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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.
e Things to (approximately) preserve in a modified theory:
o Notions of observers, clocks, measurement rods.
Weak equivalence principle - universality of free fall.
Conservation of total energy-momentum.
Local position and Lorentz invariance.
Consistency with solar system observations.
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= Conditions arising on viable theories:
o Diffeomorphism invariance / background independence.
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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.
e Things to (approximately) preserve in a modified theory:
o Notions of observers, clocks, measurement rods.
Weak equivalence principle - universality of free fall.
Conservation of total energy-momentum.
Local position and Lorentz invariance.
Consistency with solar system observations.
= Conditions arising on viable theories:
o Diffeomorphism invariance / background independence.
o Well-defined causal structure.
o Length of trajectories and geodesic motion.

= Metric theories of gravity.
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e Parametrized post-Newtonian formalism:

Weak-field approximation of metric gravity theories.

Assumes particular coordinate system (“universe rest frame”).
Characterizes gravity theories by 10 (constant) parameters.
Parameters closely related to solar system observations.
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e Parametrized post-Newtonian formalism:

Weak-field approximation of metric gravity theories.

Assumes particular coordinate system (“universe rest frame”).
Characterizes gravity theories by 10 (constant) parameters.

o Parameters closely related to solar system observations.

~ Extensions of the PPN formalism:

o More fundamental fields constituting the metric.
o More than one dynamical metric.
o Diffeomorphism invariant / purely geometric formalism.
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e Parametrized post-Newtonian formalism:
o Weak-field approximation of metric gravity theories.
o Assumes particular coordinate system (“universe rest frame”).
o Characterizes gravity theories by 10 (constant) parameters.
o Parameters closely related to solar system observations.
~ Extensions of the PPN formalism:
o More fundamental fields constituting the metric.
o More than one dynamical metric.
o Diffeomorphism invariant / purely geometric formalism.
~ Improvements presented here:

o Use gauge-invariant higher order perturbation theory.
o Allow for tetrad instead of metric as fundamental field.
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e Gauge-invariant higher order perturbations
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Reference and physical spacetimes

e Reference spacetime:
o Manifold My with metric g(® and coordinates (x*).
o Usually some highly symmetric standard spacetime:

- maximally symmetric spacetime: Minkowski, (anti-)de Sitter
- cosmological (background) solution of a gravity theory
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Reference and physical spacetimes

e Reference spacetime:
o Manifold My with metric g(® and coordinates (x*).
o Usually some highly symmetric standard spacetime:
- maximally symmetric spacetime: Minkowski, (anti-)de Sitter
- cosmological (background) solution of a gravity theory
e Physical spacetime:

o Manifold M with metric g.
o No preferred / canonical choice of coordinates.
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Reference and physical spacetimes

e Reference spacetime:

o Manifold My with metric g(® and coordinates (x*).
o Usually some highly symmetric standard spacetime:

- maximally symmetric spacetime: Minkowski, (anti-)de Sitter
- cosmological (background) solution of a gravity theory

e Physical spacetime:
o Manifold M with metric g.
o No preferred / canonical choice of coordinates.

4 No canonical relation between physical and reference spacetime.
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Reference and physical spacetimes

e Reference spacetime:

o Manifold My with metric g(® and coordinates (x*).
o Usually some highly symmetric standard spacetime:

- maximally symmetric spacetime: Minkowski, (anti-)de Sitter
- cosmological (background) solution of a gravity theory

e Physical spacetime:
o Manifold M with metric g.
o No preferred / canonical choice of coordinates.

7 No canonical relation between physical and reference spacetime.
1. No identification of points on M and My: no coordinates on M.
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Reference and physical spacetimes

e Reference spacetime:

o Manifold My with metric g(® and coordinates (x*).
o Usually some highly symmetric standard spacetime:

- maximally symmetric spacetime: Minkowski, (anti-)de Sitter
- cosmological (background) solution of a gravity theory

e Physical spacetime:
o Manifold M with metric g.
o No preferred / canonical choice of coordinates.
7 No canonical relation between physical and reference spacetime.

1. No identification of points on M and My: no coordinates on M.
2. No possibility to compare g and g(®: different manifolds.
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Concept and use of gauge

Definition of gauge
A gauge is a diffeomorphism X : My — M.
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Concept and use of gauge

Definition of gauge
A gauge is a diffeomorphism X : My — M.

1. Identification of points on M and My:

o Recall that a diffeomorphism is a bijective mapping.
o Coordinates (“point labels”) can be carried from M, to M.

Manuel Hohmann (University of Tartu) Gauge-invariant PPN formalism 22.10. 2019 8/46



Concept and use of gauge

Definition of gauge
A gauge is a diffeomorphism X : My — M.

1. Identification of points on M and My:

o Recall that a diffeomorphism is a bijective mapping.
o Coordinates (“point labels”) can be carried from M, to M.

2. Comparison between reference and physical metric:

o Define pullback *g = X*g of the metric g to M.
o ¥gand g(® are tensors on the same manifold M,.
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Gauge and perturbations

e Parameter dependent physical metric:
o Assume physical metric g = g. depends on parameter ¢ € R.
o Assume every g. is defined on its own M..
o Assume go = 99 is the reference metric on M.
= Family of physical spacetimes (M., g.).
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Gauge and perturbations

e Parameter dependent physical metric:
o Assume physical metric g = g. depends on parameter ¢ € R.
o Assume every g. is defined on its own M..
o Assume go = 99 is the reference metric on M.
= Family of physical spacetimes (M., g.).

« Aim: perturbative expansion of g. in e around g(©.
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Gauge and perturbations

e Parameter dependent physical metric:
o Assume physical metric g = g. depends on parameter ¢ € R.
o Assume every g. is defined on its own M..
o Assume go = 99 is the reference metric on M.
= Family of physical spacetimes (M., g.).

« Aim: perturbative expansion of g. in e around g(©.
7 Metrics g. are defined on different manifolds for different e.
= Use gauge to relate different manifolds:

o Family of diffeomorphisms X, : My — M..
o Assume &} = idy, on the reference spacetime.
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Gauge and perturbations
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o Assume physical metric g = g. depends on parameter ¢ € R.
o Assume every g. is defined on its own M..
o Assume go = 99 is the reference metric on M.
= Family of physical spacetimes (M., g.).
« Aim: perturbative expansion of g, in e around g(©.

7 Metrics g. are defined on different manifolds for different e.
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o Assume &} = idy, on the reference spacetime.
e Perturbative expansion:
o Pullback * g, = X*g. defined on M.
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Gauge and perturbations

e Parameter dependent physical metric:
o Assume physical metric g = g. depends on parameter ¢ € R.
o Assume every g. is defined on its own M..
o Assume go = 99 is the reference metric on M.
= Family of physical spacetimes (M., g.).
« Aim: perturbative expansion of g, in e around g(©.

7 Metrics g. are defined on different manifolds for different e.
= Use gauge to relate different manifolds:
o Family of diffeomorphisms X, : My - M..
o Assume &} = idy, on the reference spacetime.
e Perturbative expansion:

o Pullback * g, = X*g. defined on M.
o Introduce series expansion in e:

o _k kX K

x e 0" 7g. € x (k)

ge = D = — g .
Lk ok |, 5K
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Gauge and perturbations

e Parameter dependent physical metric:
o Assume physical metric g = g. depends on parameter ¢ € R.
o Assume every g. is defined on its own M..
o Assume go = 99 is the reference metric on M.
= Family of physical spacetimes (M., g.).
« Aim: perturbative expansion of g, in e around g(©.

7 Metrics g. are defined on different manifolds for different e.
= Use gauge to relate different manifolds:
o Family of diffeomorphisms X, : My - M..
o Assume &} = idy, on the reference spacetime.
e Perturbative expansion:

o Pullback * g, = X*g. defined on M.
o Introduce series expansion in e:

¥ oc)éak/\/'g6

o _k
- N & x,00
Py R B S i

o Series coefficients * g*) depend on gauge choice X.
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Gauge transformations

e Consider two different gauges X, : My > M, and ), : My - M..
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Gauge transformations

e Consider two different gauges X, : My > M, and ), : My - M..
— One-parameter family ¢, = X' o ). of diffeomorphisms.
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Gauge transformations

e Consider two different gauges X, : My > M, and ), : My - M..
— One-parameter family ¢, = X' o ). of diffeomorphisms.
7 &, : My - M, is not a one-parameter group:

o In general has ¢, # .o d. and d_ = .
o Not generated by flow (integral curves) of a vector field.
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Gauge transformations

e Consider two different gauges X, : My > M, and ), : My - M..
— One-parameter family ¢, = X' o ). of diffeomorphisms.
7 &, : My - M, is not a one-parameter group:
o Ingeneralhas ¢, + ®. 0P, and d_, + d>;‘.
o Not generated by flow (integral curves) of a vector field.

o But there exists series of one-parameter groups ¢§k) such that:

o, = "'¢£ll<(/)k1 6.0 ¢£22/)2 o ¢£1) )
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Gauge transformations

e Consider two different gauges X, : My > M, and ), : My - M..
— One-parameter family ¢, = X' o ). of diffeomorphisms.
7 &, : My - M, is not a one-parameter group:

o In general has ¢, # .o d. and d_ = .
o Not generated by flow (integral curves) of a vector field.

