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GRI: Chapel Hill 1957

“It is unfortunate to note that the situation with respect
to the experimental checks of GR is not much better than
it was a few years after the theory was discovered- say in
the 1920s. It is a great challenge to ... try to improve this

situation”

R. Dicke
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“Here we have a case that allowed one to suggest that the
relativists with their sophisticated work were not only
magnificent cultural ornaments but might actually be useful to
science!

“Everyone is pleased: the relativists who feel they are ...
suddenly experts in a field they hardly knew existed; the
astrophysicists for having enlarged ... their empire by the
annexation of another subject: general relativity!

“What a shame it would be if we had to go and dismiss all the
relativists again!”

Thomas Gold, Texas Symposium, (1963)
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Now: Solar System and Pulsars
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Bound Effects Experiment
23 %10 -5 Time delay, light Cassini
' deflection tracking
23 x10 -4 Nordtvedt Nordtvedt
' effect, Perihelion effect
0.001 Earth tides Gravimeter
data
10 -4 Orbit Lunar laser
polarization ranging
4 x 10 ~7 | Spin precession .Solar
alienment

4 x 10 —20 | Self-acceleration Pulsar spin-

down
0.02 i Combined
PPN bounds
4x10-5 | Bimarypulsar | pop 1913116
acceleration

10 -8 Newton's 3rd Lunar
law acceleration
0.006 i Usually not
independent

PPN parameters
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“... by pushing a theory to
its extremes, we also find
out where the cracks in its

structure might be hiding.”
John Wheeler

Decadal Survey 2000
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The Large Scale Structure of the Universe

Planck

Angular scale
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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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Einstein Gravity

Curvature

1
167w

/d4x\/ng(g) —|—/d4az\/—7g£(g,matter)

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.”

9
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Electroweak transition
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Initial Conditions
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Initial Conditions oo
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Angular scale
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Effective Field Theory

“Cutoff’”: a; ~ O(1)
£Ci‘f A [1? y
' = A\ - R+ a1 R, R™
+as R* + a3 Ry, R* + ay OR
b b b:
| 1() R? | 29 RR/“/R/U/ | 3) R/”/Rz/)\ R)\’“'
m? m? m?
M? , M R R
R+ ayR* ~ R {1+ 2as but < 1
2 2 l\[p 17\ [])

Deviations from GR unlikely in low R and late times ...
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he Feynman/Weinberg “Theorem’

. Feynman (1963)
Jas = Tagp -+ ha..;}} SP|n-2 field Weinberg (1965)
i Deser (1970)

1 ' | | | | | ]
q — e / d*a _—50,\/1,,,,0’\/1’”’ - 0,,/1,,,\0”11’”\ — J,h" 0, h + 0)\/20’\/1_

ox® Ox”
(],w(?/ ) — It

Y 13

Couple to matter: S, = / d’l:z:/'zn.,gTA ;

Self energy of the graviton: 7% ~ (Oh)(0h)

LV
h",uz/ — 167‘-G(AT1\1 4 ,T(_;

LV [Nz )

Unique non-linear completion is GR...
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Einstein-Dilaton-
Gauss-Bonnet

Strings & Bra
A

Cascading gravity

nes
L]

/(a)

Lorentz violation

Hofava-Lifschitz
____________ .1

Conformal gravity

Randall-Sundrum | & | DGP Some degravitation i ‘
2T gravity \ scer‘marios Hi gher-o rder
. . ./ /\
Higher dimensions Non-local Genoral RuRH
I f (R) OR,etc.
Kaluza-Klein

: : Vector
} Modified Gravity
S - Einstein-Aether
Generalisations Bonluboiiatrbtl -

of SEH

Gauss-Bonnet

Teves — New degrees of freedom

Lorentz violation

Massive gravity

\ \Eavity

Chern-Simons

Scalar-tensor & Brans-Dicke Tensor
Lovelock gravity ~ Ghost condensates Cuscuton EB|
Galileons v
Chaplygin gases Bimetric MOND
the Fab Four plygin g e
arXiv: ot Scalar

1310.1086 KGB rf(-r) """""""""

:%83(2)‘1;7 Coupled Quintessence . Einstein-Cartan-Sciama-Kibble

1110.3830 FIOUElE Az Torsion theories

| Tessa Baker 2013 \
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Example: Jordan-Brans-Dicke

S = / V—gd'z |oR Z (V)
(,b — : CZ—;'?'L(I..tt G = . il -
(2w + 3) 3+ 2w @

7)

