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Introduction-motivation

Self-tuning

What is the matter content of the Universe today?

Assuming homogeinity-isotropy and GR

G =81GT,,

cosmological and astrophysical observations dictate the matter content of

74 % DARK ENERGY. 22% DARK MATTER

the Universe today:
A: -Only a 4% of matter has been discovered in the laboratory. We hope
to see more at LHC. But even then...
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Self-tuning

What is the matter content of the Universe today?

Assuming homogeinity-isotropy and GR

G =81GT,,

cosmological and astrophysical observations dictate the matter content of

74 % DARK ENERGY. 22% DARK MATTER

|
J 3.6% INTERGALACTIC GAS
0.4% STARS, ETC.

the Universe today:

A: -Only a 4% of matter has been discovered in the laboratory. We hope
to see more at LHC. But even then...

If we assume only ordinary sources of matter (DM included) there

is disagreement between local, astrophysical and cosmological data.
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Introduction-motivation

Self-tuning

Universe is accelerating — Enter the cosmological constant

Easiest way out: Assume a tiny cosmological constant py = 2~ = (10 %eV)*,
ie modify Einstein’s equation by,

Gp,ll U /\g;u/ = 87TGTP,V
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horizon
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Universe is accelerating — Enter the cosmological constant

Easiest way out: Assume a tiny cosmological constant py = 2~ = (10 %eV)*,
ie modify Einstein’s equation by,

Gp,ll U /\g;u/ = 87TGTP,V

@ Cosmological constant introduces v/A and generates a cosmological
horizon
@ /A is as tiny as the inverse size of the Universe today, n = HO_1

@ Note that Solar syst'em scales ~ 10 elu — 10—14
Cosmological Scales H,
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Easiest way out: Assume a tiny cosmological constant py = 2~ = (10 %eV)*,
ie modify Einstein’s equation by,
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@ But things get worse...
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Universe is accelerating — Enter the cosmological constant

Easiest way out: Assume a tiny cosmological constant py = 2~ = (10 %eV)*,
ie modify Einstein’s equation by,

Gp,ll U /\g;u/ = 87TGTP,V

@ Cosmological constant introduces v/A and generates a cosmological
horizon
@ VAis as tiny as the inverse size of the Universe today, n = HO_1
@ Note that Solar syst'em scales ~ 10 elu — 10—14
Cosmological Scales H,
@ But things get worse...

o Theoretically, the size of the Universe would not even include the moon!
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Self-tuning

Universe is accelerating — Enter the cosmological constant

Easiest way out: Assume a tiny cosmological constant py = 2~ = (10 %eV)*,
ie modify Einstein’s equation by,

Gp,ll U /\g;u/ = 87TGT#V

@ Cosmological constant introduces v/A and generates a cosmological
horizon
@ VAis as tiny as the inverse size of the Universe today, n = Ho_1
@ Note that Solar system scales 10 elu — 10—14
Cosmological Scales H,
@ But things get worse...

o Theoretically, the size of the Universe would not even include the moon!

Cosmological constant problem ')"

“
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Cosmological constant problem, [s veinberg Rev. Mod. Phys. 1989]

Cosmological constant behaves as vacuum energy which according to the
strong equivalence principle gravitates,
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Introduction-motivation

Self-tuning

Cosmological constant problem, [s veinberg Rev. Mod. Phys. 1989]

Cosmological constant behaves as vacuum energy which according to the
strong equivalence principle gravitates,

@ Vacuum energy fluctuations are at the UV cutoff of the QFT
/\VEC/S’TTG ~ Mgusy =+ ...

e —SEe_—_<>"
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Cosmological constant problem, [s veinberg Rev. Mod. Phys. 1989]

Cosmological constant behaves as vacuum energy which according to the
strong equivalence principle gravitates,

@ Vacuum energy fluctuations are at the UV cutoff of the QFT
Nvac/8TG ~ mp,...

@ Vacuum potential energy from spontaneous symmetry breaking
Aew ~ (200GeV)*
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Cosmological constant problem, [s veinberg Rev. Mod. Phys. 1989]

Cosmological constant behaves as vacuum energy which according to the
strong equivalence principle gravitates,

@ Vacuum energy fluctuations are at the UV cutoff of the QFT
Nvac/8TG ~ mp,...

@ Vacuum potential energy from spontaneous symmetry breaking
Aew ~ (200GeV)*

@ Bare gravitational cosmological constant

...,

Enormous Fine-tuning inbetween theoretical and observational value

@ Why such a discrepancy between theory and observation? Weinberg

no-go theorem
@ Why is Aops so small and not exactly zero? l)?
@ Why do we observe it now ? |
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Cosmological constant behaves as vacuum energy which according to the
strong equivalence principle gravitates,

@ Vacuum energy fluctuations are at the UV cutoff of the QFT
Nvac/8TG ~ mp,...

@ Vacuum potential energy from spontaneous symmetry breaking
Aew ~ (200GeV)*

@ Bare gravitational cosmological constant
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Enormous Fine-tuning inbetween theoretical and observational value

@ Why such a discrepancy between theory and observation? Weinberg

no-go theorem b | g

@ Why is Aops so small and not exactly zero? small cc l)?
@ Why do we observe it now ? |
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Question: What if we break Poincaré invariance at the level of the scalar field?
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Can we have a portion of flat spacetime whatever the value of the cosmological
constant and without fine-tuning any of the parameters of the theory?
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@ Solving this problem classically means that vacuum energy does not
gravitate and we break SEP not EEP.

