Lectures
on
Modifying Gravity




Qutline

o GR

® Why you shouldn’t modify GR

® Why you might want to modify GR
® The landscape of theories

® Observables
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What is General Relativity?
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What is General Relativity

Curvature

]

/d4x\/—gR(g) —|—/d4x\/—g£(g,matter)
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Metric of space time




Classical Tests?

® Precession of the Perihelion of Mercury
® Gravitational Lensing
® Gravitational Redshift

® Shapiro Time Delay

Wednesday, 4 June 14



Current Constraints

Parameter

o
o
o
C1
C2
Cs
Ca

Bound

23x10->

23 x 104

0.001

10 -4

4x10-7

4x10-20

0.02

4x10-°

10 ~8

0.006

Effects

Time delay, light
deflection

Nordtvedt effect,
Perihelion shift

Earth tides
Orbit polarization
Spin precession
Self-acceleration

Binary pulsar
acceleration

Newton's 3rd law

Experiment
Cassini tracking
Nordtvedt effect
Gravimeter data

Lunar laser ranging

Solar alignment
with ecliptic
Pulsar spin-down
statistics

Combined PPN
bounds

PSR 1913+16

Lunar acceleration

Usually not
independent
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http://en.wikipedia.org/wiki/Cassini%E2%80%93Huygens#Tests_of_Einstein.27s_Theory_of_General_Relativity
http://en.wikipedia.org/wiki/Cassini%E2%80%93Huygens#Tests_of_Einstein.27s_Theory_of_General_Relativity
http://en.wikipedia.org/wiki/Nordtvedt_effect
http://en.wikipedia.org/wiki/Nordtvedt_effect
http://en.wikipedia.org/wiki/Lunar_Laser_Ranging_experiment
http://en.wikipedia.org/wiki/Lunar_Laser_Ranging_experiment
http://en.wikipedia.org/wiki/PSR_1913%2B16
http://en.wikipedia.org/wiki/PSR_1913%2B16

Constraints

® Constraints are of order

G
=~ 107" to 107 yr!

® Discrepancies in measurements of (;

® Electromagnetic/VWeak/Strong forces are
weak on large scales- look there.

J.P. Uzan- Living Rev. Relativity, 14 (201 1), 2
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CODATA over time
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Measurement of G

TABLE XVII.  Summary of the results of measurements of the Newtonian constant of gravitation G relevant to the 2010 adjustment.

Value Rel. stand.
Source Identification™ Method (107" m*kg™'s™2) uncert. u,
Luther and Towler (1982) NIST-82 Fiber torsion balance, dynamic mode 6.67248(43) 6.4 X 107
Karagioz and Izmailov (1996) TR&D-96 Fiber torsion balance, dynamic mode 6.6729(5) 7.5 X 1073
Bagley and Luther (1997) LANL-97 Fiber torsion balance, dynamic mode 6.67398(70) 1.O0X 1074
Gundlach and Merkowitz (2000, 2002) UWash-00 Fiber torsion balance, dynamic compensation 6.674 255(92) 1.4 X 1073
Quinn et al. (2001) BIPM-01 Strip torsion balance, compensation 6.67559(27) 4.0 X 1073

mode, static deflection

KleinevoB (2002); KleinvoB er al. (2002) UWup-02 Suspended body, displacement 6.67422(98) [.5x 1074
Armstrong and Fitzgerald (2003) MSL-03 Strip torsion balance, compensation mode 6.67387(27) 4.0x 1073
Hu, Guo, and Luo (2005) HUST-05 Fiber torsion balance, dynamic mode 6.67228(87) 1.3X 1074
Schlamminger et al. (2006) UZur-06 Stationary body, weight change 6.67425(12) 1.9 X 1077
Luo er al. (2009); Tu et al. (2010) HUST-09 Fiber torsion balance, dynamic mode 6.67349(18) 2.7 X 1073
arks and Faller (2010) JILA-10 Suspended body, displacement 6.672 34(14) 2.1 X 1073

“NIST: National Institute of Standards and Technology, Gaithersburg, MD, USA: TR&D: Tribotech Research and Development
Company, Moscow, Russian Federation; LANL: Los Alamos National Laboratory, Los Alamos, New Mexico, USA:; UWash:
University of Washington, Seattle, Washington, USA: BIPM: International Burcau of Weights and Measures, Sevres, France:
UWup: University of Wuppertal, Wuppertal, Germany; MSL: Mecasurement Standards Laboratory, Lower Hutt, New Zealand;
HUST: Huazhong University of Science and Technology, Wuhan, PRC: UZur: University of Zurich, Zurich, Switzerland: JILA: a
joint institute of the University of Colorado and NIST, Boulder, Colorado, USA.