o But there exists series of one-parameter groups ¢§k) such that:

o, = "'¢£ll<(/)k1 6.0 ¢£22/)2 o ¢£1) )

— Each one-parameter group ¢*) generated by vector field £(%).
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Gauge transformations

e Consider two different gauges X, : My > M, and ), : My - M..
— One-parameter family ¢, = X' o ). of diffeomorphisms.
7 &, : My - M, is not a one-parameter group:
o Ingeneralhas ¢, + ®. 0P, and d_, + d>;‘.
o Not generated by flow (integral curves) of a vector field.

o But there exists series of one-parameter groups ¢§k) such that:

k)

— Each one-parameter group ¢*) generated by vector field £(%).
— Vector fields ¢X) are “Taylor expansion” coefficients of ..
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Gauge transformation of tensor fields

e Metrics in different gauges are related:

v ) ) €l1+~-+klk+~-~ £/1 £lk X
gf_l;)ml’;)m(‘]!)11...(k!)lk.../1[.../k]... £y T G-
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Gauge transformation of tensor fields

e Metrics in different gauges are related:

y ) ) €l1+~-+klk+~-~ f I y
e = Z:O'"/;)'"U Do (KD 1y g.../kl...££(1>'"££(k>"' G-
= Relation of Taylor coefficients:
yg® - 3 k! gh .gh ¥ glkh-2b-.)
0<h+2h+...<k (k—/1 —2/2—...)!(1!)11(2!)12"'/1!/2!“- 1) 30)
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Gauge invariant perturbations

e Choose a fixed “distinguished” gauge S, : My — M.:
o E.g., impose gauge conditions on the metric.
o Examples: harmonic gauge used for GWs, standard PPN gauge.
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Gauge invariant perturbations

e Choose a fixed “distinguished” gauge S, : My — M.:
o E.g., impose gauge conditions on the metric.
o Examples: harmonic gauge used for GWs, standard PPN gauge.

« Define gauge-invariant metric g. = °g. = S’ g..
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Gauge invariant perturbations

e Choose a fixed “distinguished” gauge S, : My — M.:
o E.g., impose gauge conditions on the metric.
o Examples: harmonic gauge used for GWs, standard PPN gauge.

« Define gauge-invariant metric g. = °g. = S’ g..
e Metric in arbitrary gauge X':

) oo I+ Kl
X €

9. = h i

I1Z::Omlkz=:0m(1 DUBNC I UBNA RN A RS Xy TXay

..gE .
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Gauge invariant perturbations

e Choose a fixed “distinguished” gauge S, : My — M.:
o E.g., impose gauge conditions on the metric.
o Examples: harmonic gauge used for GWs, standard PPN gauge.

« Define gauge-invariant metric g. = °g. = S’ g..
e Metric in arbitrary gauge X':

Py oo (S} 6/1.¢.....+.k/k.+.... . ,
ge = oLk e
€ /12:30 /Z:o (A (kY heeefg 1oy o Xy “Xuwy I

e Metric components split into two parts:

o Gauge-invariant part g.: physical content.
o Gauge defining vector fields X(,: coordinate choice.
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Gauge invariant perturbations

e Choose a fixed “distinguished” gauge S, : My — M.:
o E.g., impose gauge conditions on the metric.
o Examples: harmonic gauge used for GWs, standard PPN gauge.

Define gauge-invariant metric g. = g, = S’ g..
Metric in arbitrary gauge X’:

) oo I+ Kl
X €

9. = h Ik

I1Z::Omlkz=:0m(1 DUBNC I UBNA RN A RS Xy X

e P

Metric components split into two parts:

o Gauge-invariant part g.: physical content.
o Gauge defining vector fields X(,: coordinate choice.

Number # of independent components:

#(ge) = #(90) + #( X)) -
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e Parametrized post-Newtonian formalism
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Post-Newtonian matter and velocity orders

e Energy-momentum tensor of a perfect fluid:

™ = (p+pl+p) +pg"”.

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

Four-velocity

O O O O
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Post-Newtonian matter and velocity orders

e Energy-momentum tensor of a perfect fluid:

™ =(p+pl+p) +pg"”.

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

Four-velocity

e Universe rest frame and slow-moving source matter:

Consider some gauge X : My — M (“universe rest frame”).
Pullback of metric and matter variables along X'.
Velocity of the source matter: ¥ v/ = ¥u// ¥ 0.

. . X -
Assume that source matter is slow-moving: |~ v| « 1.

O O O O

o O

[e]

o
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Post-Newtonian matter and velocity orders

e Energy-momentum tensor of a perfect fluid:

™ =(p+pl+p) +pg"”.

Rest mass density p.
Specific internal energy I1.
Pressure p.
Four-velocity
e Universe rest frame and slow-moving source matter:
o Consider some gauge X : My — M (“universe rest frame”).
o Pullback of metric and matter variables along X.
o Velocity of the source matter: *v/ = ¥u// ¥ 10,
o Assume that source matter is slow-moving: |XV| «<1.

e Use ¢ =|*V| as perturbation parameter.

O O O O
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Post-Newtonian matter and velocity orders

e Energy-momentum tensor of a perfect fluid:

™ =(p+pl+p) +pg"”.

Rest mass density p ~ O(2).

Specific internal energy N ~ O(2).

Pressure p ~ O(4).

Four-velocity

e Universe rest frame and slow-moving source matter:
o Consider some gauge X : My — M (“universe rest frame”).
o Pullback of metric and matter variables along X.
o Velocity of the source matter: v/ = ¥u// %0,

o Assume that source matter is slow-moving: |XV| «<1.
e Use ¢ =|*V| as perturbation parameter.
e Assign velocity orders O(n) ~ ¢" to all quantities.

O O O O
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Post-Newtonian matter and velocity orders

e Energy-momentum tensor of a perfect fluid:

™ =(p+pl+p) +pg"”.

Rest mass density p ~ O(2).

Specific internal energy I ~ O(2).

Pressure p ~ O(4).

Four-velocity

e Universe rest frame and slow-moving source matter:

o Consider some gauge X : My — M (“universe rest frame”).
o Pullback of metric and matter variables along X'.
o Velocity of the source matter: v/ = ¥u// %0,

o Assume that source matter is slow-moving: |XV| «<1.
e Use ¢ =|*V| as perturbation parameter.
o Assign velocity orders O(n) ~ €" to all quantities.
e Quasi-static: assign additional O(1) to time derivatives 0.

O O O O
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Post-Newtonian metric

e Standard post-Newtonian metric expansion:

0 1 2 3 4
Xg;w = Xg,uz/ + Xg;w + Xg;w + Xguu + ng/ +0(9).
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Post-Newtonian metric

e Standard post-Newtonian metric expansion:

0 1 2 3 4
Xg;w = Xg,uz/ + Xg;w + Xg;w + Xguu + ng/ +0(9).

« Note difference in notation: ¥g = ¥ g ek k1.
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Post-Newtonian metric

e Standard post-Newtonian metric expansion:

0 1 2 3 4
Xg;w = XQW + Xg;w + Xg;w + Xguu + ng/ +0(9).

« Note difference in notation: ¥g = ¥ g ek k1.

e Background metric given by Minkowski metric: Xéw, = Nyuw-
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Post-Newtonian metric

Standard post-Newtonian metric expansion:

0 1 2 3 4
Xg;w = Xg,uz/ + Xg;w + Xg;w + Xguu + ng/ +0(9).

Note difference in notation: ¥ g = ¥ gk k.

Background metric given by Minkowski metric: Xéw, = Nyuw-
Higher than fourth velocity order O(4) is not considered.
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Post-Newtonian metric

Standard post-Newtonian metric expansion:

0 1 2 3 4
Xg;w = Xg,uz/ + Xg;w + Xg;w + Xguu + ng/ +0(9).

Note difference in notation: ¥ g = ¥ gk k.

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

X2 X2 X8 x4 x4
9oo gij» 9oi goo gijj-
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Post-Newtonian metric

Standard post-Newtonian metric expansion:

0 1 2 3 4
Xg;w = Xg,uz/ + Xg;w + Xg;w + Xguu + ng/ +0(9).

Note difference in notation: ¥ g = ¥ gk k.