We need:
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Question: What if we break Poincaré invariance at the level of the scalar field?
Keep gu, = nuv locally but allow for ¢ # constant.
Can we have a portion of flat spacetime whatever the value of the cosmological
constant and without fine-tuning any of the parameters of the theory?
Toy model theory of self-adjusting scalar field.
@ Solving this problem classically means that vacuum energy does not
gravitate and we break SEP not EEP.
@ Beyond leading order O(A*), radiative corrections O(A®/Mpe) may spoil
self-tuning.

We need:
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Self-tuning

Self-Tuning: general idea

Question: What if we break Poincaré invariance at the level of the scalar field?
Keep gu, = nuv locally but allow for ¢ # constant.

Can we have a portion of flat spacetime whatever the value of the cosmological
constant and without fine-tuning any of the parameters of the theory?

Toy model theory of self-adjusting scalar field.

@ Solving this problem classically means that vacuum energy does not
gravitate and we break SEP not EEP.

@ Beyond leading order O(A*), radiative corrections O(A®/Mpe) may spoil
self-tuning.

We need:
@ A cosmological background
@ A sufficiently general theory to work with
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A general scalar tensor theory

@ Consider ¢ and g, as gravitational DoF.
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Horndeski's theory

A general scalar tensor theory

@ Consider ¢ and g, as gravitational DoF.

@ Consider £ = L(guv, 8uv,iys -+ Liyeipy @y iy s +oes ¢,i1---iq)
with p, g > 2 but finite

@ L has higher than second derivatives

Similar to Lovelock’s theorem but for the presence of higher derivatives in L.
Here second order field equations in principle protect vacua from ghost

instabilities.
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The HorndeSkl aCtlon [Horndeski 1974, Int. J. Theor. Phys.], [Deffayet et al.]

L = k(4 p)00ie V" VidRy ”“—gm,p(@:p)éﬂﬁﬂ“vfw”vmv’vm
+r3(h, p)Oe o VidV dRy 7 — Az o (¢, p)OLs , VipVH V" V¢V Vi
+F(¢,p)00 Ry M — 4F (9, p) 00, VipVH V"V,

—3[2F (¢, p). + pris(6, p)IV V¥ + 2r8($, p)0h, VipV* SV V6
+ro (¢, p),
p = VgV,

where ki(¢, p), i =1,3,8,9 are 4 arbitrary functions of the scalar field ¢
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p =

ij vo 4 ij v o
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where ki(¢, p), i = 1,3,8,9 are 4 arbitrary functions of the scalar field ¢ and
its kinetic term denoted as p and

Fp = KR1,¢ — R3 — 2/)/‘\73./)
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The HorndeSkl aCtlon [Horndeski 1974, Int. J. Theor. Phys.], [Deffayet et al.]
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where ki(¢, p), i = 1,3,8,9 are 4 arbitrary functions of the scalar field ¢ and
its kinetic term denoted as p and
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h— pigh g
Jnl

...
1 [

J1---dn

Field equations are second order in metric g, and ¢ and theory is unique.

Most general galileon theory




Horndeski's theory

Cosmological field equations

Consider cosmological background:

@ Assume, ds®> = —dt* + a°(t) Lol r’(d6* +sin® 0 d¢?) |, ¢ = o(t)

1—kr2
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Horndeski's theory

Cosmological field equations

Consider cosmological background:

@ Assume, ds*> = —dt* + a°(t) [lf’irz + r?(d6® + sin* 0 d¢2)} . &= P(t)

@ Modified Friedmann eq (with some matter source).

H(av é7 ¢7 ¢’) = —Pm

a

Third order polynomial in H = £ with coeffs depending on the Horndeski
functionals. Up to first derivatives present.
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Horndeski's theory

Cosmological field equations

Consider cosmological background:

@ Assume, ds*> = —dt* + a°(t) [ a4 r*(d6? + sin® 0 d¢2)] ¢ = ¢(t)

1—kr2

@ Modified Friedmann eq (with some matter source).

H(av é7 ¢7 ¢’) = —Pm

Third order polynomial in H = g with coeffs depending on the Horndeski
functionals. Up to first derivatives present.

© Scalar eq.

£(a,5,3,0,6,6) =0
of(¢,9,a,3) +g(h,,3,3,3) =0
Linear in ¢) and a.
Also have 2nd Friedmann equation or usual energy conservation. [)?

<
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@ Vacuum energy does not gravitate.
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The self-tuning filter

Main Assumptions

@ Vacuum energy does not gravitate.

@ Assume that pm = pa, a step function of time t.
Discontinuous points, t = t., are phase transitions which are point like
and arbitrary in time.

x = time, and y = pa.
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The self-tuning filter

Main Assumptions

@ Vacuum energy does not gravitate.

@ Assume that pm = pa, a piecewise discontinuous step function of time t.
Discontinuous points, t = t., are phase transitions which are point like
and arbitrary in time.

