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@ So far unexplained cosmological observations:

@ Accelerating expansion of the universe
e Homogeneity of cosmic microwave background
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@ Models for explaining these observations:

o ACDM model / dark energy
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@ So far unexplained cosmological observations:
@ Accelerating expansion of the universe
e Homogeneity of cosmic microwave background
@ Models for explaining these observations:
o ACDM model / dark energy
o Inflation
@ Physical mechanisms are not understood:

e Unknown type of matter?

Modification of the laws of gravity?

Scalar field in addition to metric mediating gravity?
Quantum gravity effects?
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@ So far unexplained cosmological observations:
@ Accelerating expansion of the universe
e Homogeneity of cosmic microwave background
@ Models for explaining these observations:
o ACDM model / dark energy
o Inflation
@ Physical mechanisms are not understood:
e Unknown type of matter?
o Modification of the laws of gravity?
e Scalar field in addition to metric mediating gravity?
o Quantum gravity effects?

@ Horndeski gravity (c. w. Horndeski 74:

Scalar-tensor theory of gravity.

e Most general STG with second order field equations.

e Healthy, ghost-free theory.

e Contains many interesting cases (Galileons, Higgs inflation. . .).
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Gravitational action

o ACtion fUnCtionaI [T. Kobayashi, M. Yamaguchi, J. 'i. Yokoyama '11]:

5
S=> / d*XV/=9LilGuv: 8] + SmlGpu xm] -
i=2
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Gravitational action

o ACtion funCtiOI’la| [T. Kobayashi, M. Yamaguchi, J. 'i. Yokoyama '11]:

5
=3 [ d"xv/=GLGu-¢] + Snlgus: X
=2

@ Gravitational Lagrangian with X = -V ,¢V#¢:

L2 = K(6.X).
[,3 = _GS(¢7X)D¢7

L4 = Ga(&, X)R + Gax(6, X) (06 — (V. V,0)?] |
£5 - GS(¢, X)GNVVHVVQS

~ £Gox(6.X) [(C0)° ~ 3OO)V,T,0) +2(V,V06)?]
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Gravitational action

o ACtion funCtiOI’la| [T. Kobayashi, M. Yamaguchi, J. 'i. Yokoyama '11]:

5
=3 [ d"xv/=GLGu-¢] + Snlgus: X
=2

@ Gravitational Lagrangian with X = -V ,¢V#¢:

'CZ = K(¢/X)7
Lg = —Gs(¢, X)0e,

L4 = Go(6. )R+ Gox(6. X) (@) = (V,.9,0)7]
L5 = G5(¢,X)GMVV”VV¢

— §8sx(6.X) [(09)° = 3TO)NV,Vu0)? +2(V,0u0)?]

@ Free functions K, Gs, Ga, Gs.
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Field equations

@ Structure of the field equations:

5
Zg;w: uu, ZVMJI ZP&
i=2
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Field equations

@ Structure of the field equations:

5
Zgl’“,: Tuv ZV”JI ZPQ'
i=2

@ More convenient: trace-reversed field equations:

N 1
;R;w: 57w =73 <TW—2gWT> .
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Field equations

@ Structure of the field equations:

5
Zglllu: MVa ZV”JI ZP&
i=2
@ More convenient: trace-reversed field equations:
5
1= A 1
ZRLV =5Tw=15 <TW - 2gWT> :
i=2
@ Geometry tensors:

. 1 o i
R;u/ = g;u/ - égm/gp géa
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Perturbative expansion

@ Background solution:
o Minkowski metric 7,,,,
o Constant scalar field value ¢
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Perturbative expansion

@ Background solution:
o Minkowski metric 7,,,,
o Constant scalar field value ¢

@ Perturbation of dynamical fields:

1
G =Mw +huw, o=+, X:_Ev“@bvud)-
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Perturbative expansion

@ Background solution:
o Minkowski metric 7,,,,
o Constant scalar field value ¢

@ Perturbation of dynamical fields:

1
9w =N + by, o=+, X:_vajvuﬂ)-

@ Taylor expansion of free functions:

K. X)= > Kmnt"X".

m,n=0
@ Expansion coefficients:

1 gmn

K(m,n) = mlnl 8q§m8X” K(¢7 )‘(p:CD,X:O .