Rev. Mod. Phys., Vol. 84, No. 4, October—December 2012

CODATA2010
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A CHANGING CONSTANT

I I The recommended value of G — the gravitational

constant — has risen slightly over the past four
decades. But the latest measurements will

TABLE XVII. Sumn - -
probably cause a downward revision.

| to the 2010 adjustment.

¢ Rel. stand.
1

Source . m*kg~'s7?) uncert. u,
Luther and Towler (19 g g 248(43) 6.4 X 1073
Karagioz and Izmailoy 2010 ¢ Recent : ,‘,Ref. 2 29(5) 7.5 %X 107
Bagley and Luther (19 measurements 398(70) 1.0 X 107
Gundlach and Merkow : : 4255(92) 1.4 X 1073
Quinn eral. 2001) 2009 | | € CODATA values | o Ref. 3 559(27) 4.0% 1073
KleinevoB (2002); Kle 422(98) 1.5 % 1074
Armstrong and Fitzgei 2006 : : 5 : —— 387(27) 4.0x 1073
Hu, Guo, and Luo (20 228(87) 1.3 X 107¢
Schlamminger er al. ( ; ' 425(12) 1.9 X 1073
Luo e al. (2009); Tu 2002 ; ; ; ; ;’ 349(18) 27X 1075
Parks and Faller (201( 234(14) 2.1 X 1073
P . = 1998 b ——

NIST: National Inst : : : : : esearch and Development
Company, Moscow, : g : : : w Mexico, USA: UWash:
University of Washi 1986 : : : —— Measures, Sevres, France:
UWup: University o g : g : : ower Hutt, New Zealand;
HUST: Huazhong Ut : : % 5 : ) irich, Switzerland: JILA: a
joint institute of the | 1973 v : : \4 : -

Rev. Mod. Phys., Vol. 84, ) ) ) ) ' ) ) ) '

6.667 6.669 6.671 6.67/3 6.675 6.677
G (10" m3 kg1 s72) Reich, Nature, 1030, 466,2010
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A CHANGING CONSTANT -

The recommended value of G — the gravitational -
constant — has risen slightly over the past four

decades. But the latest measurements will

probably cause a downward revision.

Only a factor of ~ |10 better
than Cavendish’s original

measurement!
1986 LI
w73| =t

6.667 6.669 6.671 6.67/3 6.675 6.677
G (10" m3 kg! s72) Reich, Nature, 1030, 466,2010
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VWhy you might not want to
modify General Relativity.

The spin-2 field theoretic argument
The effective field theory argument
The geometrodynamical argument
Lovelock’s theorem

Ghosts and Instabilities
Ostrogradski’s “Theorem”

The initial condition problem




The Fierz-Pauli Action

GJap = Tagp -+ h 03

) , )
S = 2
167G ,/( | I

1y : L
—5())\11./“,())\111

L L 1
gt = gt + ¢t
oxr® Ox”

m (?/ ) —

dyr dy”

Jas (fL )

Spin-2 field

0 hy 0" I A 0, "o, h

General covariance

leads to
gauge invariance

O\hOh

hag — hag + 0a&s + 05&,
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The Fierz-Pauli Action

Couple to matter: S, = /(F:L‘h,agTM

Incompatible with: [/, = 167GTM

LV

Self energy of the graviton:

/,uz/ — 167—G(T\1 + TC ) T\[ (0]2)(()h>

v LV KV

Conjecture: unique non-linear completion is GR...

Feynman (1963)

... but see Padmanabhan (2004) \[’)Veinbcz';% ;(I))%S)
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Effective Field Theory

Renormalisable QED with electron and muon:

| _
Lopp = =7 Fu I =0V Dy +m)y —=X(y" Dy + M)x

Non- renormalisable QED with electron only:

L eff — — = Fu/ .F/”/ — l‘ ~H D / e L’ I — ~ , F'l”/ F”/ R
’ 4! Y7 Dy +m)t 307w M2 pv 7+

Burgess (2009)
The rules of EFT: write out the most general

action consisent with locality, symmetries and

degrees of freedom.
Weinberg (1979)
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Effective Field Theory

Cut off: ™ a; ~ O(1)

£oﬂ ]\[1?