@ Assume that spacetime is flat or a flat portion for all t

® H>+ % =0, with K =0, or kK = —1 Milne spacetime (a(t) = t) /
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The self-tuning filter

Main Assumptions

@ Vacuum energy does not gravitate.

@ Assume that pm = pa, a piecewise discontinuous step function of time t.
Discontinuous points, t = t., are phase transitions which are point like
and arbitrary in time.

@ Assume that spacetime is flat or a flat portion for all t
® H>+ % =0, with K =0, or kK = —1 Milne spacetime (a(t) = t) [%1
@ ¢ not constant but in principle a function of time t! '\
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Mathematical regularity imposed by a distributional source

@ We are going to set H? + %=0, with p(A) piecewise discontinuous. Then
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o .
H(aa (157 ¢) = —PA
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° .
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a(t), a and ¢(t) are continuous whereas ¢ is discontinuous at t = t,.
‘H has to depend on @
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Mathematical regularity imposed by a distributional source
@ We are going to set H? + %=0, with p(A) piecewise discontinuous. Then

° .
H(aa b, ¢) = —PA
a(t), a and ¢(t) are continuous whereas ¢ is discontinuous at t = t,.
‘H has to depend on @

© Scalar eq. on shell is

E(a,¢,6,9) = 6f(6,9,a) + g(¢,$,2) =0
¢ has a §(t — t.) singularity at t = ¢,
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The self-tuning filter

The self tuning filter

Mathematical regularity imposed by a distributional source
@ We are going to set H> + %=0, with p(A) piecewise discontinuous. Then

° .
H(a’ é, ¢) = —PA
a(t), a and ¢(t) are continuous whereas ¢ is discontinuous at t = t,.
H has to depend on ¢

© Scalar eq. on shell is

E(a, ¢, ¢, 0) = f (6, 6,a) + g(#, $,a) =0

¢ has a §(t — t,) singularity at t = t. Hence
f(¢,4,a)=0,  g(¢,¢,a)=0
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The self tuning filter

Mathematical regularity imposed by a distributional source
@ We are going to set H? + %=0, with p(A) piecewise discontinuous. Then
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a(t), a and ¢(t) are continuous whereas ¢ is discontinuous at t = t,.
‘H has to depend on @

© Scalar eq. on shell is
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Since t = t, is arbitrary we finally get ¢af(a) + g(a) =0
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@ We are going to set H? + %=0, with p(A) piecewise discontinuous. Then

o .
H(aa (157 ¢) = —PA

a(t), a and &(t) are continuous whereas ¢ is discontinuous at t = t,.
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© Scalar eq. on shell is

E(a,¢,6,9) = 6f(6,9,a) + g(¢,$,2) =0
Since t = t, is arbitrary we finally get ¢af(a) + g(a) =0

@ Hence on shell, £ has no dependance on ¢. ¢ fixed by Friedmann eq.
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The self-tuning filter

The self tuning filter

Mathematical regularity imposed by a distributional source
@ We are going to set H? + %=0, with p(A) piecewise discontinuous. Then

° .
H(aa b, ¢) = —PA
a(t), a and ¢(t) are continuous whereas ¢ is discontinuous at t = t,.
‘H has to depend on @

© Scalar eq. on shell is

E(a,0,,0) = 6f(¢,6,2) + g(¢,4,2) =0
Since t = t, is arbitrary we finally get ¢af(a) + g(a) =0
@ Hence on shell, £ has no dependance on ¢. ¢ fixed by Friedmann eq.

@ In the presence of matter cosmology must be non trivial. Hence & must
depend on 2 l)?

G
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The self-tuning filter

Applying self-tuning filter to cosmological Horndesky
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The self-tuning filter

Applying self-tuning filter to cosmological Horndesky

@ Using the form of Horndeski cosmological equations:
-linearity of second order terms in a and ¢
-polynomial form of ‘H
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The self-tuning filter

Applying self-tuning filter to cosmological Horndesky

@ Using the form of Horndeski cosmological equations:

@ We obtain
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The self-tuning filter

Applying self-tuning filter to cosmological Horndesky

@ Using the form of Horndeski cosmological equations:

@ We obtain
= N 145 Ly, lg
K1 = g ringo (¢) + 5 nlpl) + Z paul(¢)ﬂ - E (¢)
1 " 1, 1, 1
%3 = T6 Vrr’ngo (¢) In ‘P‘ + E Vpaul(¢)p - EB (¢) + P(¢) - E VJ'Oh"(d))(l —In |p\)
kg = 20"(6) + Vipp(¢)In [p| — A(¢)
1 1 !’