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

X2 X2 X8 x4 x4
9oo gij» 9oi goo gijj -

X&jj not used in standard PPN formalism, but may couple.
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Standard post-Newtonian gauge

e PPN formalism assumes fixed standard gauge P.
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Standard post-Newtonian gauge

e PPN formalism assumes fixed standard gauge P.
e Metric in standard PPN gauge:

7J£2700=27)U,
2
Pgj=27"Us;,
3 1 1
P goi = —5(3+4’Y+041 - ag + (4 —2§)PVI—§(1 +ag -G +26)7 W,

Péoo = -257’U2 +(2+2v+a3+( -2 01 +2(1+37-28+(+&)Td,
+2(1+ ) b +2(3y+3C —28) 0y — 267y - (¢ - 26)7,
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Standard post-Newtonian gauge

e PPN formalism assumes fixed standard gauge P.
e Metric in standard PPN gauge:

7J500=27)U,
2
Pg,'j = 2"/7) U(S,'j,
3 1 1
P goi = —5(3+47+c¥1 —ap+ (G -28)P V- 5(1 +ap -y +26)7 W,

7’600 =207+ (2+2y+a3+ (1 -28)Pd1+2(1 437 -2+ + )P,
+2(1+G) 3 +2(3y+ 3¢ —26) 7 by - 267 by - (¢ - 26)7,

e Metric contains PPN parameters and PPN potentials.
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Standard post-Newtonian gauge

e PPN formalism assumes fixed standard gauge P.
e Metric in standard PPN gauge:
2
P90 =2"U,
2
P =2v"Usj,
3 1 1
7 9oi = —5(3+4’Y+041 —ap+(-26)7 V- 5(1 +ap— (g +26)F W,
Pdoo = —28FU° + (24 2y +ag+( —26)Pdy +2(1+ 37— 28+ (o + )Py
+2(1+(3)" 3 +2(3y + 3¢ —26) 04 - 2670y - (G - 26)7,

e Metric contains PPN parameters and PPN potentials.
e Properties of standard PPN metric:

o Second-order spatial part 7’5,-,- is diagonal.
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Standard post-Newtonian gauge

e PPN formalism assumes fixed standard gauge P.
e Metric in standard PPN gauge:
2
P00 =2"U,
2
Pgi=2v"Usj,
3 1 1
7 9oi = —5(3+4’Y+041 —ap+(-26)7 V- 5(1 +ap— (g +26)F W,
P oo = —28PU° + (24 2y +ag + (- 26)Pdy +2(1+ 3y - 28 + (o + £)P by
+2(1+(3)" 3 +2(3y + 3¢ —26) 04 - 2670y - (G - 26)7,

e Metric contains PPN parameters and PPN potentials.
e Properties of standard PPN metric:
o Second-order spatial part 7’52;,-,- is diagonal.
o Fourth-order temporal part 7’500 does not contain potential 5.

Manuel Hohmann (University of Tartu) Gauge-invariant PPN formalism 22.10. 2019



PPN parameters

e PPN parameters are linked to physical properties:

~: spatial curvature genrated by unit mass.

B: non-linearity in gravity superposition law.

aq, o, az: violation of local Lorentz invariance.

as, (1, (2, (3, (4 violation of energy-momentum conservation.
&: violation of local position invariance.

O O O O ©o
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PPN parameters

e PPN parameters are linked to physical properties:

~: spatial curvature genrated by unit mass.

B: non-linearity in gravity superposition law.

aq, o, az: violation of local Lorentz invariance.

as, (1, (2, (3, (4 violation of energy-momentum conservation.
&: violation of local position invariance.

eINnGRy=pB=1and{=a1=a2=a3=(1=0=0=304=0.

O O O O ©o
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PPN parameters

e PPN parameters are linked to physical properties:

~: spatial curvature genrated by unit mass.

B: non-linearity in gravity superposition law.

a4, ap, a3 violation of local Lorentz invariance.

as, (1, (2, (3, (4 violation of energy-momentum conservation.
&: violation of local position invariance.

e INGRy=pg=1and{=a1=az=0a3=(1=0=(=0=0.
= Fully conservative gravity theory:

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

O O O O ©o
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PPN parameters

e PPN parameters are linked to physical properties:

~: spatial curvature genrated by unit mass.

B: non-linearity in gravity superposition law.

aq, o, az: violation of local Lorentz invariance.

as, (1, (2, (3, (4 violation of energy-momentum conservation.
&: violation of local position invariance.

e INGRy=pg=1andé=a1=mp=a3=(1=C=(=0=0.
= Fully conservative gravity theory:

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

O O O O ©o

= Other theories will receive bounds from experiments.

Manuel Hohmann (University of Tartu) Gauge-invariant PPN formalism 22. 10. 2019



Experimental bounds

Par. Bound Effects Experiment
~v-112.3-107° | Time delay, light deflection Cassini tracking
-1 8-10°° Perihelion shift Perihelion shift
£ 4.10°° Spin precession Millisecond pulsars
o 1074 Orbital polarization Lunar laser ranging
o 4.10°° Orbital polarization PSR J1738+0333
Qo 2.107° Spin precession Millisecond pulsars
as | 4-107%0 Self-acceleration Pulsar spin-down statistics
o' ] 9-1074 Nordtvedt effect Lunar Laser Ranging
(1 0.02 Combined PPN bounds —
(o 4.107% | Binary pulsar acceleration PSR 1913+16
(3 1078 Newton’s 3rd law Lunar acceleration
(4 0.006 — Kreuzer experiment

Uin=4B-v-3-R6—ar+Ear-5Ci - 16
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PPN potentials

e Newtonian potential: N
!/

XX:—fd3X,Xp,|;(_)?,|7 XU:/\dsxlﬁ7 Xp,EXp(t7;(I)‘
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PPN potentials

e Newtonian potential: N
!/
XXZ—fd3X,XPI|;(—)?,|, XUZfd3X1|5.(_p;(I|, Xp,EXp(t,;(l).

e Vector potentials:

Xy Xy o' V(X = x]) (% - x)
X 3/ / X, — 3,/ J )
Vi- [ & gl W [ &x o3
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PPN potentials

e Newtonian potential: N
XX:—fd3X,XPI|;(—)?,|, XUZdeXIﬁ, Xp,EXp(t,;(l).
e Vector potentials:

Xy Xy o' V(X = x]) (% - x)
X 3y / X ENG ! J
Vi- [ & TR W= [ o e

e Fourth-order scalar potentlaIS'
X /X X /
X¢1__fd3/r v X¢t1/d31

2
X¢2_fd3 IX ’XU, XQ[ de IX /[ _.V;()_(”_XI,)] ,

X=X Ix - x'|3
X /X l X / X\,
M d*v;
X 3 / X 3 ! i
¢ =[d , “B= fd Xi — X; )
° |x X'| (' ) dt

/ 7
X 3 B3onx rx un Xi=Xp [Xi—X Xi = X;
¢ :fdxdx — —— = .
w pp |X—X’|3(|X—X"| |X’—X”|
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Post-Newtonian field equations

e Expand energy-momentum tensor in velocity orders:
2
“Too =" p(1- %G00+ (*V)2+ 1) + 0(6).

*Toi=-*p*vi+0O(5),

XT,'/' = XpXV,'XVj+X,D5,'j+O(6)
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Post-Newtonian field equations

e Expand energy-momentum tensor in velocity orders:
2
“Too =" p(1- %G00+ (*V)2+ 1) + 0(6).

*Toi=-*p*vi+0O(5),

XT,'/' = XpXV,'XVj+X,D5,'j+O(6)

e Behavior under gauge transformations:

2 2 2 2 3
YToo=%Too, YTj="Tj, YToi="Ty,

4 4 2 2 4 4
YToo="Too+&0i Too, YTj="Tj.
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Post-Newtonian field equations

e Expand energy-momentum tensor in velocity orders:
2
“Too =" p(1- %G00+ (*V)2+ 1) + 0(6).

*Toi=-*p*vi+0O(5),

XT,'/' = XpXV,'XVj+X,D5,'j+O(6)

e Behavior under gauge transformations:

2 2 2 2 3 3
YToo=%Too, YTj="Tj, YToi="Ty,

4 4 2 2 4 4
YToo="Too+&0i Too, YTj="Tj.

e Energy-momentum tensor ~ derivatives of PPN potentials.
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Post-Newtonian field equations

e Expand energy-momentum tensor in velocity orders:

*Toi=-*p*vi+0O(5),

XT,'/' = XpXV,'XVj+X,D5,'j+O(6)

e Behavior under gauge transformations:

2 2 2 2 3 3
YToo="Too. YTj=%Tj, YToi="To,

4 4 2 2 4 4
YToo="Too+&0i Too, YTj="Tj.

e Energy-momentum tensor ~ derivatives of PPN potentials.
= Solve for PPN parameters by PPN expanding field equations.
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Post-Newtonian field equations

e Expand energy-momentum tensor in velocity orders:
2
“Too =" p(1- %G00+ (*V)2+ 1) + 0(6).

*Toi=-*p*vi+0O(5),

XT,'/' = XpXV,'XVj+X,D5,'j+O(6)

e Behavior under gauge transformations:

2 2 2 2 3 3
YToo=%Too, YTj="Tj, YToi="Ty,

4 4 2 2 4 4
YToo="Too+&0i Too, YTj="Tj.

e Energy-momentum tensor ~ derivatives of PPN potentials.
= Solve for PPN parameters by PPN expanding field equations.
7 Equations may be gauge dependent & hard to solve.
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Post-Newtonian field equations

e Expand energy-momentum tensor in velocity orders:
2
“Too =" p(1- %G00+ (*V)2+ 1) + 0(6).
YToi=-"p%vi+0(5),
XT,'/' = XpXV,'XVj + Xpé,-j + 0(6)

e Behavior under gauge transformations:

2 2 2 2 3 3
YToo="Too. YTj=%Tj, YToi="To,

4 4 2 2 4 4
YToo="Too+&0i Too, YTj="Tj.
e Energy-momentum tensor ~ derivatives of PPN potentials.
= Solve for PPN parameters by PPN expanding field equations.