Recall Dirac: ” X P GR: W — O

1
G




The Process

Theory Space

Regime

NS

Parametrization

l

Observables




The Universe: background cosmology

ds® = aQ*dea:“d:zz’/

FRWV equations

& 2
7 AP

Gaﬁ = 87TGTQ5 — HQ —

Any theory (modified gravity or otherwise)

Gag = SWGTaﬁ -+ Uag
pX(T),P)((T)
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The Universe: background cosmology
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The Universe: large scale structure
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Linear Perturbation Theory (10— 10, 000n ! Mpe)

ds® = a*(Vuw + hyw)dztdz”

Gauge invariant
Newtonian potentials

p = p(r)[1+6(r,r) (@D

=g (6+9)

Diffeomorphism invariance =3

5Gap = 8TGThg

5Gé%i) V2D — 6HELD = 87TGa2p5(gi)

(g7) . a ]

(5G?‘Z.) ' 2k1' = 87TG(,0 -+ P)H(gz) e flUid MomMentum
gr) . ~ ~ : and

5G” . o — ¥ = 87TGCL2 (,0 —+ P)Z(gz)(_ anisotropic stress

(+ 5G9 equation)

22
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Extending Einstein’s equations

0G,, = 8wGOT,),, + 6U .,

\

Linear in ®.T,%, v

Baker, Ferreira, Skordis 2012

ArXiv:1209.2117 -




Extending Einstein’s equations

Key: Matter + Metric + New degree of freedom

—a20Gy 9 = ka2@pmoy)  +aok?R + agkx
+Aok?® +Fok?D

ArXiv:1209.2117 Y
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Extending Einstein’s equations

Key: Matter + Metric + New degree of freedom

_(IQOCO W = ka*G pM&](\ZZ) +&0k72)2 T o 'll)l& Functions of time
+A0k2(1) —I—F0k:2P (and scale).

|

—a?G; " =V, [“azG oL+ wnn)05;”  +Bokx + 31\]
+B0k(i’ +Iokf

(1.2(5G: (g1) — 3 fiCL2GpMH(g i) | +’“,"01;72)2 v k)% o 72)2
+Cok2d + C1k®  +Jok2I + J1 kI

a25G§: —= D; [maQGpM(l +twar)Xy  +eoX ‘,j)% | %)}]
+Do® + D1 +Kol' + 1T
ArXiv:1209.21 17 "
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... but “Integrability condition” can help

Use general principles to restrict S,

Sy = / d*x/—qgL(N,N", h,,;j,(g) Ri;, K;;)

with general time dependent coefficients.

Gleyzes, Langlois,Vernizzi 1411.3712

26




... but “Integrability condit’ 2" can help

Use general pri- \Q

(G
U\

. 4 .
with general t. ,\s\ dent coefficients.

Gleyzes, Langlois,Vernizzi 1411.3712
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The non-linear regime

0.8

A No cham. simulation
o Full f; simulation

-------- Linear (HS)

| | leTT]] | I TIIITII

Courtesy of Hans Winther
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What about the non-linear regime!

P (k)/P (k) pan

Baryon, feedback and bias
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10.0 1.0 0.1
{4 T
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§ ol REF/DMONLY ’/ I’, ", .' )
10 saago oo oo 78 7'," o
0.8 WMAP3 c==== 7
- - — - 0s=0.84,1,=0.175
_______ 05=0.74, f,,=0.120 ]
0.6 . .
0.1 1.0 10.0 100.0
k (h/Mpc)
30 Semboloni et al 2012
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What we observe.

31
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Large Scales: horizon scale effects

107 | ) | }

) ¢ Fiducial, b=1.24
107 & Bin1,b=1.18
] Bin2 bh=152

10’
! i

Alonso et al 2014 (2MASS)

Alonso et al 2015
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Large Scales: horizon scale effects
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Large Scales: the problem with cosmic variance
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Large Scales: the problem with cosmic variance

10°

a North
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Ll

0.01 A A A A A | — 10.1
-1
Systematic effect k (h Mpc )
due to stellar
densities Ross et al (BOSS) 2012

35

Tuesday, 30 June 15



Not so large scale:“quasi-static” regime

A preferred length scale- the horizon

v

-\ —1
a
H ! = (—) x T ~ 3000h~*Mpc

a

Focus on scales such that &7 > 1

Most surveys < 3002~ ' Mpc

Caldwell, Cooray, Melchiorri,
Amendola, Kunz, Sapone,
Bertschinger, Zukin, Amin,
Blandford, Wagoner, Linder,

k2 @ - 4 ( ' 2 A Pogosian, Silvestri, Koyama,
— 7-‘- M a/ IO Zhao, Zhang, Liguori, Bean,

—> V=9 Note: not applicable to CMB!