@ Similar expansion for Gz, Gy, Gs.
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Post-Newtonian approximation

@ Perfect fluid energy-momentum tensor:
™ = (p+ pl+ p)utu” + pg"” .

Four-velocity u*.

Matter density p.

Specific internal energy I.
Pressure p.
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Post-Newtonian approximation

@ Perfect fluid energy-momentum tensor:
™ = (p+ pl+ p)utu” + pg"” .

o Four-velocity u*.

o Matter density p ~ O(2).

e Specific internal energy N ~ O(2).
Pressure p ~ O(4).

@ Slow-moving source matter:

T

@ Assign velocity orders |v/|” ~ O(n) based on solar system.
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Post-Newtonian approximation

@ Perfect fluid energy-momentum tensor:
™ = (p+ pl+ p)utu” + pg"” .

o Four-velocity u*.

e Matter density p ~ O(2).

e Specific internal energy N ~ O(2).
Pressure p ~ O(4).

@ Slow-moving source matter:

T

@ Assign velocity orders |v/|” ~ O(n) based on solar system.
@ Relevant terms for dynamical fields:

2 2 3 4
ha) . h,(j), hgp, H @ @
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Post-Newtonian approximation

@ Perfect fluid energy-momentum tensor:
™ = (p+ pl+ p)utu” + pg"” .

o Four-velocity u*.

e Matter density p ~ O(2).

e Specific internal energy N ~ O(2).
Pressure p ~ O(4).

@ Slow-moving source matter:

I _
v = 0 < 1.
@ Assign velocity orders |v/|” ~ O(n) based on solar system.
@ Relevant terms for dynamical fields:

2 2 3 4
ha) . h,(j), hgp, H @ @

@ Time dependence only through motion of source matter.
= Assign time derivative 9y ~ O(1).
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Spherically symmetric solution

@ Static, point-like mass source:
p=MsX), N=0, p=0, v,=0.
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Spherically symmetric solution

@ Static, point-like mass source:
p=M§(X), NM=0, p=0, v,=0.
@ Spherically symmetric metric:
goo = —1 +2Gen(r)U(r) — 2GZ(r)B(r)U2(r) + ©@W(r) + 0(6) .

90j = O(5),
9ii = [1 +2Ger(N)y(n)U(r)] 65 + O(4) .

Newtonian potential: U(r) = M/r.
Gravitational self energy ®®*)(r).
Effective gravitational constant Ge(r).
PPN parameters ~(r) and 5(r).

7/17
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Spherically symmetric solution

@ Static, point-like mass source:
p=M5X), N=0, p=0, v;=0.

@ Spherically symmetric metric:
goo = —1+2Ge(N)U(r) — 2GE(nB(NU*(r) + (1) + O(6),

90j = O(5),
9ii = [1 +2Ger(N)y(n)U(r)] 65 + O(4) .

e Newtonian potential: U(r) = M/r.

o Gravitational self energy ®(*)(r).

o Effective gravitational constant Ges(r).
o PPN parameters ~(r) and 5(r).

@ Consistency condition:
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Scalar field (®

@ Scalar field equation at O(2) is screened Poisson equation:

o) = my2® = —cyp.
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Scalar field (®

@ Scalar field equation at O(2) is screened Poisson equation:

o) = my2® = —cyp.

@ Solution:
mwl’

v®(r) =

cy€e
Arr?
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Scalar field (®

@ Scalar field equation at O(2) is screened Poisson equation:
2
¥ — my2y® = —cyp.

