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¢ Theoretical: Clash between GR and QFT
x 1nlrinsic liruls, conceptual clash, ...
* Quartium corrections, String theory ...
* fugher order theories, Lorentz or EP violalions...

¢ Observational: Inability to explain cosmological/
astrophysical riddles without dark matter/energy

* 4% baryons, 20% dark matter, 26* dark enerqy!
* acceleration ) deceleration ) Zhen acceleration

* Ccosmro/ ogica/ constant and corncidence proé/ erns
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¢ Alternative theory of gravity which: Q

M Cores as / Ol enerﬁy //‘M/‘Z‘ orﬂ A 7More
£ é(na’dMenZ‘a/ Z‘/?eory

b nc/wudes wltraviolel/ infrared corrections ¢l
respect o GGeneral Kel az‘/w‘z‘y

8 can account for Some or all Che wunexp/aned
OA\f eVl ons
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(R) grawitsy as 4 Toy Weory

But we don't know the fundamental theory!

kX we COL(/O/ A/dme 17 on oZ‘/?erS é@?"ﬁ%

* Coof Up Toy CAcories ard /yzayée even 3/\/3
Zherr Fe eedéac(’ — SowuUnds »much betder!

Typical Example: f(R) gravity

B 1
167 G

1
16w G

S

/ d*z/—gR — 8= / d*z/—gf(R)

Kevieeo: T. P. S. and Valerio Faraoni, arXiv:0805.1726 [gr-qc], commissioned by Rev. Mod. Phys.
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& The versions of (R) ganity

1. Metric: var/adion on/y eort Che rmetric
2. Palatini: varadion wrt metric and connection

X Zhe connection 15 ar /‘na’epena/enf variable but
does not enter the m»alder action!

3. Me‘l'r'ic-affine: varialion ceorl melric and

Connellion

X Zhe connecltiorn 1s an 1 ndependent variable and
enlers f/?e mcller action

Metric and Palatini variations both lead to GR for
Einstein-Hilbert action (textbook)
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( f(R) gravity )
. # 0] = 0]

l

Metric-Affine f(R) gravity
|

[SM _ SM(gW,zp)J Metric f(R) gravity
Palatini f(R) gravity (f(R) — R)
|
GED
\ »General Relativity < /
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Field equations:
f’(R)RW—% F(R)gpw = 87GTo

Va (V=gf'(R)g"")
Trace of 1st field eq.:

0

F'(R)R — 2f(R) = 87 GT

Solving for the connection:

[ = 2 |0 (F (R)guo) + 0y (f (R)Go) = 0o (f(R)gp)
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Field equations:

' (R)Ryw — %f(R)guv = 81 GI
Vi (V=9f (R)g") = 0
Trace of 1st field eq.: 4{980?@‘

Qf‘@z‘,‘o /
FRIR - 2f(R) — 8r QT ”

Solving for the connection:

[ = 2 |00 (' (R)guo) + 00 (F (R)guo) = D (F (R)guur)
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Field equations:
FRRus = 5/ (R)gu
Va (V=gf'(R)g"")
Trace of 1st field eq.:

Qf‘@z‘,‘o /
FRIR - 2f(R) — 8r QT ”
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Starting with
1 4
S = / d*zv/—gf(R)

167 G
introducing an auxiliary scalar field yields

: / /=g (F() + F/OO(R — 1)

5= 167w G

where variation gives
f"O0(R—=x) =0

T e. Dynam/ca//y e?/,(/\/a/enf actions
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Introducing the variables
=[x, V(o) =x(0)¢— f(x(9))

the action takes the form

1
167 G

5 / o g(6R — V()

Using the field equations

3 , o 3
(Vi (R)) (V' (R)) +

R = R - 5 ' (R)

(f'(R))
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Introducing the variables
=[x, V(o) =x(0)¢— f(x(9))

the action takes the form

/ CQ/‘Q;(Z( /. /

: / Fy/"g(6R — V(9))

B 16m G

S

Using the field equations

3 , o 3
(Vi (R)) (V' (R)) +

R = R - 5 ' (R)

(f'(R))
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Outcome:
S — ! /d“x\/? (ch 0 0 PO" ¢ — V(¢)>
167G I ST

g Palalin Af @ 3raw‘z‘y 1S e?é(/‘\/d/ ent o W =-"3/ 2
Brans-Dicke T??eory i

Field equation for the scalar:
(2wo +3) +2V — V' =81 GT

The scalar £leld is rnot dynarica/ !
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Remarkable result™: sAether 2he heory
has the correct Newlonan linut depends

on the dens /Z‘y !