7 Equations may be gauge dependent & hard to solve.
~ Use gauge-invariant formalism to decouple equations.
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6 Gauge-invariant PPN formalism
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Gauge transformation of the metric

e Allow only gauge transformations preserving PPN assumptions:

2

giv 207 gi-
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Gauge transformation of the metric

e Allow only gauge transformations preserving PPN assumptions:

2

3 4
§i, Co. &
e Relation between metrics in gauges X and ):
yéoo = Xéoo )
Vg = "Gy + 200,
Y Goi = ¥ goi + 3/20 + 802‘,- .
Y 900 = ¥ goo + 25902‘“0 + 2/31 * oo,

4 4 4 2 2 2 2 2 2 2 2
Vi =" 9ij + 20y + 2% Gr(i0))Ex + EkOk i + O (kK€ ) + OOy -
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Gauge transformation of the metric

e Allow only gauge transformations preserving PPN assumptions:

2

s 4
§i, Co. &
e Relation between metrics in gauges X and ):
Y g00 = ¥ oo
VGi= "Gy +20,5))
Y Goi = ¥ goi + 8/20 + 802‘,- .
Y 900 = ¥ goo + 25902‘“0 + 2/31 * oo,
yéij = X&ij + 20(/2/) +2 Xék(iaj)gk + gkak Xéij + 8(i(§|k8k|2j)) + 8i2k8j2k :

e Use gauge transformation to eliminate metric components.
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Gauge-invariant metric

e Definition of gauge-invariant metric components:
9oo=9", 9oi=97, 9;=9"0;+g}.

Manuel Hohmann (University of Tartu) Gauge-invariant PPN formalism 22. 10. 2019 23/46



Gauge-invariant metric

e Definition of gauge-invariant metric components:
9oo=9", 9oi=97, 9;=9"0;+g}.
e Conditions imposed on components:

0'g7 =0, d'gj=0, gf;=0, g}=0.
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Gauge-invariant metric

e Definition of gauge-invariant metric components:
9oo=9", 9oi=97, 9;=9"0;+g}.
e Conditions imposed on components:

0'g7 =0, d'gj=0, gf;=0, g}=0.

e Relation to arbitrary gauge A':

2

2
Xgoo=9 )

2 2 2 2 2
* 95 =9"5j+ 9] + 209, X* + 20X,
XS 3 3 2 2
9oi = 97 + 0iX™ + 90 X* + O X7 ,
X4 4* 3* 20 20 2*
Goo = 9" +200 X" + (0,;X* + X7)0i9",

4
Ygj=g0;+8] +200X* + 0(2)- 0(2).
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Gauge-invariant metric

e Definition of gauge-invariant metric components:
9oo=9", 9oi=97, 9;=9"0;+g}.
e Conditions imposed on components:

0'g7 =0, d'gj=0, gf;=0, g}=0.

e Relation to arbitrary gauge A':

2

2
Ygo0=9",
2 2 2 2 2
* 95 =9"5j+ 9] + 209, X* + 20X,
XS 3 3 2 2
oi =07 + 0iX" + 9p0iX* + O X7 ,
x4 4 y * 2 ¢4 2 o 2
9oo = 9" +200X" + (9, X* + X7)0,i9" ,
4
Ygj=g0;+8] +200X* + 0(2)- 0(2).

e Gauge defining vector fields: _
Xi=0Xt+X®, Xo=X", 9X’=0.
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Decomposition of metric components

e Count number of independent components at each order:

Manuel Hohmann (University of Tartu)

total invariant pure gauge

2 2
Ygoo 1| @ 1 - 0
X2 2, 2t 20 2<>

g9; 6]9%.9; 1+2| X" X7 1+2

3

i 3| @ 2 | X 1
X4 4,

9o 1| 9 1 - 0
x4 4, 4t 4. 40

g 6]97.9; 1+2| X" X7 1+2

Gauge-invariant PPN formalism

22.10. 2019
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Decomposition of metric components

e Count number of independent components at each order:

total

invariant pure gauge

XZ 2*

goo 1| 9 1 - 0
x2 6 2. 21 Yo %o

gi gr.g; 1+2 | XXy 1+2

3

*goi 3| @ p) X 1
X4 4*

go 1| 9 1 - 0
o 6 &8 102 ko ke

gii d ,gij 1+2 , X 1+2

= Components split into invariant and gauge parts.

Manuel Hohmann (University of Tartu)
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Decomposition of metric components

e Count number of independent components at each order:

total invariant pure gauge

2 2
Ygoo 1| @ 1 - 0
X2 2, 2t 20 2<>

g9; 6]9%.9; 1+2| X" X7 1+2

3

i 3| @ 2 | X 1
X4 4,

9o 1| g 1 - 0
x4 4, 4t 4. 40

g 6]97.9; 1+2| X" X7 1+2

= Components split into invariant and gauge parts.
= Possible to separate physical information from coordinate choice.

Manuel Hohmann (University of Tartu) Gauge-invariant PPN formalism
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Relation to standard PPN gauge

e Use relation between expansion coefficients:

k—ly—2lp—...

1
P = /1.¢- /k-
9= 2 ity
0<ly+2b+...<k 1:12 P P
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Relation to standard PPN gauge

e Use relation between expansion coefficients:

k—ly—2lp—...

1
P = /1.¢- /k-
9= 2 ity
0<ly+2b+...<k 1:12 P P

o Split components of 7g,,, into g,,, and P*.

Manuel Hohmann (University of Tartu) Gauge-invariant PPN formalism 22.10. 2019 25/46



Relation to standard PPN gauge

e Use relation between expansion coefficients:

1 gh..g!

k. k=l{=2lp—...
k
0<h+2b+...<k 111 b 5

736:

o Split components of 7g,,, into g,,, and P*.
= Gauge defining vector fields:

2

2 3 1
P*-0, P;=0, Pr=-7(2+4y+ a1 - 202+ 201 - 4)x,0-
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Relation to standard PPN gauge

e Use relation between expansion coefficients:

k- /1 2/27

Pk _ 1 b
9= X AT 2] £
0<ly+2b+...<k 1:12 p

o Split components of 7g,,, into g,,, and P*.
= Gauge defining vector fields:

2 2 3 1
P*=0, P;=0, P*:—Z(2+47+o¢1—20z2+2<1—4§)x’0.
= Gauge-invariant metric components:

g =2U, g'-=24U, g =0, 37:—(1+7+%)(VI+W,-),

4

g = %(2—041 +200+203)P1+2(1+37-28+(+£)Po+2(1+(3)P3+2(37+3(4-28) Py

1 1
—2¢dyy - 28U% + 5(2+47+a1 - 2a2)2A + §(2+4fy+0z1 —2ap+2¢1 —4£)8.
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Gauge-invariant field equations

e Perform similar decomposition of energy-momentum tensor:

L =T00=P(1 —600+V2+I'I)+(9(6),
T? + 8,-T’ = To,‘ =—pV;+ 0(5) s
T*6;+ &, T +20,T) +Th=Tj = pvyv; + poj + O(6).
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Gauge-invariant field equations

e Perform similar decomposition of energy-momentum tensor:

L =T00=P(1 —600+V2+I'I)+(9(6),
T? + 8,-T’ = To,‘ =—pV;+ 0(5) s
T*6;+ &, T +20,T) +Th=Tj = pvyv; + poj + O(6).

e Express components in terms of PPN potentials:

'i' ! U, 'i" 18U 'i' ! V,+W
Fep=—u- A = C= — A(V; :
P 47 47T0 ’ " 8n (Vi+ W),

4
T*:p(n+V2—é*):—4lA(¢3+¢1 -20;) ,
7

s, 1 1 4 1
T =-— =——— A (B +30 T4 = — (3A-by).
3PV tP=o (d1+3dy), 167r( A - dq)
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Gauge-invariant field equations

e Perform similar decomposition of energy-momentum tensor:

L =T00=P(1 —600+V2+I'I)+(9(6),
T? + 8,-T’ = To,‘ =—pV;+ 0(5) s
T*6;+ &, T +20,T) +Th=Tj = pvyv; + poj + O(6).

e Express components in terms of PPN potentials:

'i' ! U, 'i" 1(3U 'i' ! V,+W
fop=—— A - ° - A(V; ,
P 47 47T0 ’ " 8n (Vi+ W),

4
T*:p(n+V2—§*):—4lA(¢3+¢1 -20;) ,
T

a1 1 4 1
T =— =—— A (®y + 30 T4 = —(32A-,).
SPV tP=o (d1+3dy), 167r( A - dq)

e Decompose also gravity side ~ Ag.
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Gauge-invariant field equations

e Perform similar decomposition of energy-momentum tensor:

L =T00=P(1 —600+V2+I'I)+(9(6),
T? + 8,-T’ = To,‘ =—pV;+ 0(5) s
T*6;+ &, T +20,T) +Th=Tj = pvyv; + poj + O(6).

e Express components in terms of PPN potentials:

'i' ! U, 'i" 18U 'i' ! V,+W
fop=—— A - ° - A(V; ,
P 47 47T0 ’ " 8n (Vi+ W),

4
T*:p(n+V2—é*):—4lA(¢3+¢1 -20;) ,
7

a1 1 4 1
T =— =—— A (®y + 30 T4 = —(32A-,).
3PV tP=o (d1+3dy), 167r( A - dq)

e Decompose also gravity side ~ Ag.
= Find PPN parameters by comparing coefficients on both sides.
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e Tetrad and teleparallel PPN formalisms
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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 .
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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 e = e4"0,, with 4”68, = 68 and es"04, = o+,
Metric g,.., = 1agf*,.6%,.
Determinant 6 = det(64,,).
Teleparallel connection T'*,,, = €4 (0,04, + wg,058,).