- = A\ - R+ a1 R, RH"
—q )
+as R* + a3 Rz, R"* 4+ as OR
| R | - RR ”/R/u./ | ~ R WRI/)\R L
m - T . H m, 2 ak A
‘\[I;) 5 J[]j) R R
R+ ao R ~ R {1+ 2as but — <1
2 2 M, M,
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Geometrodynamics

ADM decomposition
ds® = (—N ‘4 g N, Af",,) dt* + N.dtx' + Gii dx'dax’

S = / ([4[11' (ﬂ'ijk(],"}' — NH — A"ﬁ%,‘)
H andH; are the constraints.

“Einsteinian geometrodynamics is the only (time reversible) canonical
representation of the set of generators of deformations of a spacelike
hypersurface embedded in a Riemannian spacetime, if the intrinsic

metric of the hypersurface and its conjugate momentum are the sole

canonical variables.” | o
Hojman, Kuchar & Teitelboim (1976)
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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.”

|18
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Ghosts and Instabilities

Ghosts are classical and quantum instabilities that
arise from negative kinetic energy of a field.

Modifying general relativity seems to (almost)
inevitably lead to extra degrees of freedom.

Extra degrees of freedom are (almost) inevitably
ghosts.
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Ostragradski’s Theorem

2nd order Lagrangian: [,(q, ()

] | Q=q
Conjugate variables: o1
P = —
Jq
Time evolution: Q _ oOH
0P
H(Q,P)=Pq—L 5 OH

0




Ostragradski’s Theorem

Higher order Lagrangian: L(q, ¢, §)

Coni ables: Q1 = ¢ P_UL d OL
onjugate variables: =50 T @ o

2 = ¢ OL

P =
2= 00

Time evolution:
H = Pl(,?g -+ P‘Za'(cglt 622 PQ) o L((u)l (22 PQ)

0, = OH
Instability in P, 0P
. OH

P —
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Initial Condition Problem

Predictive Theory (well posed):
® Existence
® Uniqueness

® Depend continuously on initial conditions
Desiderata: theory should be strongly hyperbolic.

General Relativity is weakly hyperbolic- only
recently proven to be well posed.

Adding more terms- anything can happen ...
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Why Modify?




Equivalence Principle

Geodesic action for a particle ...

... With non-constant constants...

Smatter = — / mala j]c'\/ — g (X)vHoVdt

... leads to non-geodesic motion

dlnm g Oo;
'V, ut = — g A7) (gP* P ut
I ( (‘")Q'?; 0;176 (J )

1
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Gravity is not a Gauge Theory

® Other three forces are gauge fields.

® Described by Yang-Mills-non-linear but
incredibly predictive (see LHC 2012)

® General Covariance might be a gauge
symmetry ...

® .. but doesn’t work that way.




Non-renormalizability

Coupling constant: (/| = M d

A—Nd

N -leg Feynman amplitude / P dp

Gravitational coupling constant: (5 ~ ]\/]_2

N -leg Feynman amplitude / p 2N dp

Diverges! No way to reabsorb

Maybe EFT (but see above)
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Weyl, Eddington, Dirac and
Large Numbers

2
€ 49
o3 = VYN =10 Eddington
- c? 3

G~ 7 t Milne
M

G ~ —

| R Dirac

5 x p




The Dark Universe

1984 Universe must be Flat: QK — ()
1995

BBN limits
10+ / _
038 B NS . Clustering |
h 06 - . T 7
04F -
d Virial Estimates of
o2 N ., . Cluster Mgsgs
Globular Cluster Ages 0.4 0.6 0.8

Q2

matter

Krauss and Turner 1994
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The Dark Universe

1990 N\ from Large Scale Structure

vvvvv

Efstathiou, Sutherland, Maddox
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Qo (K)

Is the Universe Flat ?
T o

The Dark Universe

Scott 1995

<
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The Dark Universe

Acceleration (cm s3?)

107
u—----"n— :

Solar system

Globular
clusters

-

.

Dwarf galaxies

Spiral galaxies

—
0
Q
o
)
o
©

o

S

2
©
Q
w

K =

—
o
 —
Q

-

-
a

®  Clusters of galaxies

L Large scale structure
X 4

Ferreira & Starkman, 2009
31
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The landscape of theories

32




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.”

33
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Einstein-Dilaton-
Gauss-Bonnet

Strings & Bra

A

Cascading gravity

nes
L]

/(a)

Lorentz violation

Hofava-Lifschitz
]

Conformal gravity

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

\4

Modified Gravity

Generalisations
of Sen

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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How to Modify

® No action

® Higher dimensions

® Extra degrees of freedom
® Higher derivatives

® Non-locality
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No-action

Emergence: space-time as a fluid, crystal- the
metric (or any gravitational degree of freedom)
as an emergent property. E.g. Navier-Stokes
equation, ...