Ko =t S Vgtorge(®)p + A (¢)0°

1 1

F = - E Vgeorge(¢) — p(P)p — 5 Vjahn(¢)ﬁ Inp]

@ All p dependance integrated out.
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The self-tuning filter

Applying self-tuning filter to cosmological Horndesky

@ Using the form of Horndeski cosmological equations:

@ We obtain
1 , 1 1 1
K1 = gvringo () ( 1+ 5 Inlpl ) + vaaul(¢)P - EB(¢)
1 . 1, 1, 1
%3 = T6 Vrr’ngo (¢) In ‘P‘ + E Vpaul(¢)p - EB (¢) + P(¢) - E VJ'Oh"(d))(l —In |p\)
kg = 20"(6) + Vipp(¢)In [p| — A(¢)
1 1 !’
Ko =t S Vgtorge(®)p + A (¢)0°
1 1
F = - E Vgeorge(¢) — p(P)p — 5 Vjahn(¢)ﬁ Inp]
@ All p dependance integrated out.
@ Free functions Vgps, co cosmological constant l)?
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The self-tuning filter

Applying self-tuning filter to cosmological Horndesky

@ Using the form of Horndeski cosmological equations:

@ We obtain

_ & 0 141 ! g
K=o @ (1+5mlol )+ (#)p = S B(#)

B 1 " | 1 4 B’ 1 1—1
Ro= (@nlpl + — (@)p = - B(¢) + () — 5 (#)1 —In|p])
kg = 2p'(¢)+ (@) Inlp] — X(¢)
kg = o+ % (®)p + X (9)07

1 1

F = -5 (¢) = p(d)p — = (¢)pinp|

@ All p dependance integrated out.

@ Free functions , ¢ cosmological constant , B, p, A l)?
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The self-tuning filter

Applying self-tuning filter to cosmological Horndesky

@ Using the form of Horndeski cosmological equations:

@ We obtain
- ! Viingo. 1 ! I ! % ! B
K1 = g ringo (¢) + 5 nlpl) + Z paul(¢)ﬂ - E (¢)
1 . 1, 1, 1
%3 = T6 Vrr’ngo (¢) In ‘P‘ + E Vpaul(¢)p - EB (¢) + P(¢) - E VJ'Oh"(d))(l —In |p\)
kg = 20"(6) + Vipp(¢)In [p| — A(¢)
1 1 !’
Ko =t S Vgtorge(d)p + A (¢)0°
1 1

F = _E Vgeorge(¢) — p(P)p — 5\/jahn(¢)p|” lpl
@ All p dependance integrated out.
@ Free functions Vips, o cosmological constant B, p, A total derivatives ls’\

C. Charmousis Modified gravity and the cosmological constant problemBased o



The self-tuning filter

Applying self-tuning filter to cosmological Horndesky

@ Using the form of Horndeski cosmological equations:

@ We obtain
- ! Viingo. 1 ! I ! % ! B(¢
K1 = g ringo (¢) + 5 nlpl) + Z paul(¢)ﬂ - E (¢)
1 . 1, 1, 1
K3 = Evn'ngo (¢)In]pl + EVpau/(aﬁ)p =5t (¢) + p(o) — Evjohn(d’)(l —In|pl)
kg = 20"(6) + Vipp(¢)In [p| — A(¢)
1 1 !’

Ko =t S Vgtorge(®)p + A (¢)0°

1 1

F = - E Vgeorge(¢) — p(P)p — 5 Vjahn(¢)ﬁ Inp]
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The Fab Four

@ The Fab Four
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Relevant and irelevant terms

@ Remember the Horndeski action

| ij vo 4 ! ij v o
L = ke, p)l,V*VidRy —5/{11,,(¢,p)6;ﬁ(,v“v,-¢v VipVVid
+13(0, ) ViOV  ORy "7 = 4z (6, )30 VigVH SV ViV Vit
+F (0, 0)0 Ry " = 4F(6, ) 00 Vid V" $V Vi

—3[2F (¢, p).6 + pris($ p)IVuV* ¢ + 2k801, VidV* $V* V¢
“l’f{g(@s P)



Relevant and irelevant terms

@ Remember the Horndeski action

L =

51(6, P)8% VIV i8R 7 = S r01,(6, )OI, VViBV V1697 Vi
+r3(¢, )OI ViV SRy 7 — ks p (6, p)3i s Vi VH VY V9V Vich
+F(¢,p)80, Ry M — 4F (¢, ) 00 VipVH* ¢V Vg

—3[2F (¢, p),¢ + prs(d p)]V,uV ¢ + 2k505, VigVH $V" V¢

+ro(, p)

@ The self-tuning filter gave,

K3

Kg

K9

1., 1
= Vi) (1+ ln|p|) vpau/(wp

1
= 1 Vineo(9 )ln\p|+ 5 Viaul(0)p — John(¢)(1—|n\p|)
= leahn((ﬁ) In |p|

1 11

5 Vgeorge (¢)p

1

1
= 15 Vewrse() = 5 Vem(@)o n o



Relevant and irelevant terms

@ Remember the Horndeski action

(1)
@ The self-tuning filter gave,

1., 1
f= 5 Vi) (14 510 |p|) vpau/(qs)p

1
K3 = EvnngO( )In|p| + paul(¢)P JOh"(¢)(1 —In|p|)
K8 - john(¢) In |p|
ko = george(¢)

1 1

F= s Vese(9) — 2 Vom(@)oIn o

@ Are these terms recognisable geometric quantities?
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Relevant and irelevant terms

@ Remember the Horndeski action

(1)
@ The self-tuning filter gave,

1., 1
f= 5 Vi) (14 510 |p|) vpau/(qs)p

1
K3 = EvnngO( )In|p| + paul(¢)P JOh"(¢)(1 —In|p|)
K8 - john(¢) In |p|
ko = george(¢)

1 1

F= s Vese(9) — 2 Vom(@)oIn o

@ Are these terms recognisable geometric quantities?