36
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Not so large scale:“quasi-static” regime

The “quasi-static” functions reduce to a simple form

,Ulo(_(l‘) 1 + (

1

v = "ola) 1+<

;\ [ 1 ( (1 ) 2
k

J [ 9 ( (1 ) 2
ll,

DeFelice et al 201 |
Baker et al 2012
Silvestri et al 2013

which depends on locality, Lorentz invariance, extra
degrees of freedom, screening, etc.

Goal: to use k and z dependent measurements of (7, (1) to

constrain PPF functions

37
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Growth of Structure

Growth rate

dlndps(k,a) £
k —

/ satisfies a simple ODE N

df 5 3
| = —()

with ¢ = %[1 —3w(l — Q)] and £ = %

38




Growth of structure: Redshift Space Distortions

Real space:

Linear regime

D

Turnaround

Collapsing

V

V

V

Redshift space:

O

Squashing effect

Collapsed

Finger-of-god

0.1

0.01

200 15 -10 -5 0 5 10 15 20

r, (™ Mpc)

Guzzo et al 2008
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SDSS MGS
SDSS LRG VIPERS

BOSS CMASS
BOSS LOWZ

01 02 03 04 05 06 0.7 08 09
Z

dIndp(k, a) Planck 2015
d Ina

f(kaa) —
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Weak Lensing

4]
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Weak Lensing of the CMB
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Galaxy Weak Lensing
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10 e e
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Simpson et al 2012
(CFHTLens)
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Cross correlating data sets

' I I I I I | ' ' I l 1
0.6 |- | ~
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- [ 6 )
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" * i -
0oL L | Hreves
R NN B A | 1
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Example: Jordan-Brans-Dicke

S:/\/—gd% OR

W

¢

== UBD planck + wmap(pol)
== BD planck + wmap(pol)
== UBD wmap

—rBD wmap oy P

-
......

1 15 2 25 3
Log ®

35 4 45

(Vo)

w > 692

Avillez & Skordis 2014
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Galaxy Weak Lensing

BAO + CMB +
2.5 @ RsD
2t B CFHTLenS
15k B crHTLenS +RSD

46

Simpson et al 2012
(CFHTLens)

Tuesday, 30 June 15



State of the art: Planck 2015

Planck
Planck+BSH .
Planck+WL

\ \ Planck+WL+BAO/RSD |
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The Future is now

Data Type Now Soon Future
Photo-zL53 DES, RCS, KIDS HSC LSST, Euclid, SKA
(weak lensing)
Spectro-z MS-DESI,PFS,HETDEX, .
(BAO,RSD, ..) BOSS Weave Euclid, SKA
HST, Pan-STARRS,
SN la SCP SDSS, SNLS DES, J-PAS JWST,LSST
CMB/ISW WMAP Planck
sub-mm, small scale ACTPol,SPTPol,
lensing, SZ ACT, SPT Planck, Spider,Vista CCAT, SKA
X-Ray clusters ROSAT XMM, XMM, XCS, eRosita
Chandra
HI Tomography GBT Meerkat, Baobab, SKA

Chime, Kat 7

48
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The Future: Redshift Space Distortions
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Percival 2013
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DETF-IV (scale indep.) constraints

10 -05 0.0 0.5 1.0 -02 -01 00 01 02
2() 2:[)

Growth (e.g. RSDs) Lensing

_ ¥
o = = So = (1+7)=
Y Y

Leonard et al 2015
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Example: Jordan-Brans-Dicke

S = /\/—gd%

Cosmology

Solar System

Now:

Euclid:;

Now:

L

W

1 —4
— < 1 x 10

W

OR

W

(Vo)

J
J
J

¢

1 4
— < 3 x 10

. _3
— < 6 x 10 Avillez & Skordis 2014

(RSDs only ) Baker,
Ferreira & Skordis, 2013

Cassini




Summary

The large scale structure of the Universe can be used to test gravity
(different eras probe different scales).

There is an immense landscape of gravitational theories (how credible
or natural is open for debate).

We need a unified framework to test gravity
Focus on linear scales at late times (for now).

Non-linear scales can be incredibly powerful but much more
complicated

Need new methods and observations to access the really large scales
(is HI tomography the future?).

There are a plethora of new experiments to look forward to.
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