Classicality: all theories are fundamentally quantum.

Dynamics is solely defined in terms of (o ()
G\l

<.(//11/(_'1.,).(/(\ 3 (1,)>
(9 () Gap (") gye (2"))

Wednesday, 4 June 14



Righer Dimensions: Kaluza-Klein

A I
. . X xt, z
5-dimensional ( )
space time JAB
Rap

Compactify: 74B(X) = Z A ()

I

New mass scale: L ~ 1/M
current constraints: M/ > 1 TeV

Natural scale is Planck mass...
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Righer Dimensions: Kaluza-Klein

Expand the metric- new fields:

1 2_4 — 7=
Vv = e V3 G + e V3 /_1/“41/ [z [
.') '
a p— 3
[ 22 e V3
1 | 1D v
1()’/'&'GD ,

L . I 1 2 —2v3¢ -‘)-
d*r/—q |R — = (V) — e 2V32F?
lGT(GU / ' i ' ( O> | .

Einstein-Maxwell-Dilaton gravity.

Problem: how do we stabilize the Dilaton (or “moduli”)?
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(Large) Higher Dimensions
Solving the hierarchy problem
Mpy > Mgw|

H ]
M =
Where ( D) 87TGD Arkanhi-Hamed, Dimopolous, Dvali

(Mp)" 2 [
Sy = > d” X/ —7R

M2, = (Mp)**™" L"
lcompactify (volume ‘/n) Mp ~ Mpw
2 . L ~ mm
M Vie [,
Slg| = ( D)2 / d*z\/—gR
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(Large) Higher Dimensions

KK states too light so: localize on a brane.

— | Antoniadis 2007

Large, compact, extra dimensions but small brane thickness.
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(Warped) Higher Dimensions

Instead of compactifying, warp the extra dimensions

M? o
d°X /=7 (R —2A) — o / d*x\/—g

Sh] =

\T2 _ Aq3y

A — 0 L
=7 (negative, i.e. AdS bulk).

M
o= 06—




(Warped) Higher Dimensions

Randall-Sundrum- infinite, warped extra dimensions

brane

Randall-Sundrum ||

1

PARS

" 2 —2|z| /1., 7007, 92
Metric: ds®> = e 2I*l/ [///11/(11.1,."“(1;’1,71/ + dz

, Gs
4D Newtons’ constant: G = —

Effect at early times: 2 — M, p (1 — ﬁ)
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(Warped) Higher Dimensions: DGP

Need IR modification: add geometry to brane

. M
(II)X\/ YR + /(1'1;1'\/—51 (—J[;}[\' | 24R—U>

Brane curvatures: extrinsic, /{ , and intrinsic, /7 .

M¢

Sy =

—

-L]

De Sitter brane with curvature ~ =75 €+ /1 e

e = +1 “self accelerating” (ghosts...)

e = —1 “normal” 1 M
crossover scale: — ~ —
I J[i‘
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Extra Degrees of Freedom

® Scalars
® Vectors

® [ensors




Scalars: Jordan-Brans-Dicke

S — / J/—gd*z |6R ‘; (Vo)?
1 44+ 2w 1
O = T;na - G =
T (w43 3 + 2w ¢

7)

Recall Dirac: ” X P GR: W — O

1
G




Scalars: Jordan-Brans-Dicke

/ d*x\/—q |oR — i(Vo)2 + L

0,

conformal transformation G, — ’?ﬁ/‘,(]u.u

i 0, 3O ( V‘L’i’ ) 2 W N LM
'ov/—q | =R AN 2 4 =
/ ( L -g i ,l?/'f') 2 /L’/f/? 3 Q/b’glj (v Cfb) | /d/s 2 -

simplify with = ¢ and ¢ = e“

. o 3 ‘ {
/ d‘lil;'\/ —q | R — (w + §> (V(l’)z + G_Z&ILM

Cassinic w > 40. 000 non-minimal coupling
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Scalars: Jordan-Brans-Dicke

Jordan Frame

/ d*x\/—q |OR

W

y (Vo) + Ly

Einstein Frame

» | B 3 ‘ " ]
/([4:1,‘ —( R — (Lu -+ §> (V(l")z ~+ 63_20 Lo




Scalars: Jordan-Brans-Dicke

Generalize a bit...