@ Switch-on individually each term in the Langrangian then,
@ Use Langrangian and integrate by parts, use Ricci identities, or,



Relevant and irelevant terms

@ Remember the Horndeski action

(1)
@ The self-tuning filter gave,

1., 1
f= 5 Vi) (14 510 |p|) vpau/(qs)p

1
K3 = EvnngO( )In|p| + paul(¢)P JOh"(¢)(1 —In|p|)
K8 - john(¢) In |p|
ko = george(¢)

1 1

F= s Vese(9) — 2 Vom(@)oIn o

@ Are these terms recognisable geometric quantities?

@ Switch-on individually each term in the Langrangian then,
@ Use Langrangian and integrate by parts, use Ricci identities, or,
© Recognise equations of motion



The Fab Four

George is easy
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The Fab Four

George is easy

@ Start with Lgeorge
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The Fab Four

George is easy

@ Start with Lceorge
@ Set everybody else to zero
°
1 1

K9 = 5 Vgléorgep7 F= _E Vgeorge
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The Fab Four

George is easy

@ Start with Lceorge
@ Set everybody else to zero

1 ., 1
Ko = 5 Vgeorgep7 F= _E Vgeorge
o
1 1 S o 1
Lgeorge = _6 VgEO’ge(d))R + Ev# [Vgeorgea ¢:| - = _6 Vgsorge(¢)R

10
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The Fab Four

George is easy

@ Start with Lceorge
@ Set everybody else to zero
1 1
K9 = 5 Vgléorgep7 F= _E Vgeorge
°

1 1 1
& Viorge (DR + 5V [Vieorge? 9] - = == Voara $)R

Lgeorge

@ Einstein-Hilbert non-minimally coupled with a free scalar field

9
5

C. Charmousis Modified gravity and the cosmological constant problemBased o



The Fab Four

EoM help for Ringo and John

@ Switch on only VRingo in EoM. We find,
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The Fab Four

EoM help for Ringo and John

@ Switch on only VRingo in EoM. We find,
("]

=5 Viingo> 1o Vringo
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The Fab Four

EoM help for Ringo and John

@ Switch on only VRingo in EoM. We find,

e 1 1
! 1"
K1 = e Viingo> K3 = 1o Vringo
@ The equation of motion reads,
ik ijk Ab ijk Ab
Eringe = N/ &KL p)6Y 87 VEViOR, T+ K3(9,0)8%),, 8" VioVH oRy 7

C. Charmousis

A/ —g(xRx)H (4K1v,vj¢ + 4K3v,¢vj¢)
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The Fab Four

EoM help for Ringo and John

@ Switch on only VRingo in EoM. We find,

e 1 1
! 1
Ky = T Viingo Kz = T Vringo
@ The equation of motion reads,
ik ijk b ijk Ab
Eringo = N/ —8KL(®,0)8Y), &7 VI ViR, VT + Ka(6,0)0%) &" VoV oR, T

- \/fg(*m)"fk/ (4K1v,v,~¢> + 4K3V/¢Vj¢)

N .
_ Z\/Tg(*fy*)'fk’v,v,-v,,-ngo(qs)

@ While at the same time we have,
8 / d*xy/—g V(¢)C
M
= / d*xy/—g5g" [2¢H,-j + 4(x Ry V' 75 V(qb)] +56[04V(¢)S]
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The Fab Four

EoM help for Ringo and John

@ Switch on only VRingo in EoM. We find,

e 1 1
! 1"
K1 = e Viingo> K3 = 1o Vringo
@ The equation of motion reads,
ik ijk Ab ijk Ab
Eringe = N/ &KL p)6Y 87 VEViOR, T+ K3(9,0)8%),, 8" VioVH oRy 7

\/jg(*R*)"f“ (4K1v,vj¢ + 4K3v,¢vj¢)

@ While at the same time we have,

5 / d*x\/—g V($)¢
M

= / d'x\/ g 58" [4(xR2)ig V'V V(9)] + 56[05V(0)9]
M
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The Fab Four

EoM help for Ringo and John

@ Switch on only VRingo in EoM. We find,

e 1 1
! 1"
K1 = e Viingo> K3 = 1o Vringo
@ The equation of motion reads,
ik ijk Ab ijk Ab
Eringe = N/ &KL p)6Y 87 VEViOR, T+ K3(9,0)8%),, 8" VioVH oRy 7

\/jg(*R*)"f“ (4K1v,vj¢ + 4K3v,¢vj¢)

@ While at the same time we have,

5 / d*x\/—g V($)¢
M

= / d'x\/ g 58" [4(xR2)ig V'V V(9)] + 56[05V(0)9]
M

@ Hence LR/'ngo = VRingo(¢)g
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The Fab Four

EoM help for Ringo and John

@ Switch on only VRingo in EoM. We find,

e 1 1
! 1"
K1 = e Viingo> K3 = 1o Vringo
@ The equation of motion reads,
ik ijk Ab ijk Ab
Eringe = N/ &KL p)6Y 87 VEViOR, T+ K3(9,0)8%),, 8" VioVH oRy 7

A/ —g(xRx)H (4K1v,vj¢ + 4K3v,¢vj¢)