O O O o

Levi-Civita connection I, = 197 (9, Gop + pGuo — s Gup)-

o
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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 e = e4"0,, with 4”68, = 68 and es"04, = o+,
Metric g,.., = nasf? .60,
Determinant 6 = det(64,,).
Teleparallel connection I'/ﬂ,p ea” (0, 04, +wh BpY B.).

O O O o

o Levi-Civita connection I'“l,p —g/“’(a,,ggp +0pGve — 050up)-
o Properties of the teleparallel connection:
o Vanishing curvature: R*, ,, = 9,[",, = 0o ", + " [T o =" ,[7,,=0.
o Vanishing nonmetricity: Q,., = V.9, = 0.
o Nonvanishing torsion: T#,,=1",,-T*,, 0.
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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 e = e4"0,, with 4”68, = 68 and es"04, = o+,
Metric g,.., = 1agf*,.6%,.
Determinant 6 = det(64,,).
Teleparallel connection T'*,,, = €4 (0,04, + wg,058,).

O O O o

o Levi-Civita connection F“Vp = %g/“’(a,,ggp +0pGve — 050up)-
e Properties of the teleparallel connection:
o Vanishing curvature: R*, ,, = 0, ,; = OoT*,, + TH )T, =TH ,[7,, =0.
o Vanishing nonmetricity: Q,., = V.9, = 0.
o Nonvanishing torsion: T#,,=T*,, -T*,, 0.

= Possible to use Weitzenbéck gauge: WAB;L =0.
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Post-Newtonian tetrad

o Post-Newtonian tetrad expansion:

0 1 2 3 4
XHAu = XGAH + XQAﬂ + XQA“ + XHA” + XHAM +0(5).
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Post-Newtonian tetrad

o Post-Newtonian tetrad expansion:
0 1 2 3 4
K0, =0 A TN YA Y0, O(5).

0
o Background tetrad is diagonal: *64, = A%, = diag(1,1,1,1).
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Post-Newtonian tetrad

o Post-Newtonian tetrad expansion:
0 1 2 3 4
XHAu = XGAH + XQAﬂ + XQA“ + XHA” + XHAM +0(5).

0
o Background tetrad is diagonal: *64, = A%, = diag(1,1,1,1).
e 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
XHAu = XGAH + XQAﬂ + XQA“ + XHA” + XHAM +0(5).

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

K K
X A X B
0 =AD" ma~ 07, .
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Post-Newtonian tetrad

o Post-Newtonian tetrad expansion:

0 1 2 3 4
XHAu = XGAH + XQAﬂ + XQA“ + XHA” + XHAM +0(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
X A X B
0 =AD" ma~ 07, .

Only certain components are relevant and non-vanishing:

2 2 3 4 4
X X X x X
boo, “Oj, “0oi, “boo, “0j.
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Post-Newtonian tetrad

o Post-Newtonian tetrad expansion:

0 1 2 3 4
XHAu = XGAH + XQAﬂ + XQA“ + XHA” + XHAM +0(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
X A X B
0 =AD" ma~ 07, .

Only certain components are relevant and non-vanishing:

2 2 3 4 4
X X X x X
boo, “Oj, “0oi, “boo, “0j.

Relation to metric components:

2 2 2 2 3 3
*goo=2%00, “05=2%0(, “90i=2%00),

4 2 4 4 4 2 2
%900 =—("000)? +2%000, Fgj=2%00 + 0k 4.

Manuel Hohmann (University of Tartu) Gauge-invariant PPN formalism 22. 10. 2019



Gauge transformation of the tetrad

e Split tetrad perturbations in symmetric and antisymmetric parts:

Xk Xk

k K k K k
X X X X
euu =St auw, Sy = g(pu) ) auy =

X
O] -
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Gauge transformation of the tetrad

e Split tetrad perturbations in symmetric and antisymmetric parts:

k k k
X X X
0 =

xk o _x xk p
=St auw, Sy = g(pu) ) auy =

X
O] -

e Gauge transformation of the tetrad:
2 X2
Y00 = Y00 ,
2 2 2
y@,’j = XQ,'/' + 8/5,- ,
3 3 3
Yoi = *00i + 0ico
3 3 2
Y00 = Yio + o,
4 4 3 2 2
Y800 = o0 + oo + £i0i F oo ,

4 4 4 2 2 2 2 1 2 2
Y0 =" 0;+ i + Ok F Ok + Ex Ok O + 50i(EkOKEi)
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Gauge transformation of the tetrad

e Split tetrad perturbations in symmetric and antisymmetric parts:

k k k
X X X
0 =

xk o _x xk p
=St auw, Sy = g(pu) ) auy =

X
O] -

e Gauge transformation of the tetrad:
yéoo = Xéoo ;
Y= %6+ 0i6,
yéOi = Xéo/' + 3/20 :
3}510 = Xgio + 302;',
3’500 = Xéoo + 5020 + giaixéoo ;
yéij = Xéij + 8jg/ + 8j2k Xéik + gkak Xéij + %@'ékakgi) :

e Use gauge transformation to eliminate certain tetrad components.
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Gauge transformation of the tetrad

e Split tetrad perturbations in symmetric and antisymmetric parts:

k k k
X X X
0 =

xk o _x xk p
=St auw, Sy = g(pu) ) auy =

X
O] -

e Gauge transformation of the tetrad:
3’500 = Xéoo ;
y§U:X5¢+@2h
yéOi = Xéo; + 3:'20 ;
3}510 = Xgio + 302;',
3’500 = Xéoo + 5020 + giaixéoo ;
yéij = Xéij + 3/21‘ + 8j2k Xéik + gkak Xéij + %8j(§kak§i) :

e Use gauge transformation to eliminate certain tetrad components.
e Gauge-invariant tetrad components:
Soo = 0" , Spj= 9? , S,‘j = 0.5,]' + 9}, dpj = 3/9’ + 9?, a,-j = 6/jk(ak9. + 9?) .
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Gauge-invariant tetrad in arbitrary gauge

e Gauge-invariant tetrad components:
900 =0" s 90,‘ = 6;0’+9;>+9;? s 0,'0 = —8,‘9’4-97—9? s 0,'j = 0.5ij+0}+€ijk(8k0.+gg) .
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Gauge-invariant tetrad in arbitrary gauge

e Gauge-invariant tetrad components:
900 =0" s 90,‘ = 6;0’+9;>+9;? s 0,'0 = —8,‘9’4-97—9? s 0,'j = 0.5ij+0}+€ijk(8k0.+gg) .
e Conditions imposed on components:

9'0° =9'60°=0'07 =0, a'o,Tj:o, 9{,.].]:0, 0l =0.
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Gauge-invariant tetrad in arbitrary gauge

e Gauge-invariant tetrad components:
000=0", 60i=010+07+67, 0io=—-0,6"+6;-0;, 6=0"5+0]+cj(96"+67).
e Conditions imposed on components:
9'0° =9'60°=0'07 =0, a"o,Tj =0, 9{,1.] =0, 6'-=0.
e Transformation into arbitrary gauge X with defining vector fields )k(:
bo0= 6",
Xby = 6°6;+ 0 + ey (00" + 62) + 9X* + X
Xeo,- = a,-e’ + 9? + a‘? + a-x*
Xhio = -010% +0° — 0° + DD X* + 3pX¢ |
Y000 = 0" + aox* + a,-e*(a,-)o + X?)