/ d*x\/—q |OR (j ) (Vo)* + Ly

or a lot ...

0,

What is the most general scalar tensor theory!?
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Scalars: Jordan-Brans-Dicke

Screening

\Y V.

V(o) + Z piei/ M

Mg j’1 "‘"lnin Mp
\[") pie" /Mpy
i TPl

Verr(0)

2 7 |
7”,,”,'.” —_ ‘/.(;)(;‘)((J‘)luin») +

0 ¢ Khoury & Weltman, 2003
Large p Small p
f(R) gravity

i
- LA weedy o
X 3 i e -.'T ' ___,-‘- A
.'-. e ._; i -
PR N Xl : ]
- - 5 . g, |
. OE W o e
K‘- L e i ._.'“,._ '-.-_'-a "~ ™ ‘ ‘%-
- g . L . ol e |
- ';E f p L '.;_ r ""'\-:,'
n L = 1 i o i
T el :
| 5 = T C sy
i 3 ,=!:'I" v - !

5 R ' Courtesy of Hans Winther
AR LT 4

Wednesday, 4 June 14



Scalars: Galileons

Limit ourselves to 2nd order equations

Weak ﬁ el d: g a3 — T} o3 —|_ } Loy 5
Fierz-Pauli + ... L = L(;]g(h,) -1 LW<7T, (‘?'/T: 6)27'()

Shift symmetry ©™ = 7w + b, 2" + ¢

- historical (see DGP)

- quantum correction protected
- hon-linear corrections on small scales

> |1 N o]
E-g- DGP LT{' — j[1‘27[ 5770277 — 7)(2,(07'()2()277 +

N | —
=
~
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Scalars: Galileons

Complete Galileon action

5
E __ N2
L’Ga[ilcon. — Ci L‘i(“ ’ ()ﬂ-f () 7‘—)

i=1
: | | 1 .. ..
Constituents: L, =71 Ly = —5077 N -5 O - OT
Ly = -5 [( T)* — ('),,(’)1/(’)”(’)”77] or - om
Ly = —3 (On)* = 3(07)9,0,mO" "

40,0, 70, 0"10" ' + perms| O - O

Can make theory covariant: 0, — V,, R,
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Scalars: Galileons

Screening (again): Vainshtain mechanism

Consider cubic galileon around an object with mass )/

1

. — I =
Fifth force is: F. = —Vn

A
2 (J[p)?( ) )3/2 r< R
L' _ C9 A Ry ] A
ﬁ\ .2 ;?\[P &
( ' ) r > R,
C9 A

2 |
T 2c3 ! M
C9 i - — - .
r M3\ r 4 Ars

Wi /3
()

l.e. supression
on scales below
the Vainshtain radius

P 1 ca M 1/3
YT M \ 27|\
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Scalars: Horndeski

Drop shift symmetry, generalize alot!

. 4
~v B~ | | | _
Ly = 6% {Hlv”v,\(.«)ﬁ,ﬁ — X VIV 0V V56V V

+K3V,OV'OR "7 — Ak x VoV OV 36V V4 0

‘L_; l’ . v
-I—O‘/‘l‘,’j [(1“ +2W)R_J" — AF x VIV ,oV"V 36 + 2k5V, (,')V“(.’)V"V,,»c')]
—.3[.2(1"1 -1 2”').(:) -+ JY/{;_;]V,,V“O -+ Hg(@. 4\7) (

Where X =V ,6V"¢ with k; = k;(¢, X) and F = F(¢, X)

Note: the most general scalar tensor theory
with second order equations of motion
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Scalars: Lesson

® Even just one degree of freedom is rich.
® We can be systematic.
® Need to control for higher derivatives...

® .. yet higher derivatives are useful for
screening.
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Vectors: Einstein-Aether

1 L]
S = *a/—g(R+ M VY UMY U
167G /( V=GR A M, VUV UT)

\ Not the measured G

M*™ ) = = C IJ J,m/ 1 (200(),/ + C 30 0! 7 -+ (_3..,1(]01]B

LV 2T

. : . Y L Nordtvedt, 972
Tlmellke vector: U U(l T _]' Jacobson & Mattingley, 2001

Simplest case: gauge field

M VoA 3AY ~ F % F

LV
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Vectors: Einstein-Aether

Prototypical model for dynamical Lorentz violation.