PPN meftric:

hoo(t — 2G, | Q)
0o(t, ) Gefr . 6¢0T + Q(p)

* 4 @eéra/c a/epena/enc’/e ON f/?e MQZ‘ Zer ./

* G. J. Olmo, Phys. Rev. D 72, 083505 (2005); T. P. S., Gen. Rel. Grav. 38, 1407 (2006)
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Remarkable result™: sAether 2he heory
has the correct Newlonan linut depends

on the dens /Z‘y !

4 {985/\@,‘(3 7(2{

PPN metric: » not,o,

hoo(t — 2G, | Q)
0o(t, ) Gefr . 6¢0T + Q(p)

* 4 @eéra/c a/epena/enc’/e ON f/?e MQZ‘ Zer ./

* G. J. Olmo, Phys. Rev. D 72, 083505 (2005); T. P. S., Gen. Rel. Grav. 38, 1407 (2006)
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Non-perturbative corrections and strong coupling in the
matter sector at low energies! *

€  consider Some matler Ffield, eqg. ZA e %ﬁgé
- Che connection is an awxiliary Field

& Perturbative Zreat ment Area(’5 doon

=

non-sunmmal Cowuplings betiocen raller and
7S

melric Z‘/?o&(ﬁ/? Z‘/}e connecllion !

* E. E. Flanagan, Phys. Rev. Lett. 92, 071101 (2004); A. Iglesias et al., Phys. Rev. D 76 104001 (2007)
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Non-perturbative corrections and strong coupling in the
matter sector at low energies! *

€  consider Some matler Ffield, eqg. ZA e %ﬁgé
- Che connection is an awxiliary Field

& Perturbative treat ment breaks dowon

-

non-sunmmal Cowuplings betiocen raller and
7S

melric Z‘/?o&(ﬁ/? Z‘/}e connecllion !

1

S T / d*z\/—gf (9" Ruw) + Su (9", 1))

* E. E. Flanagan, Phys. Rev. Lett. 92, 071101 (2004); A. Iglesias et al., Phys. Rev. D 76 104001 (2007)
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Non-perturbative corrections and strong coupling in the
matter sector at low energies! *

€  consider Some matler Ffield, eqg. ZA e %ﬁgé
- Che connection is an awxiliary Field

& Perturbative treat ment breaks dowon

-

non-sunmmal Cowuplings betiocen raller and
7S

melric Z‘/?o&(ﬁ/? Z‘/}e connecllion !

uplir3
in;/”’a/ il
1 ” /

S T / d*z\/—gf (9" Ruw) + Su (9", 1))

* E. E. Flanagan, Phys. Rev. Lett. 92, 071101 (2004); A. Iglesias et al., Phys. Rev. D 76 104001 (2007)
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Non-perturbative corrections and strong coupling in the
matter sector at low energies! *

€  consider Some matler Ffield, eqg. ZA e %ﬁgé
- Che connection is an awxiliary Field

& Perturbative treat ment breaks dowon

-

non-sunmmal Cowuplings betiocen raller and
7S

elric thowgh the connection! :
Q I g In ,,:Ma/ aob‘/?/mﬁ
| — “ /
_ 4 — U v
S 60 /d T/ gf(g R,uy) SM(g 7w)

* E. E. Flanagan, Phys. Rev. Lett. 92, 071101 (2004); A. Iglesias et al., Phys. Rev. D 76 104001 (2007)
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Surface singularities in spherically symmetric
polytropes for 3/2< 1'<2 | EoS: p = kpy *

M A h/‘?é(e exlerior S ol wtion

A Mafc/w‘ng eorith any 1rterior /eads o s /nsa/ aridy

Polytropes are restricted but...

Q ,o p/'}yé rcal/ (v Mean/nﬁf v/ solution For iSent ropz‘c
gas or a/eﬂeneraz‘e non—relddivistic gas, I'=5/3
QO Zhe proé/ et 1S not restricled Zo po/ yz‘ ro/?eé

* E. Barausse, T. P. S. and J. C. Miller, Class. Quant. Grav. 25, 062001 (2008) (Fast Track);
Class. Quant. Grav. 25, 105008 (2008)
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Field equations after eliminating the connection:

Gu = 87}/GTMV - %guv (R — %) ;, (V Vi — Guv )f,
3 1 1
—5—,2{ Quu (V) } f
! AT

\\ N punction?

€ second order in the »elric — /7{9/78r order in Zhe
mcller fiel/ds!

€ patder enters the 3ra\//Z‘QZ‘ ronal action Z‘hroaﬁh
the back door / eaa//nﬁ lo aforesmentioned 155ues
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O Astrophysics, Cosmology, Theoretical Physics all
provide constraints for gravity theories

...AL(Z‘ a/So...

© Toy theories of gravity can teach us a lot about
the gravitational interaction

Several difficulties and swbtleties in »odified gravity:

“; Many conStrants o Sdf/é/;/
";* Many directions o Z‘@ée

4 /ong way Zo 30
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