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The state of General Relativity in 1957

“There exists. .. one serious difficulty, and that is the lack of
experiments. Furthermore, we are not going to get any
experiments, so we have to take the viewpoint of how to deal
with the problems where no experiments are available. ... the
best viewpoint is to pretend that there are experiments and
calculate. In this field we are not pushed by experiments but
pulled by imagination.”

R. Feynman, Chapel Hill workshop on gravitation (1957)
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variance of fluctuations
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Dark Energy
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“The elegant logic of general relativity theory, and its precision tests,
recommend GR as the first choice for a working model for
cosmology. But the Hubble length is fifteen orders of magnitude
larger than the length scale of the precision tests, at the astronomical
unit and smaller, a spectacular extrapolation.”

Jim Peebles, IAU 2000
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Intensity
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... sSmall inconsistencies.

® | amb shift
® VWu parity violation experiment
® Fitch-Cronin CP violation

® Precession of perihelion of Mercury




The Theory




Einstein Gravity

Curvature
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Metric of space-time

Lovelock’s theorem (1971) :“The only second-order, local gravitational field equations
derivable from an action containing solely the 4D metric tensor (plus related tensors) are the
Einstein field equations with a cosmological constant.”

See also Hojman, Kuchar & Teitelboim (1976)
¥
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Jordan-Brans-Dicke Theory

One free parameter

/

SZ/.(IAX\/—_g OR wZDVu(f)V“(P—I-V-l—gM[guv-QD]}

Cassini gertottietal 2003 WRD > 40,000
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Extra degrees of freedom
metric ===3 add @, A",f.s etc.

4D == e.g.in 5 dimensions:

L g Y '3 A X
gAB = As o
df

2nd order =3 e.g. if/(/“l-l'\/j.(/f(l?) define ¢ = ik

P All transform

differently under
diffeomorphisms




Background 52 — (O aurdr” = —ar? + a?(t)(di)?
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linear perturbation theory
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Linear Perturbations

0

g (@3 ‘)) — g ((\ 3) + / ! X d

pv = pu(l+0ar)
o = ¢o+09

Construct most general quadratic action which has:

* upto 2nd order in time derivatives
® / la 3 — / a3 + v('x E 3 + v:"3 5('\ Where L - — Ia + ECY
* inherits symmetries of the background
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Linear Perturbations

S = / d*xr/—qO (VR N whas + s VPRV Ghus
+a3sVEAV *hyyo + s VAV b+ s VPR, VY00 + - - -

Properties:
® (,qs,---)are functions of ¢

* ax(?)depend on transf. props of extra fields

* clear mapping theory «—» o (t)
* clear physical interpretation of each ax(t)

Examples:

* Scalar-tensor (Horndeski): five ax(?)
* Vector-tensor (Einstein-Aether, Proca): nine ax (1)
* Tensor-tensor (Bigravity, massive gravity): three ax(?)
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The Data




A preferred length scale- the horizon

NS |
a
H ! = (5) x 7 ~ 3000h~ ' Mpc

Most surveys < 7 so that k7 > 1

N i ials: N3 = 2 @ )
ewtonian potentials: /1,3 = 0 (1,2\115.13-

— k2D = 4G ua’pA
YW = O

Einstein equations:

(11,7y) are rational functions of vy (¢)and k?
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VVe measure matter and light.

Redshift (2)
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Growth rate

- dIndp(k,a)
flk,a) = dlna ;o
06///
/ satisfies a simple ODE
df .3 Z
| = =2
g qf + 1 > Mmé

with g = %[1 —3w(l — Q)] and
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“growth rate
of structure”
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Weak Lensing

Shear Alone
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Joudaki et al 2016
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Lensing of CMB
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Constrain ax(t) in scalar-tensor theories

0.12} f’j‘:\;\ i
032} | 7 : QpE (Z)

Parametrize: ay = by + cy

CM

075} | | E QDE( :O)
015}

& O(&X)NO5
055 ||
0.9

—
|
o™ 1 i ~
) — "‘:"\ a ":;‘.'\|
;_, 052 | R )" |
- | ; | 1
(- | ',-"\}\1'1/ ° gﬁ "| , ‘
= \ ‘l V ,n"" . \ |'/
0.13 Al //. q T { "‘g

009 051 11 17 -075 -032 012 055 -09 -055 -02 015
B CM cr

Bellini et al 2016

Tuesday, 18 April 17



Jordan-Brans-Dicke Theory

One free parameter

/

SZ/.(IAX\/—_g OR wZDVu(f)V“(P—I-V-l—gM[guv-QD]}

Cassini @erottietal 2003y WRD > 40,000

Planck (avilez & skordis 2015y  WRBD > 1,000




The Challenge




Systematics: non-linear physics
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Systematics: non-linear physics

baryonic feedback
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Systematics: non-linear physics
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Systematics: screening

/

Fifth force /
GM

_ o7
Qb r

Newtonian potential

O =

GM
r

= —VI[®+

Chameleon: m = m(p)  m — oo when p > ps

Vainshtein: (¢ — () when 1 < 'y
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The Future




The Future is now

Data Type Now Soon Future
Photo-z:LSS LSST, Euclid, SKA,
(weak lensing) DES, RCS, KIDS H5C WEFIRST
Spectro-z DESILPFS,HETDEX, .
(BAO,RSD, ...) BOSS Weave Euclid, SKA
HST, Pan-STARRS,
SN la SCP SDSS, SNLS DES, J-PAS JWSTLSST
CMB/ISW WMAP. Planck AdvACT Simons Array, Stage
IV, LiteBird
sub-mm, small scale| ACT, SPT,Planck, PolarBear,Spider,
lensing, SZ ACTPol,SPTPol, Vista CCAT, SKA
X-Ray clusters ROSAT XMM, XMM, XCS, eRosita
Chandra
HI Tomography GBT Meerkat, Baobab,

Chime, Kat 7
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— 54

_ ;iiTLSST O(QX) ~ (0.1

QpE(z)
Qpg(z=0)

ox = by +cx

Alonso et al 2016
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Jordan-Brans-Dicke Theory

One free parameter

/

SZ/.(I'A'X\/—_g OR wZDVu(])V“(})—I-V—i-gM[guv-QD]}

Cassini @ercottiecai203) WBD -~ 40,000

Planck (avilez & skordis 2015y  WRD) > 1, 000

LSST+SKA+S4 (Aonsoetal20i16) WRD > 20,000




“An important contribution of the general
theory of relativity to cosmology has been to
keep out theologians by a straightforward
application of tensor analysis.”

E. Schucking

4]
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