
o Large, widely used subclasses have same PPN limit as GR:
- f(T) theories with torsion scalar T from TEGR.
- Minimally coupled scalar-torsion theories with C =0 or /y = 0.
o F(T1,T2,T3) theories show no Nordvedt effect.
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Outlook and work in progress

o Consider more general teleparallel gravity theories:

Theories with modified constitutive laws v, sary, krssak, Preiter 117].
Teleparallel extension to Horndeski gravity [Bahamonde, Dialektopoulos, Said '19].
Theories obtained from disformal transformations v+ 9.

Coupling of scalar fields to 77, 72, 7.

Theories with multiple tetrads.

Theories involving generalized Proca fields.

Extensions based on metric-affine geometry.

O 0O O 0O O o o
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Outlook and work in progress

o Consider more general teleparallel gravity theories:

Theories with modified constitutive laws v, sary, krssak, Preiter 117].
Teleparallel extension to Horndeski gravity (ahamonde, Dialektopoulos, Said '19].
Theories obtained from disformal transformations w19

Coupling of scalar fields to 77, 72, 7.

Theories with multiple tetrads.

Theories involving generalized Proca fields.

Extensions based on metric-affine geometry.

e Develop formalism based on gauge-invariant perturbations:

o Use higher order perturbation theory known from cosmology.
o Simplify procedure by removing need for particular coordinates.
o Implementation and automated solution using computer algebra.

O 0O O 0O O o o
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Outlook and work in progress

o Consider more general teleparallel gravity theories:
Theories with modified constitutive laws v, sary, krssak, Preiter 117].
Teleparallel extension to Horndeski gravity (ahamonde, Dialektopoulos, Said '19].
Theories obtained from disformal transformations  19;.
Coupling of scalar fields to 77, 72, 7.
Theories with multiple tetrads.
Theories involving generalized Proca fields.
Extensions based on metric-affine geometry.
e Develop formalism based on gauge-invariant perturbations:
o Use higher order perturbation theory known from cosmology.
o Simplify procedure by removing need for particular coordinates.
o Implementation and automated solution using computer algebra.
o Extend formalism by including higher perturbation orders:
General covariant expansion instead of space-time spilit.
Allow also for fast-moving source masses.
Consider inspiral phase of black hole merger event.
Devise method for calculating gravitational waves.

O 0O O 0O O o o

O O O O
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e U. Ualikhanova and MH,
“Parameterized post-Newtonian limit of general teleparallel gravity
theories”,
arXiv:1907.08178 [gr-qc].

e E. D. Emtsova and MH,
“Post-Newtonian limit of scalar-torsion theories of gravity as
analogue to scalar-curvature theories”,
arXiv:1909.09355 [gr-qc].

e K. Flathmann and MH,
“Post-Newtonian limit of generalized scalar-torsion theories of
gravity”,
arXiv:1910.01023 [gr-qc].
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Prospects for students

o Possibilities for study / research visits to Tartu.

o Courses on gravity and differential geometry in English.
o Active research group in teleparallel and related theories.
o Large share of students - positive social environment.

o Exchange programs for master and PhD students.
e More information: http://www.studyinestonia.ee.
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