U“U, = —1 constraint that can be solved as U"(¢, 3, U")
2,
Gy = Newtonian
2 — (Cl + (34)
2+ + e+
Go = L G Cosmological
2(1 — C1 — (53)

Carroll & Lim 2004

C; constraints from stability, positivity and gravitational
Cherenkov.
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Vectors: Einstein-Aether

1.0F
0.8F
0.6
. -

0.4r

0.2F

0.0—r’-..l...l...l...l...l—

L 0.004F

0.002}

I
|
!
I
I
!
I
!
I
I
I
I
I

0.03

Stability/Cherenkov

- M Binary pulsars

-~
”~
-
-
-
-
-~
3 o
-
-’
o
-~
-
."
-

Yagi et al (2013)
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Vectors

® Horava-Lifschitz can (in certain regimes) be
shown to be equivalent to A-E.

® Despite a “canonical” action and minimal
coupling, there are non-trivial effects.

® General procedure of introducing Lorentz
violation dynamically.
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Vectors: massive gravity

Massive gravity: weak field

S = / dPx — 56),\11,,1/0”1”” —+ ('),,/1.,,/\(‘)”1'1”’\ — J, "0, h

| | 5.
+ §0Alzé)’\lz - 51112(/1,,,,/1’”’ —h*)  Fierz-Pauli Action

Static, spherically symmetric solution:

hydetde” = —B(l’)(flf2 + C’(r‘)(l-r2 + A(r')r"“)(le

M 1 e7"4

s Modified
(, ) .3*\[[) '—17{' r . |
C'(r) 2M 1 e 1+ mr gravitation
(r) = — .
BA\[]) 47{' r 7”2’,2
Alr) = M 1 e ™ 14 mr+m?r

3Mpdr r m2r?
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Vectors: massive gravity

m — 0 does not give the correct massless limit

GR massive gravity
M | IN ™"
hoo = o N /?()() — -
2;\[/)/ Amr 3;\[})1 Amr
M 1 —mr
hi.j — o1 o O’l h — . M e (5
204 p ax1 7 3Mp Arr
Orp = GM | | —1G:\[
r et lensing angle &, = Qgr =
4 GM 4 & ang b
(I)m — _E
5 I

Redefining (& leads to 3/4 mismatch
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Vectors: massive gravity

Why bother?

® Technically natural (a la t'Hooft)- a small
parameter such that the m — 0 restores a

symmetry (GC invariance in this case)
remains small.

® Massive gravity may be used to degravitate

(i.e. supress effect of long wavelength
sources).
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Vectors: massive gravity

Massive Gravity: mass term as a high pass filter

. . ' | |
AnaIOgY° S = /(/DJ' — IIT/U/F/W — 5111—)‘4/144/1

—

1
A O Y L L
—mA, 0" — 3(),,(,)()’ o+ A,

Solve 0o +m 0- A =0 and Integrate out 0,

Non-local but gauge invariant action Hinterbichler (2012)

| | 1 m?
kg: /([[),l‘ — IF/H/ <1 I )F“U‘I’flﬂjﬂ

t

Important on large scales (small |_|)
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Vectors: massive gravity

Massive Gravity: non-linear theor
A 2 Y Hassan-Rosen Bigravity
My /(141\/—7(1?,, /(IJ‘ v/ —fRy My # 0

DRGT
— 17121\/ 'av/=gY Buen(NV g 1f)+ S,
/ o Z Mp =0

where we define /57757 = ¢ f», With eigenvalues )\,

S =

d

and =1

Co = Z /\,'/\‘,' = AMA2+ A A3+ A AL+ AoAs + Aoy + A3\
1.]31< g
e3 = > NNAe = AAads + A dads + AAsAs + A sy

i, j.kii<j<k

€4 = Z NiAiAkAL = A Ao A3 Ay = det(\/g~ 1 f)

ki< j<k<l
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Vectors: massive gravity

® Only an effective theory valid up to:

As = (Mpm?)F ~ 1000 km

® Not clear if bigravity is well-posed (too
many degrees of freedom).

® Simplest DRGT does not give flat FRW
universe.

® Can be mapped onto galileons.
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Righer Derivative [ heories

EFTs seem to lead to higher derivative theories:

‘Cvﬁ' *\[1%
. | _ /ll./
+as R* + a3 R,uxp RMAP 4 ayOR
b . h: b:
+— R*+ —= RR,,R" + —= R, R R\"
m? m? m?2

Why are they “higher derivative”: R ~ 0°g + 0gdg
R* ~ (97g)" + -

Problems: arbitrary choice of coefficients leads to
Ostragradski instability and only effective at Planck scale.