@ Solution:

@ Constants:

—2K
my, = J (2.0) ,

K0,1) — 2G3(1,0) +3

G4(0 0)

1

G0 G4(1 0)

C K - 2G +3— .
v 2Gy(0,0) (01) 3010 Ga(0,0)
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Effective gravitational constant Gg(r)

@ Metric field equation:

i = crv® — cap.
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Effective gravitational constant Gg(r)

@ Metric field equation:

higy = crv® — cap.

@ Solve and read off effective gravitational constant:

]
Geff(r) = ar

cic
Co+ 2 Zw(e‘mwr - 1)] .
My
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Effective gravitational constant Gg(r)

@ Metric field equation:
hsgi = o1t — cap.

@ Solve and read off effective gravitational constant:

Geri(r) =

c
Co+ ! 1/’( —mwr_.l)] .
mé,

@ Constants:

1
G4(1 0 K0 G4(1 0)

¢ = —2 40RO (4 oG 43200 )
1 Gaon) (0,1) 3(1,0) Gaoo)

1
1 G§(1 0) G§(1 0)
+ Koy —2G +3—— .
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PPN parameter ~

@ Metric field equation:

Py = (CW(Z) - C4P> 0j -
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PPN parameter ~

@ Metric field equation:
hiFu = (cov® — cap) .
@ Solve and read off PPN parameter ~:
Cs+ 23t(emr — 1)
my

Co+ St (M — 1)
1/’

y(r) =
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PPN parameter ~

@ Metric field equation:
hiFu = (cov® = cup) .
@ Solve and read off PPN parameter ~:
Cs+ 2t (eMmr — 1)
my

Co+ St (M — 1)
1/’

y(r) =
@ Constants:

1
Ga(1,00K2,0) Gz(1 0)

_pM0TRO) (e DGy gy + 3 )
Ga(0,0) (01) 3(1.0) Ga(0,0)

1

Ch=—
! Ga(0,0)

1
1 G§(1 0) G2(1 0)
— — ’ K 2G + 33—
2 2Gu0,0) (0:1) 7 =5(1.0) Ga(0,0)

I
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PPN parameter ~

@ Metric field equation:

@ Solve and read off PPN parameter ~:

2w+ 3—e ™l

= arems
@ Constants:
Ga(0,0)
w = = (Ko.1) = 2Gs1.,0)) -
263(1,0)
"\ Ko - 2G 3o
(0.1) 3(1,0) T 9 Gy,
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PPN parameter S

@ Calculate 8 from fourth order solution:

g(ry=1+

1 w+T—4er_2m¢,
(2w + 3+ eMr)2 2w+ 3

+ (2w + 3)m¢r[em¢’ In(myr) — %efz’"w’
— (myr+e™") Ei(—2m¢r)]

6ur + 3(3w + 7 + 60 + 3)my2r
2(2w + 3)m¢

— e ™'Ei(—myr)] },

(€™ Ei(—3myr)
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PPN parameter S

@ Calculate 8 from fourth order solution:

1 {w+7—4wae_2mw,

=1
pn) * (2w + 3+ e M2 2w+3

+ (2w + 3)mwr[e’"v’ In(myr) — %ef2mwr

— (myr+ €™’ Ei(—2m¢,r)]

6ur + 3(3w + 7 + 60 + 3)m,2r
2(2w + 3)m,)

— e M Ei(—myr)] } :

[ Ei(—3myr)

@ Constants my,,w, 7,0, 1.
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@ my — 0, all other constants fixed and finite:

w1 B—1+ w+T7—4wo
w42 T (2w +3)(2w + 4)2°

~

Manuel Hohmann (University of Tartu) Horndeski PPN - arXiv:1506.04253 29. June 2015 12/17