@ While at the same time we have,

5 / d'x\/ & V(9)¢
M

= / d'x\/ g 58" [4(xR2)ig V'V V(9)] + 56[05V(0)9]
M

@ Hence LR/'ngo = VRingo(¢)G
@ Similarly £ jop, = VjohnGijV’.¢Vj¢-
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The Fab Four

EoM help for Ringo and John

@ Switch on only VRingo in EoM. We find,
° 1 1
’ 7
Ky = E Vrr’nga’ Kz = E Vringo
@ The equation of motion reads,
ik ijk Ab ijk Ab
Cingo = N/ 8K, 0)8Y), &7 VI ViR, VT + Ka(9,0)0%) &" VoV oR, T

\/fg(*m)ff“ (4K1v,v,¢ + 4K3V/¢Vj¢)

@ While at the same time we have,

5 / d*xy/—g V($)G
M

= / d*xr/—g 88" [4(xR2) V' V*V(9)] + 8910, V()]
M

Hence LR/’ngo = VRingo(¢)G_ _
Similarly £ jopn = Vjohn Gij V' ¢V’ .

[}

All three £ Georges LRingo> £ John are KK Lovelock densities
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The double dual tensor

@ In 4 dimensions we can define a dual of the curvature tensor
by dualising each pair of indices much like the Faraday tensor in EM

1 b
*F :58 dFCd

© 0



The double dual tensor

@ In 4 dimensions we can define a dual of the curvature tensor
by dualising each pair of indices

@ Double Dual (xRx)

1 .
_ ij kI __ 1 cijkl
(*R*)pvor = — 2w Rijki €51 = 15“,“” Riji

As appearing in the Horndeski action

©0



The double dual tensor

@ In 4 dimensions we can define a dual of the curvature tensor
by dualising each pair of indices

@ Double Dual (xRx)

1 .
_ ij kI __ 1 cijkl
(*R*)pvor = — 2w Rijki €51 = 15“,“” Riji

@ Same index properties as R-tensor
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The double dual tensor

@ In 4 dimensions we can define a dual of the curvature tensor
by dualising each pair of indices

@ Double Dual (xRx)
R _ 1l ig =15 R
(* *);u/n)\ = —7€uw Nkl Eox = 3 ijkl

4 pro

@ Same index properties as R-tensor

@ Divergence free: 4
Vi(xRx) ' =0
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The double dual tensor

@ In 4 dimensions we can define a dual of the curvature tensor
by dualising each pair of indices

@ Double Dual (xRx)

1 .
_ ij kI __ 1 cijkl
(*R*)pvor = — 2w Rijki €51 = 15“,“” Riji

@ Same index properties as R-tensor

@ Divergence free: 4
Vi(xRx) ' =0

© Simple trace is Einstein . '
(xR%)"j = =G,



The Fab Four

@ Last term is not recognisable. However, numerous Padilla tricks bring it
to the form,
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The Fab Four

@ Last term is not recognisable. However, numerous Padilla tricks bring it
to the form,

o
Lo = V—8Veau(9) [R* V.8V adV, Vst

+G" (VupVad — 8ua(VP)' )V V.o
+R*(VuVad — 8ua0d) V¢V, ]
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The Fab Four

@ Last term is not recognisable. However, numerous Padilla tricks bring it

to the form,
o
Lot = v=8Vraui(9) [R* V.0V adV, Vit
+G"(Vu9Vad — 8ua(V6))VV.6
+R™ (VuVad — 8.a00) V6V, ¢]
° 777
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The Fab Four

@ Last term is not recognisable. However, numerous Padilla tricks bring it

to the form,
o
ﬁpaul = VvV _gVPau/(¢) [R#VQ6VM¢VQ¢VVV5¢+
+G"(Vu9Vad — 8ua(V6)*) VOV,
+R™(VuVad — 8ua00)V 6V, ]
@ However,

(*R*)NV&@ R#Va/3+2RV[Oé Bln _ RM[& 5]V+Rgﬂ[a 5]”7

10
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The Fab Four

@ Last term is not recognisable. However, numerous Padilla tricks bring it

to the form,
o
ﬁpaul = VvV _gVPau/(¢) [R#VQ6VM¢VQ¢VVV5¢+
+G"(Vu9Vad — 8ua(V6)*) VOV,
+R™(VuVad — 8ua00)V 6V, ]
@ However,

(*R*)NV&@ R#Va/3+2RV[Oé Bln _ RM[& 5]V+Rgﬂ[a 5]”7
@ Therefore

Losst = V=8 Vo 9)(+RA)" 7V 6V a6V, V 56 9
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The Fab Four

@ Last term is not recognisable. However, numerous Padilla tricks bring it

to the form,
o
ﬁpaul = VvV _gVPau/(¢) [R#VQ6VM¢VQ¢VVV5¢+
+G"(Vu9Vad — 8ua(V6)*) VOV,
+R™(VuVad — 8ua00)V 6V, ]
@ However,

(+Ri)HVeB — Ruves | ppvlegBln _ opula gBlv | panle Bl
@ Therefore
Lpaul = _gVpaul(qs)(*R*)lwaﬁva’va¢vuvﬁ¢ l

D)
@ Also a higher KK Lovelock density [x v axoleyen] ‘\%
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The Fab Four

Putting it all together
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The Fab Four