Xe,_e'a,,w +e,,k(ak9'+a )+aax'+ax°+0(2) 0(2).
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Standard PPN gauge and PPN parameters

e Compare gauge-invariant metric with metric in standard PPN gauge P.
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Standard PPN gauge and PPN parameters

e Compare gauge-invariant metric with metric in standard PPN gauge P.
= Gauge-invariant tetrad components in terms of PPN potentials and parameters:

2 2. 21_ 3<> 1 QA
6"=U, 6°=2U, 6;=0, 9;=—§(1+7+7)(V/‘+Wi),

4
0* = %(2—0[1 +2a2+2a3)¢1 + (1 +3")/—2,8+C2 +§)¢2 + (1 +<3)¢3 + (37+3C4—2§)¢4

£y + %(1 -23)U% + ‘11(2+4fy+a1 -2a0)2A + %(2+4’y+o¢1 - 200 +2(1 —4£)B.
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Standard PPN gauge and PPN parameters

e Compare gauge-invariant metric with metric in standard PPN gauge P.
= Gauge-invariant tetrad components in terms of PPN potentials and parameters:

2 2. 21_ 3<> 1 QA
6"=U, 6°=2U, 6;=0, 9;=—§(1+7+7)(V/‘+Wi),

4
9* = %(2—0[1 +2a2+2a3)¢1 + (1 +3")/—2,8+C2 +§)¢2 + (1 +<3)¢3 + (37+3C4—2§)¢4
£y + %(1 -23)U% + ‘11(2+4fy+a1 -2a0)2A + %(2+4’y+o¢1 - 200 +2(1 —4£)B.

e PPN parameters can be obtained directly from solution for tetrad perturbations.
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e Example: PPN limit of scalar-tensor gravity
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Action and field equations

e Action of scalar-tensor gravity with massless scalar field: nordtvedt 70

’
S=55 [M d*xy/-g (wR— %(M@%) + Sl Gy, x]-
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Action and field equations

e Action of scalar-tensor gravity with massless scalar field: nordtvedt 70

1 y
S=55 [M d*x\/-g (wR— %(M@%) + Sml G x]-

e Free function w(v) of the scalar field .
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Action and field equations

e Action of scalar-tensor gravity with massless scalar field: nordtvedt 70
1 w(v)
S= m A/, d4Xv -g (W?— Tapwapw) + Sm[gul/a X] .

e Free function w(v) of the scalar field .
e Work in Jordan conformal frame: no direct coupling between matter and scalar field.
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Action and field equations

e Action of scalar-tensor gravity with massless scalar field: nordtvedt 70
1 w(v)
S= ﬁ A/, d4Xv -g (¢R— Tapwapw) + Sm[g,uua X] .

e Free function w(v) of the scalar field .
e Work in Jordan conformal frame: no direct coupling between matter and scalar field.
= Field equations:

o P A LA
wR;w Vual/¢ waﬂwauw+4w+6d¢ap¢a Y=k Tul/ 2w+sg;wT )

(2w+3) O+ Z—Zapwapzp = k2T
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Perturbative solution ansatz

e Consider arbitrary gauge X to pull equations and fields to reference spacetime M.
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Perturbative solution ansatz

e Consider arbitrary gauge X to pull equations and fields to reference spacetime M.

e XD x5 xh
e Relevant components of scalar field: ¢ = W, “ ), “1p.
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Perturbative solution ansatz

e Consider arbitrary gauge X to pull equations and fields to reference spacetime M.

e XD x5 xh
e Relevant components of scalar field: ¢ = W, “ ), “1p.

e Cosmological background value ¥ assumed to be constant.
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Perturbative solution ansatz

Consider arbitrary gauge X to pull equations and fields to reference spacetime M.

e XD x5 xh
Relevant components of scalar field: “ ¢ =W, “ ¢, “ap.

Cosmological background value ¥ assumed to be constant.

2 2
Relation to gauge-invariant scalar field perturbations  and :

2 2 4 4 2 2 2
Y=, =1+ (OX+ X))
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Perturbative solution ansatz

Consider arbitrary gauge X to pull equations and fields to reference spacetime M.

e XD x5 xh
Relevant components of scalar field: “ ¢ =W, “ ¢, “ap.

Cosmological background value ¥ assumed to be constant.

2 2
Relation to gauge-invariant scalar field perturbations  and :

2 2 4 4 2 2 2
Y=, =1+ (OX+ X))

Taylor expansion of free function w around cosmological background value:

wo=w(V), wi=uw (V).
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Perturbative solution ansatz

Consider arbitrary gauge X to pull equations and fields to reference spacetime M.

e XD x5 xh
Relevant components of scalar field: “ ¢ =W, “ ¢, “ap.

Cosmological background value ¥ assumed to be constant.

2 2
Relation to gauge-invariant scalar field perturbations  and :

2 2 4 4 2 2 2
Y=, =1+ (OX+ X))

Taylor expansion of free function w around cosmological background value:

wo=w(V), wi=uw (V).

0
= Zeroth order *¢) = W, ng = 1, Solves (vacuum) field equations.

Manuel Hohmann (University of Tartu) Gauge-invariant PPN formalism 22. 10. 2019



Newtonian limit

e Time component of second-order metric equation:

w0+1

1 x2 2[X2
——wa _ Too+ 207"
2 Yoo = K 00+2w0+3

2 2
(*Ti-* Too)] :
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Newtonian limit

e Time component of second-order metric equation:

w0+1

1 x2 2[X2
——wa _ Too+ 207"
2 Yoo = K 00+2w0+3

2 2
(*Ti-* Too)] :

e Substitute metric by gauge-invariant component Xéoo = 6*.
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Newtonian limit

e Time component of second-order metric equation:

w0+1
2wo+3

1 > 2 2 2
_E‘UAXQOO = K7 [XTOO“‘ (XTii—XToo)] -
e Substitute metric by gauge-invariant component Xf;oo = 6*.

e Substitute energy-momentum tensor:

2

2 2 2 2 2
YToo=Too=T" =p, *T;=T;=3T"=0.
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Newtonian limit

e Time component of second-order metric equation:

w0+1
2wo+3

1 5 2 2 2
_E‘U A% goo = K2 [X Too + (*Ti- XToo)] :

e Substitute metric by gauge-invariant component Xf;oo = 6*.
e Substitute energy-momentum tensor:
2 2 2 2 2 2
YToo=Too=T" =p, *T;=T;=3T"=0.
= Equation becomes fully gauge-invariant and can be solved:

1 2 2w0+2 2, K% wp+2

——vaAaAQqg =
9 9~ 2w+ 3

2 2w0+3
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Newtonian limit

e Time component of second-order metric equation:

w0+1
2w0+3

1 2 2 2
_E‘U A% goo = K2 [X Too + (*Ti- XToo)] :

e Substitute metric by gauge-invariant component Xéoo = 6*.
e Substitute energy-momentum tensor:
2

2 2 2 2 2
*Too=Too=T"=p, *T;=T;=3T"=0.

= Equation becomes fully gauge-invariant and can be solved:

2
dyngope0te ) G o wot2
2 2w0+3 27r\|12w0+3
o Normalization 6* = 2U of the gravitational constant:
2 = 47T\|f2wo +3
wo + 2
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Second-order scalar field

e Scalar field equation at second velocity order:

2 2 2
(2wo+3) & ¥ =k (¥ T —*Too).
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Second-order scalar field

e Scalar field equation at second velocity order:
x5 _ 2xiF  x3
(2wo+3) 2" =r"("Tii =" Too) -
e Perform substitutions to obtain gauge-invariant equation:

K2 \

2 2
@uo+3)ap=-rp = o 47t (2wg +3) wo +2
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Second-order scalar field

e Scalar field equation at second velocity order:

2 2 2
(2wo +3) & 1) = kP(YTji =¥ Top).
e Perform substitutions to obtain gauge-invariant equation:

K2 \

2 2
2uwp +3) A& Y = —k7 = = :
@uo+3)avp=-rp = o 477(2w0+3)u w0+2U

e Substitutions applied here:

2 2
o Replaced scalar field ¥+ = 1 with gauge-invariant term.
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Second-order scalar field

e Scalar field equation at second velocity order:
x5 _ 2xF  x3
(2wo+3) 2" =r"("Tii—"Too)-
e Perform substitutions to obtain gauge-invariant equation:

K2 \

2 2
2uwp +3) A& 9P = —k7 = = :
@uo+3)ap=-rp = o 477(2w0+3)u w0+2U

e Substitutions applied here:

2 2
o Replaced scalar field ¥+ = 1 with gauge-invariant term.
o Substituted energy-momentum tensor as for the Newtonian limit before.
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Second-order scalar field

e Scalar field equation at second velocity order:
x5 _ 2xiF  x3
(2wo+3) 2" =r"("Tii =" Too) -
e Perform substitutions to obtain gauge-invariant equation:

2
Cy-u
47t (2wg +3) wo +2

2 2
(wo+3)2p=-k2p = =

e Substitutions applied here:

2 2
o Replaced scalar field ¥+ = 1 with gauge-invariant term.
o Substituted energy-momentum tensor as for the Newtonian limit before.
o Used normalization of the gravitational constant to substitute 2.
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Second-order spatial equations

e Spatial components of second-order metric equations:

1 x2 _x2 X2 X2 X2 x5 o[x3  wo+tT
—E‘U(A 9ij = 900, + " Gkk,ij = YGik jk — gjk,ik)_ w,ij=/€[ Tij-

2(.00 +3

2 2
5i(* T+ Too)] :
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Second-order spatial equations

e Spatial components of second-order metric equations:
1 X2 x2 X2 X2 X2 x5 o[x3
—E‘U (A 9ij = 900, + " Gkk,ij = YGik jk — gjk,ik)_ Vij=kK [ Tij-

e Substitute gauge-invariant variables:

OJo+1
2w0+3

2 2
5i(* T+ Too)] :

2W0+1

1 2, 2, 2, 2+ 2
—E\U((S,-jAg +Q5 -9+ A9;) -~ =k 2u)0—+35ijp'
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Second-order spatial equations

e Spatial components of second-order metric equations:

1 2 2 2 2 2 2 2 wo + 1 2 2
-V (A Xgij - Xgoo,ij + ngk,ij - Xgik,jk - ngk,ik)—xw,ij = kP [X Tij- ° 5/‘/(X T~ TOO)] :
2 2(.00 +3
e Substitute gauge-invariant variables:
1 2, 2, 2, 2 2 wg + 1
—EW((SUAQ +g7ij—g’,~j+Ag})—¢7U:H22m)—+3(5”'p.

e Canonical differential decomposition of gauge-invariant equations:

o Trace part yields solution for é’:

wo + 1 2 K2 wo +1 wo + 1

P L 9 Vo3 “wpr2

SUVZEN Y DRSS
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Second-order spatial equations

e Spatial components of second-order metric equations:
1 X2 x2 X2 X2 X2 x5 o[x3
—E‘U (A 9ij = 900, + " Gkk,ij = YGik jk — gjk,ik)_ Vij=kK [ Tij-

e Substitute gauge-invariant variables:

OJo+1
2w0+3

2 2
5i(* T+ Too)] :

o Wo t+ 1
2w0 +3
e Canonical differential decomposition of gauge-invariant equations:
o Trace part yields solution for é’:

1 2, 2, 2, 2 2
V(0 497+ G-+ 29)) ~ 9=k jp-

o wo+ 1 2, K2 wo+1 _,wo+ 1
20 + 3 9 T o2w+3 ‘w2
= Trace-free second derivative part is satisfied by preceding solutions:

-5y [ 3w -8+ $] -o0.