Wednesday, 4 June 14



Righer Derivative [ heories

Higher derivative theories: £ = /—¢ f(R)

Field equations:

1
fRR,u,I/ — ifg,u,l/ — fR;,u,z/ =+ Juv fR — 5 Luv

3

Conformal transformation 9.» = /r9uw and ¢ = ;hl fr

_ | _ X 1 X —
— 7\ ," / L= — 00 | / =
R/ll/ - 59/11/R — 5 (.i')./,l,(,i).z/ - 59/11/9/ (_.i).p(,i).(_f o g/_wv T 51711/

l.e. conformally equivalent to Einstein but non-minimal
coupling or scalar tensor with no Ostragradski instability.
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Righer Derivative [ heories

Examples of £ = /—¢gf(R)
1R,

1+(%)

2\ —1N |
Starobinsky: R — yuR,. |1 — (1 | R‘. )

Hu-Sawicki: R

Secretely have a cosmological constant:

C

R — 2\ A
Rn




Initial Conditions oo

5000

<_,\‘_4000

Primordial Gravitational X 2000
a)

Waves 2000

Angular scale
0.2° 0.1° 0.07°

o

0.10 0.15 0.20 0.25

Tensor-to-Scalar Ratio (rg.002)

0.05

0.00

0.94

10 50

500 1000 1500 2000 2500
Multipole moment, ¢

0.96 0.98 1.00

Planck+WP
Planck+WP+highL
Planck+-WP-+BAO

Natural

Power law inflation

Low Scale SSB SUSY
R? Inflation

V x ¢?
V x o

V x ¢?

V x ¢*

N,=50
N,=60

Inflation

/3

Primordial Tilt (ns)

68

Planck XXII
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But ...

Planck+WP+highL
Planck +WP+highL+BICEP2

r0.002

0.94 0.96 0.98 1.00

BICEP2

69
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Non-locality

Non-local gravity

1
167

% / d*xy/ —( <R +

R

—R + ,A’-Y:j)R,uuRl”/ —I_ C

Ryw pyur )

Integrating out ultra-light (or massless) d.o.f.
e.g.- one loop effective action for gravity

Barvinsky & Vilkovisky 1995

R to

Late time/large scale effect with & ~ 10 and —  In —

Generalize 1

167

/ d*x\/—q

11

R

eq

)

Deser & VWoodard
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Non-Locality

Non-local gravity- the action is not enough

1 ' R
16 (Y / (IIJ".'"I.'\/ —( (l -+ (\—9> R Lagrange
mlr | Z

¢ / multiplier

e / d*xv/—qg (1 4+ ¢oR) R+ \ ( ‘¢ — R)

1
167

Solve 2(p:}i’,butalﬁqb:O if R =0.

Maggiore, 201 3

Additional boundary conditions needed but no extra
degrees of freedom

Potential problems: causality, instability, ...
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Non-Locality

® Will not appear in an EFI- integrating out
massless modes.

® No extra degrees of freedom.
® Action is not enough- causality!

® Generic theory will have instabilities.
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Testing Gravity.




[ | | | | _
Present universe

. .
& voway| e h hi
ol 8 /Wil by pushing a theory to
P et s Pl e its extremes, we also find
10 - ~ oo | OUt where the cracks in its

’

structure might be hiding.’

» 107 —
: John Wheeler
© Primordial black hole
g; evaporating today
& 100 - —
=
Universe at . FHEnan
= end of inflation @ Measurement of ]
Newton's G
The quantum gravity scale
10710 |
B Strand of DNA
Probed by best
accelerators
1020 [~ ] .
B Hycogenatom Decadal Survey 2000
10-%0 I I | I ' I
10°%0 100 10710 1 10'° 10%°

Distance in Meters
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Future Tests: Gravity Vaves
Binary Merger

vvvvvvvvvvvvvvvvvvvvvvvvvvv

L Hannam et al 2009

T _0.15  —0.10
Time (s)

Inspiral Merger Ringdown

All will be sensitive to gravity ...

76
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Future Tests: Gravity Vaves

Binary Merger: sponataneous scalarization

Damour, Esposito-Farese 1993

Scalar-Tensor: the scalar field (i.e.”G™!) is excited

02: |
0.15 ¢

0.1 |
005

& 0}
005 ¢
01"
0.15 ¢
02.|

|
-
2.-
-
!

f (kHz)

7 |
|

Shibata 2013

0t

5 10 15 20 25

77
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Future Tests: Event Horizon Telescope

Long Baseline imaging of Sgr A*- R¢ ~ 10 microarcseconds

Broderick & Psaltis

Shadow depends on spin, mass and theory of gravity.