Putting it all together
from Horndeski s general action,

" 4 "
L = wi(s, 08 ViR, VT — gril.p(o‘np)éﬂkyav"'V@V'/VMV”de’
+13(6, P00 0V ORy VT — Ans (6, p)8, o VigVH VY V6V Vi

+F(, p)8T R, MY —4F(¢,p), ,80 V;¢VH VYV

v N pv

—3[2F (¢, p),¢ + prg(P ;})]V“V"Lé + 2#;85ZVV,-¢V“¢VVVJ-¢

+ro(¢, )
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The Fab Four

Putting it all together
from Horndeski s general action,

" 4 "
L = wi(s, 08 ViR, VT — gril.p(o‘np)éﬂkyav"'V@V'/VMV”de’
+13(6, P00 0V ORy VT — Ans (6, p)8, o VigVH VY V6V Vi

+F(, p)8T R, MY —4F(¢,p), ,80 V;¢VH VYV

v pv
—3[2F (¢, p),¢ + prg(P ;})]V“V"Lé + 2#;85ZVV,-¢V“¢VVVJ-¢
+rg($: p)

Self-tuning filter
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The Fab Four

Putting it all together
from Horndeski s general action, Self-tuning filter

Lion = /—&Viohn(¢) GV .0V ¢
L paul V=8 Vooul(9) (xR¥)"* PV .V 0V, V 5

L george V=8 Vgeorge($)R
Acringo = vV —8 Vringo(@) G

@ All are scalar-tensor interaction terms. No kinetic or potential scalar terms
@ All related to Lovelock densities via KK reduction.

@ divergence freedom keeps order of PDE s down.
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The Fab Four

Cosmology equations and self tuning

@ Friedmann equation reads H = —pa
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The Fab Four

Cosmology equations and self tuning

@ Friedmann equation reads H = —pa
(*]
. H .
Moo = 3Vionn(@)5" (H* + 25 ) + 6Vion(8)6H
. K .
Hpau/ - - 9Vpaul(¢)¢3H (H2 + ;) - 6VP3U/(¢)¢3H3
R 3 V/eor e
ngorge = 76Vgeorge(¢) |: (H2 oty 72) + H¢\/gg:|
a george
; K
Hringo = —24 Vr/ingo(()b)QSH (Hz + ?)
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The Fab Four

Cosmology equations and self tuning

@ Friedmann equation reads H = —pa

H john

3Viom(@)0 (H + 25 ) + 6Viamn(0)8°H

. K .
Hpau/ - - 9Vpaul(¢)¢3H (H2 + ;) - 6VP3U/(¢)¢3H3
i V/eor e
ngorge = 76Vgeorge(¢) |: (H2 + %) + H¢gg:|
a Vgeorge
; K
Hingo = — 28Vingo(9)OH (H2 + ?)

@ First find self tuning vacuum setting H? + =0
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The Fab Four

Cosmology equations and self tuning

@ Friedmann equation reads H = —pa
o
Hjohn = 6 vjohn((ﬁ)éz H2
Hpaul = 6 Vpaul((z))(l53 H3
Vi
ngorge = —6 Vgeorge(¢) H ¢ﬁ
Vgeorge
Hringo = 0

@ First find self tuning vacuum setting H? + 5 =0

@ Algebraic equation with respect to ng Hence ¢ is a function of time t
with discontinuous first derivatives at t = t,

10
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The Fab Four

Cosmology equations and self tuning

@ Friedmann equation reads H = —pa
o
Hjohn = 6 vjohn((ﬁ)éz H2
Hpaul = 6 Vpaul((z))(l53 H3
Vi
ngorge = —6 Vgeorge(¢) H ¢ﬁ
Vgeorge
Hringo = 0

@ First find self tuning vacuum setting H? + 5 =0

@ Algebraic equation with respect to ng Hence ¢ is a function of time t
with discontinuous first derivatives at t = t,

@ Ringo cannot self-tune without a little help from his friends. l

10
5
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The Fab Four

Cosmology equations and self tuning

@ Scalar equation, Ey = Ejonn + Epaui + Egeorge + Eringo = 0
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The Fab Four

Cosmology equations and self tuning

@ Scalar equation, Ey = Ejonn + Epaui + Egeorge + Eringo = 0

o
d . .
Ejomn = 6 [a* Viom(6)$A2] — 32° Vi (6) o
d . .
Epaut = —9—- [a” Voau(0)0° HA] + 387V (6)6° HA,
d .
Egeorge = _65 [33 Véeorge(¢)A1] + 633 Vééorge(¢)¢A1 + 633 Vg/eorge(‘i’)A%

o ' d s (i L )}
Enngo = 24Vn’ngo(¢) dt |:a a2 Al + 3A3

10
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The Fab Four

Cosmology equations and self tuning

@ Scalar equation, Ey = Ejonn + Epaui + Egeorge + Eringo = 0

(]
Ejohn = 6% [33 \/john(¢)§2>A2] — S \/j/ohn(qs)d)2A2
Eonit = ~9-9 [V ()87 HIs] + 35" Vi ()5 H
Ererse = 6. [ Viergo(6) 1] + 6 Ve ()91 + 62°Vfore ()]
-0 (5010
@ where