@ my — 0, all other constants fixed and finite:

w1 B—1+ w+T7—4wo
w42 T (2w +3)(2w + 4)2°

~

@ w — oo, all other constants fixed and finite:

y=p6=1.
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@ my — 0, all other constants fixed and finite:

w1 B—1+ w+T7—4wo
w42 T (2w +3)(2w + 4)2°

~

@ w — oo, all other constants fixed and finite:

y=p6=1.
@ myr — oo, large distance from the matter source:
y=p=1.
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Full PPN parameters for massless theory

@ Consider more restricted theory:

= All mass-like terms for ¢y vanish.
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Full PPN parameters for massless theory

@ Consider more restricted theory:

= All mass-like terms for ¢ vanish.
= PPN limit assumes standard form with constant PPN parameters.
@ PPN parameters:
w+ 1 w+ T —4dwo
= — = 1
T2 & +4(w+2)2(2w+3)’

m=ap=m3=0=0=03=4=(=0.

= Only ~ and g potentially deviate from observed values.
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Example: scalar-tensor gravity with potential

@ Gravitational action:

Sa= iz | dxv=a (oA —“Do0000 - 2:2(s)) .
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Example: scalar-tensor gravity with potential

@ Gravitational action:

Sa= iz | dxv=a (oA —“Do0000 - 2:2(s)) .

@ PPN parameters uH, L. sary, P kuusk, E. Randia 3]

- 2wg + 3 — e M’

M) = 5y T3 e
B(r) =1+ 1 o e 2M 4 (2w + 3)myr
(2wo +3+e ™72 | 2wy + 3

1
X [e‘"’w’ In(myr) — (myr + ™) Ei(—2myr) — e‘z"’w’]

2

3my,r oV dwq myre: CmyrE:
+ _275 —3myr) — Ei(—m .
5 (1 v, 2 3> [e™ Ei(—3myr) — e i(—myr)]
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Example: Higgs inflation

@ Gravitational action i L. sezrukov, M. Shaposhnikov ‘081

SG_/d“x\/_( Mo~ g x - V(¢)) .
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Example: Higgs inflation

@ Gravitational action i L. sezrukov, M. Shaposhnikov ‘081

2 o2
SG:/&Aﬁg<Muf¢R+X—W@).

@ PPN parameters:

P2 ®3
y=1-4&e ™' — 1+ O :
T <M8|>

B=1+ {263 2™ — m,r[e 2™’ — 2e~™" In(myr)

®2 ®°
+2(myr + €™ "Ei(—2myr)] }W +0(—| -
PI
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@ Horndeski’s gravity theory:

o Most general scalar-tensor theory with second order equations.
e Four free functions of ¢ and X = —V#¢V ,¢/2.
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@ Horndeski’s gravity theory:
o Most general scalar-tensor theory with second order equations.
e Four free functions of ¢ and X = —V#¢V ,¢/2.

@ Example theories:

o Classical scalar-tensor gravity with arbitrary potential.
e Models of Higgs inflation.
o Galileons.
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@ Horndeski’s gravity theory:
o Most general scalar-tensor theory with second order equations.
e Four free functions of ¢ and X = —V#¢V ,¢/2.

@ Example theories:

o Classical scalar-tensor gravity with arbitrary potential.
e Models of Higgs inflation.
o Galileons.

@ PPN parameters:

e Most general theory: obtained PPN parameters ~(r) and S(r).
o Massless scalar field: only v and  potentially deviate.
o Reproduces and generalizes well-known results.
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@ Extend analysis to more general theories:
o Allow time-dependent scalar background field ¢ # 0.
e Theories beyond Horndeski / G3-inflation.
o Multi-scalar Horndeski gravity.

Manuel Hohmann (University of Tartu) Horndeski PPN - arXiv:1506.04253 29. June 2015 17/17



@ Extend analysis to more general theories:
o Allow time-dependent scalar background field ¢ # 0.
e Theories beyond Horndeski / G3-inflation.
o Multi-scalar Horndeski gravity.
@ Take screening mechanisms into account:
e Vainshtein mechanism.
e Chameleon mechanism.
@ Symmetron mechanism.
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