RUVIZEN- Y SRS
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Second-order spatial equations

e Spatial components of second-order metric equations:
1 X2 x2 X2 X2 X2 x5 o[x3
—E‘U (A 9ij = 900, + " Gkk,ij = YGik jk — gjk,ik)_ Vij=kK [ Tij-

e Substitute gauge-invariant variables:

OJo+1
2w0+3

2 2
5i(* T+ Too)] :

o Wo t+ 1
2w +3
e Canonical differential decomposition of gauge-invariant equations:
o Trace part yields solution for é’:

1 2, 2, 2, 2 2
V(0 497+ G-+ 29)) ~ 9=k jp-

o wo+ 1 2, K2 wo+1 _,wo+ 1
20 + 3 9 T o2w+3 ‘w2
= Trace-free second derivative part is satisfied by preceding solutions:

-5y [ 3w -8+ $] -o0.

RUVIZEN- Y SRS

o Trace-free, divergence-free part yields trivial solution: Aé} =0=> 6; =0.
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Second-order spatial equations

e Spatial components of second-order metric equations:
wo + 1
2(.00 +3

1 2 2 2 2 2 2 2 2 2
—E‘U (A i - 900+ Giaeij — Gk jk — ngk,ik)—xw,ij = K7 [X Tj- G Too)] :

e Substitute gauge-invariant variables:
o Wo t+ 1
22" 5,
2wp+3 iP-
e Canonical differential decomposition of gauge-invariant equations:

o Trace part yields solution for é’:

1 2, 2, 2, 2 2
V(0 497+ G-+ 29)) ~ 9=k

2W0 +1 2, K2 wo+1 wo + 1
3 9 T V2w 3. “wpr2
= Trace-free second derivative part is satisfied by preceding solutions:

-y [Ju@ -8 ] -

—fW(Mg - 2Q") - A =3k

o Trace-free, divergence-free part yields trivial solution: AgJr =0=> gJr =
o Pure vector divergence part 9(;E;, does not appear.
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Third-order metric equations

e Metric equations at third velocity order:

1 x3  x8 x2 x2 x 2 2x3
—EW(A 9oi = Goji+ " 9joi— " 9ijoj) — " Voi=k""Toi.
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Third-order metric equations

e Metric equations at third velocity order:
1 3 3 2 2 2 3
V(s * 901 = oy + “ 9jioi - “ 9iof) — ¥ i = K2 Tor.
e Substitute energy-momentum tensor:

X3 3 3<> 3’
Toi=Toi =T; +0iT* = —pv;.
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Third-order metric equations

e Metric equations at third velocity order:
1 3 3 2 2 2 3
—EW(A *9o0i =¥ 9oy + “ Gjoi — *9i0j) — “0i = K F Toi.
e Substitute energy-momentum tensor:
X 3 3 3 3
Toi=Toi =T; +OT* = —pv;.
e Gauge-invariant field equation:

1 30 2. 2 30 3
—5 V(297 +2d%) ~ 0 = K2(T; +O;T*) = —K°pv;.
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Third-order metric equations

e Metric equations at third velocity order:

1 3 3 2 2 2 3

—EW(A *9o0i =¥ 9oy + “ Gjoi — *9i0j) — “0i = K F Toi.
e Substitute energy-momentum tensor:
X 3 3 3 3
Toi=Toi =T; +OT* = —pv;.
e Gauge-invariant field equation:
1 3o 2o z 2 30 30 2
—E\U(Agl + 29’0,) - ’l)b,oi =K (TI + 8IT ) =—-K pV, .

e Canonical differential decomposition:
= Pure divergence part is satisfied identically by previous solutions:

2, 2 3 K2
—WgYy — v 0i = 2OT* = —2-Yor-
vy
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Third-order metric equations

e Metric equations at third velocity order:

1 3 3 2 2 2 3

—EW(A *9o0i =¥ 9oy + “ Gjoi — *9i0j) — “0i = K F Toi.
e Substitute energy-momentum tensor:
X 3 3 3 3
Toi=Toi =T; +OT* = —pv;.
e Gauge-invariant field equation:
1 3o 2o z 2 30 30 2
—E\U(Agl + 2970,) - ’l)b,oi =K (TI + 8IT ) =—-K pV, .

e Canonical differential decomposition:
= Pure divergence part is satisfied identically by previous solutions:

2, 2 3 K2
—WgT — 0= KO = —2-Yor-

o Divergence-free part yields solution for third-order metric component éf:

2w0+3
w0+2

1 3o 23<> ‘%2 3o ’%2
VA =RT = AV W) = g7 = - (Vi W) = - (Vi+W;).
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Fourth-order metric equation

e Metric equation at fourth velocity order:

2 1 4 2 3 1 2 2 > 2 5 5
o5V [A "G00 +" G0 =2 Goior + E "G00, (Xgoo»" -27%gj+ Xg/y',i) -9 Xgoo,if]
Ta) x?2 wo+1 y2 2 2
_2X1/) Qoo—— “ 000, w’ , [ 2 ° Xgoo (XTii_XTOO)
! (2wg +3)2 ¥ 00 2w0 +3 00 g,, ii goo 00
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Fourth-order metric equation

e Metric equation at fourth velocity order:

2 1 4 2 3 1,2 2 2 2 2 2
—pro——"’ [A *goo + ¥ Gii o — 2 Xgo/',o:' + 5 *Joo,i (Xgoo,i -2%gj,+ ngj,i) -%gj Xgoo,ij]
1,2 22 wn+1 »2 2 2
35 Yoot Qoo—— goo i w i- , [ 630 *Joo (X T~ 7_oo)
w1 x2(x% x w0+1 X XT T x2 X%—
+m Y| “Tii— Too 2000+ 3 ‘ 00 — g,, i= 900" Too) |-
e Substitute gauge-invariant quantities:
1 4* 2 2 < 2* 2. 1 2* 2* 2. 2* 2. 2
- E‘U [Ag + (X,',- +X7) 295 +397%0 + 59,/(9,/ +9%) —9;(9°d; + 9})]
12 2, 2 2,2 w1
-SYA9 -Yoo- ;9% 1# ﬂb i
2 2
wo +
2 4* 2’ 2<> 2* (JJO+1 4. 4* N o . W1 22*
=K {T +(X7I+X,-)T7i+2u)o—+3 3T —T _(X7I+XI')T,I' —m’(ﬁT .
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Fourth-order metric equation

e Metric equation at fourth velocity order:

2 1 4 2 3 1,2 2 2 2 2 2
X X X x x X X X X2 X
- 1#,00——"’ [A Goo + “ gii,oo =2 9oi0i + 5 Qoo,i( Joo,i =27 gjjj + ij,i) - gjj Qoo,ij]

)

w1 X2<X2 Py ) w0+1 (X X vz 2 )
s Ti- T , T _ L ‘
! (2wg +3)2 v )" 200+ 3 00 gl/ T,/ 900" Too

e Substitute gauge-invariant quantities:

1,2 x2 wo+1 yo 2 2
—2X1/J Qoo—— goo: iﬁz [ 630 Xgoo(XTii—XToo)

1 4* 2 2<> 2* 2. 12* 2* 2. 2* 2. 2
- E\U[Ag +(X;+X/)Ag,i+39,00+Eg,i(g,i"'g,/)_gij(g 5ij+g})]
12 2, 2 12,2 w1
-SYA9 -Yoo- ;9% ¢:¢:
2 2
wo +

B 2 4* 2‘ 2<> 2* (JJO+1 4. 4* N o . w_l 22*
- {T +(X7I+X,)T7,+2wo+3[3T T —(X7,+X,)T7,]—m Tl

7 Gauge defining vector fields X appear on both sides of the equation. ..
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Fourth-order metric equation

e Metric equation at fourth velocity order:

2 1 4 2 3 1,2 2 2 2 2 2
—pro——"’ [A *goo + ¥ Gii o — 2 Xgo/',o:' + 5 *Joo,i (Xgoo,i -2%gj,+ ngj,i) -%gj Xgoo,ij]
1,2 22 wn+1 »2 2 2
35 Yypa® Qoo—— goo i w i- , [ 630 *9oo (X Ti-~ 7_oo)
+LX§J()€;—_ X3 ) w0+1 (X X xg T,__Xé X7 )
(20.)0 + 3)2 00 20.)0 +3 00 d d 00 00 '
e Substitute gauge-invariant quantities:
1 4* 2 2 < 2* 2. 1 2* 2* 2. 2* 2. 2
- E‘U [Ag + (X,',- +X7) 295 +3g%0 + 59,/(9,/ +9%) —9;(9°d; + 9})]
12 2, 2 2,2 w1
-SYA9 -Yoo- ;9% 1# ﬂb i
5 > o+

UJO+1
w0+3

2 = 20 2<> 2, 4. . ¢ G w1 22,
s {T F (X% X)T+ [3T ST (XY X )T7,.]——)¢T }

(2&)0 +3 2

7 Gauge defining vector fields X appear on both sides of the equation. ..
.. but cancel due to second order field equation.
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Fourth-order solution and PPN parameters

e Gauge-invariant equation for metric component 6*:

s 3 wi W 2wp +3 wo + 1
AQ* =8 u-8 v2 - 87 pl - 24
9 ”(w0+2+(2w0+3)(w0+2)2)” ”wo 2” s Toor2l
3w0+4 W1W T
-2 wo + 2 u ,00 ( (2(4}0 + 3)(0.]0 + 2)2) U’IU’I )

Manuel Hohmann (University of Tartu) Gauge-invariant PPN formalism 22.10. 2019 41/46



Fourth-order solution and PPN parameters

e Gauge-invariant equation for metric component 6*:

s 3 wi W 2wp +3 wo + 1
AQF=8 U-8 v> - 87pM - 24
9 ”(w0+2+(2w0+3)(wo+2)2)” ”wo 2” P Toor2l
3w0+4 W1W
-2 U U,u;.
OJ0+ 00~ ( (2w0+3)(w0+2)2) A
= Solution in terms of PPN potentials:
4* 3w0+4 4&)04—2 W1\|J w0+1
[ - d, +3P53+6 (0]
w0+ (2( %)+ 1 (w0+2 (2w0+3)(w0+2)2) 2+ 3+ w0+2 4

w1\U 2
2|1 .
( " 4(2w0+3)(w0+2)2)u
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Fourth-order solution and PPN parameters

e Gauge-invariant equation for metric component 6*:

s 3 wi W 2wp +3 wo + 1
AQF=8 U-8 v> - 87pM - 24
9 ”(w0+2+(2w0+3)(wo+2)2)” ”wo 2” P Toor2l
3w0+4 W1W
-2 U U,u;.
OJ0+ 00~ ( (2w0+3)(w0+2)2) A
= Solution in terms of PPN potentials:
4* 3w0+4 4&)04—2 W1\|J w0+1
[ - d, +3P53+6 (0]
w0+ (2( %)+ 1 (w0+2 (2w0+3)(w0+2)2) 2+ 3+ w0+2 4

WA \ 2
-21(1 u-.
( * 4(20)0 + 3)(0)0 + 2)2)
= PPN parameters reproduce well-known result: oratvedt 70

w0+1 LU1\U

i =1
wo +2° IB i 4(2(,00 +3)(WO +2)2 ’

v = ar=ag=0a3=(1=0=0=0=£{=0.
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Solution in tetrad formulation

e Express metric in terms of tetrad and solve for tetrad components.
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Solution in tetrad formulation

e Express metric in terms of tetrad and solve for tetrad components.
= Solution for tetrad perturbations:

2 _w0+1

2
0" -U, o

2 3 2wp+3
= U, 6.=0, 6°=-
w0+2 ’ i ’ ! 2&)04—4

4. 3&)0+4 1 UJ1\|J 2

0" - i u
2y 2 2 B) (2+4(2w0+3)(w0+2)2)

1 (2&104—1 w1lU ) 3 w0+1

1o - ®p+ Sg+3
T T o2 T 2(2mp13)(wo+2)2) 2T 27T 12

(Vi+W;),

P, .
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Solution in tetrad formulation

e Express metric in terms of tetrad and solve for tetrad components.
= Solution for tetrad perturbations:

2 2 w0+1 21. S 2&)04—3
= = — L= o= — V W
0"=U, 6°="00U, 0]=0, 0] =TT (Vs W),
4. 3&)0+4 1 UJ1\|J 2
0" - (2
2y 2 2 B) (2+4(2w0+3)(w0+2)2)u
1 2LUO+1 w1w 3 OJ0+1
1o - @+ g+ 3 o,
o (w0+2 2(2w0+3)(w0+2)2) 2T 2t

v~ Obtain same PPN parameters as in metric formulation.
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Solution in tetrad formulation

e Express metric in terms of tetrad and solve for tetrad components.
= Solution for tetrad perturbations:

2 2 w0+1 21. S 2&)04—3
= = — L= o= — V W
0"=U, 6°="00U, 0]=0, 0] =TT (Vs W),
4. 3&)0+4 1 UJ1\|J 2
0" - (2 U
2y 2 2 B) (2+4(2w0+3)(w0+2)2)
1 2LUO+1 w1w 3 OJ0+1
1o - @+ g+ 3 o,
o (w0+2 2(2w0+3)(w0+2)2) 2T 2t

v~ Obtain same PPN parameters as in metric formulation.
e Tetrad formulation is more useful in teleparallel gravity etc.
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Outline

e Conclusion
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e Gauge-invariant perturbation theory:
o Distinguish between physical and background spacetime.
o Gauge pulls physical metric to background spacetime.
= Gauge dependent comparison between both metrics.
o Decompose perturbations into physical data and gauge data.

Manuel Hohmann (University of Tartu) Gauge-invariant PPN formalism 22.10. 2019 44/46



e Gauge-invariant perturbation theory:

o Distinguish between physical and background spacetime.

o Gauge pulls physical metric to background spacetime.

= Gauge dependent comparison between both metrics.

o Decompose perturbations into physical data and gauge data.
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 Gauge-invariant perturbation theory:
o Distinguish between physical and background spacetime.
o Gauge pulls physical metric to background spacetime.
= Gauge dependent comparison between both metrics.
o Decompose perturbations into physical data and gauge data.
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.
e Gauge-invariant PPN formalism:
o Apply gauge-invariant perturbation theory to PPN formalism.
o Decomposition of metric and field equations.
o Avoids issues arising from necessity to choose a gauge.
= Simpler set of equations to determine PPN parameters.
o Can also be formulated for tetrad instead of metric.
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e Gauge-invariant perturbation theory:
o Distinguish between physical and background spacetime.
o Gauge pulls physical metric to background spacetime.
= Gauge dependent comparison between both metrics.
o Decompose perturbations into physical data and gauge data.
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.
e Gauge-invariant PPN formalism:
o Apply gauge-invariant perturbation theory to PPN formalism.
o Decomposition of metric and field equations.
o Avoids issues arising from necessity to choose a gauge.
= Simpler set of equations to determine PPN parameters.
o Can also be formulated for tetrad instead of metric.
e Post-Newtonian limit of scalar-tensor gravity:
o Perturbative field equations simplify in gauge-invariant formulation.
o Consistency check: obtain well-known PPN parameters.
o Also possible to use tetrad formulation to calculate solution.
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e 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 O O O
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e Extend formalism by including higher perturbation orders:

o General covariant expansion instead of space-time split.

o Allow also for fast-moving source masses.

o Consider inspiral phase of black hole merger event.

o Devise method for calculating gravitational waves.
e Further possible extensions and modifications:
Apply to formalism based on modified density p* = p\/=gu°. win s
Allow for multiple dynamical metrics / tetrads.
Take into account Vainshtein or other screening mechanisms.
Consider cosmological background and time variability of PPN parameters.
Include further PPN potentials appearing in higher derivative theories.

O O O O o
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e Extend formalism by including higher perturbation orders:
o General covariant expansion instead of space-time split.
o Allow also for fast-moving source masses.
o Consider inspiral phase of black hole merger event.
o Devise method for calculating gravitational waves.
e Further possible extensions and modifications:
Apply to formalism based on modified density p* = p\/=gu°. win s
Allow for multiple dynamical metrics / tetrads.
Take into account Vainshtein or other screening mechanisms.
Consider cosmological background and time variability of PPN parameters.
o Include further PPN potentials appearing in higher derivative theories.
e Apply formalism to complicated gravity theories:
Bimetric and multimetric gravity theories.
Multi-scalar Horndeski generalizations.
Theories involving generalized Proca fields.
Extensions based on metric-affine geometry.
Extensions of teleparallel and symmetric teleparallel gravity.

O O O O

O O O O ©o
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Further reading

MH,
“Gauge invariant approach to the parametrized post-Newtonian formalism”,
arXiv:1910.09245 [gr-qc].
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Further reading

MH,
“Gauge invariant approach to the parametrized post-Newtonian formalism”,

arXiv:1910.09245 [gr-qc].

One-sentence summary
The gauge-invariant approach provides a significant simplification of the PPN formalism.

22.10. 2019 46/46
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