- (L
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The Fab Four

Cosmology equations and self tuning

@ Scalar equation, Ey = Ejonn + Epaui + Egeorge + Eringo = 0

(]
Ejohn = 6% [33 \/john(¢)§2>A2] — S \/j/ohn(qs)d)2A2
Eonit = ~9-9 [V ()87 HIs] + 35" Vi ()5 H
Ererse = 6. [ Viergo(6) 1] + 6 Ve ()91 + 62°Vfore ()]
-0 (5010
@ where

a

A, =H"— (M)
@ which vanishes on shell as it should
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The Fab Four

Cosmology equations and self tuning

@ Scalar equation, Ey = Ejonn + Epaui + Egeorge + Eringo = 0
°

d . , .
Ejomn = 6 [a* Viom(6)$A2] — 32° Vi (6) o

d . .
Epaut = —9— [2° Voo (9)$° HA: | + 33" Vo (8) 9 HA,

= |
d .
Egeorge = —6— [33 Véeorge(¢)A1] + 633 Vééorge(¢)¢A1 + 633 Vg/eorge(‘i’)A%

dt
: d|:3(m ; ):|
ringo — — ringo A —A
Enso = —24V,ingo(9) = |a* (S50 + 5 s

@ where R
A, =H"— (M)
a
@ which vanishes on shell as it should
- 10
@ For non trivial cosmology need >’

{Viohn, Vpaut, Vigeorge, Viringo } 7 {0, 0, constant, constant} |
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Conclusions

@ Starting from a general scalar tensor theory (Horndeski)
@ We have filtered out the theory with self-tuning properties

@ Theory has enchanting geometrical properties which we need to
understand
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Conclusions

Conclusions

@ Starting from a general scalar tensor theory (Horndeski)
@ We have filtered out the theory with self-tuning properties

@ Theory has enchanting geometrical properties which we need to
understand

@ Still have 4 free functions which parametrise the theory. These need to be
fixed by cosmology, stability and local constraints.

Many questions unanswered:
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Conclusions

Conclusions

@ Starting from a general scalar tensor theory (Horndeski)
@ We have filtered out the theory with self-tuning properties
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© Maybe we can do better by redoing solar system tests from scratch for
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0

D)
Black hole solutions of such theories could really help. Also self tuning in >’
different backgrounds. A"
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the scalar potential term V/,

S[r, guw] = /d4x\/—gR+ L(7, g, 0™, V)

Assume gy, = 7),,, ™ = constant. Then
On-shell Ly = —Vo+/—g where Ly = L(n,.., constant, \)

with EoM,
oL — oL =0
Oguv 0 o |0

scalar EoM is related to the trace of gravity equation
Then Lagrangian has remnant symmetry,

08uy = €8uv and om = —e

and hence

L= v—=8L(8uv,0) with gu, = €" gy

All dependance in 7 has dropped out.

So,on-shell for vacuum we have

oL _ 1 _pv
Oguv 10 =328 Lo

Hence Vo(A) = 0 and thus the cosmological constant is fine tuned
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Einstein-Hilbert non-minimally coupled with a free scalar field

The remaining terms need more work.

Back to classical GR
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@ In 4 dimensions we can define a dual of the curvature tensor
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@ In 4 dimensions we can define a dual of the curvature tensor
by dualising each pair of indices

@ Double Dual (xR*)

1. .
_ i kI _ 1 sijkl
(*R*)vox = T Rijkt €ox° = 39,5 Rii

Same index properties as R-tensor

Divergence free:

©0

Vi(*R*)jk/ f—p

e Simple trace is Einstein

ki
(xR*)" j = =G},

o Hence -
1 sii By _ i
1%uvo Rjk =-G,

(xRa)ivaB _ guvaB | opvle Blu _ ppule Bl | gl Blv
e Finally the 2nd order Lovelock tensor originating from variation of Gis:

Kim 1 5
Hij = (*R*);i"" Rikim — Zgijg

In D =4 Hj = 0 hence (*R*)ikl’”Rjk/m = %g,jg’;
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("]
1 ! 1 1"

K3 =

Ki = E Vrr'ngo’ E ringo

Note the absence of ¢~ Ringo cannot self-tune without a little help from his friends.
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e 1 1
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Ky = T Viingo Kz = T Vringo
@ The equation of motion reads,
ik ijk b ijk Ab
Eringo = N/ —8KL(®,0)8Y), &7 VI ViR, VT + Ka(6,0)0%) &" VoV oR, T
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N .
_ Z\/Tg(*fy*)'fk’v,v,-v,,-ngo(qs)

@ While at the same time we have,
8 / d*xy/—g V(¢)C
M

:/ d*x+/—gog” [2¢H,-j +4(*R*),.kj,v’ka(¢)] +56[04V(¢)S]
M
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Ky = E Vrr’nga’ Kz = E Vringo
@ The equation of motion reads,
ik ijk Ab ijk Ab
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@ While at the same time we have,
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Hence LR/’ngo = VRingo(¢)G_ _
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[}

All three £ Georges LRingo> £ John are KK Lovelock densities
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@ Last term is not recognisable. However, numerous Padilla tricks bring it
to the form,

Lo = V—8Veau(9) [R* V.8V adV, Vst
+G*(VupVad — 8ua(V9) )V V.0
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Loast = VBV () (+R)" OV 16V a6, V50 9
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