Test the no-hair theorem!
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The Universe: background cosmology

2 _ 2 v
ds® = a”yu,datdx FRW equations

srG

Ga[g :SWGTQQ ﬁ 7—[2 — 3 a”p

Any theory (modified gravity or otherwise)

Gaﬁ = SWGTQB —+ Uag
—
IOX(T)va(T)

79
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The Universe: background cosmology

We measured distances:
Hubble: Dj = ];— — 3000 h~! Mpc

0

. t0 cdt! L' da
. Do = / - = /
Comoving =)y~ “Ju a2H(a)

[ D sinh[/QDc/Dy]  for Q>0
Transverse: Dy = « D(_. for =0
| —lﬁ\m[ Q%|D¢e /Dy for Qp <0

Luminosity: D, = (1+ 2)Dy

Angular Diameter: D, =
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The Universe: background cosmology

o=

Volume distance: Dy (2)= | (1 + 2)°D
BAO: vie) =+ Dagey
Alcock-Paczinski: F(2)=(1+2)Ds(2)H(2)/c

3000_[ 1 1 [ I 1 1 ] I I 1 ] I 1 L

—~ 2000 B0

Wiggle’
SDSS—II

) (Mpc

1000
900

800

/T

700
600
500
400

DV(Z) ( rs.ﬁd

6dFGS
— WMAP ACDM —

1 1 1 l 1 1 1 l 1 1 1 I 1 1 1

0 0.2 0.4 0.6 0.8

Redshift

81
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The Universe: background cosmology

o 1)‘,/ Dy,

op/F

0.04

0.02

0.00

0.04

0.02

0.00

I
e~e DETFIV -
o—e Facility
o--o Stagell -
e-@ Stagel

0 - -~ 0@

|

"..
. =0

|
1.0

82

1.5

Bull et al (2014)
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The Universe: large scale structure

107

y L
10 m
)
«“_ L OE
To m . C
g 10° D o 0

= - )
Ny = - -

10°}F v

: Qo]

-

O
10' ~ A A A A-AA.l-a A..1-2 A A A koAl 5 A heddh 0
10 10 10 10 10

k/[h~" Mpc]
83

Wednesday, 4 June 14



Linear Perturbation Theory (10— 10, 000n ! Mpe)

ds® = a*(Vuw + hyw)dztdz”

Gauge invariant
Newtonian potentials

(@, )
1

f:E(éw@)

Diffeomorphism invariance =3

p— p(7)[1+6(r,r)]

5Gap = 8TGThg

5Gé%i) V2D — 6HELD = 87TGCL2p5(gi)

3G 2kT' = 87 G(p + P)o9?)
(97) . . . .
G b — U = 87Ga?(p + P)x)

(+ 5G9 equation)

84
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Extending Einstein’s equations

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

t :

Linear in ®,T", v, ¥

A A

Baker, Ferreira, Skordis 2012
Bloomfield, Flanagan, Park,Watson 2012

Gleyzes, Gubitosi, Piazza,Vernizzi 2013
Pearson, Battye 201 |

ArXiv:1209.2117 s
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Extending Einstein’s equations

Key: Matter + Metric + New degree of freedom

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

ArXiv:1209.2117 o
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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 o
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Extending Einstein=  ations

Key: Matter + Metrir ‘om

&\
~a20Gg ) = naQG \o\\\ O

a%\

_(1‘2(5(;? (g1) \Q

ArXiv:1209.2117 o8
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... but “Integrability condition™ can help

2 Sy
V=909

Use general principles to restrict S,

Ua B —

Example- assume locality, scalar field, etc leads to only
/ free functions of time.

Bloomfield, Flanagan, Park,Watson 2012
Gleyzes, Gubitosi, Piazza,Vernizzi 2013
Pearson, Battye 201 |

89
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What about the non-linear regime!

P (k)/P (k) pan

Baryon, feedback and bias

A (Mpc/h)
10.0 1.0 0.1
{4 T
l DBLIMFV1618/DMONLY il
AGN/DMONLY Y
§ 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)
90 Semboloni et al 2012
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And now to what we observe:
Light vs Matter

* For a perturbed line element of the form:

ds® = a*(7)[—(1 + 2®)dr* + (1 — 2W)y;;dx"da’]

the equations of motion are:

1 d(av)

a dr

dv
dT

— — Vo (non-relativistic particles)

— —VJ_((I) -+ \If) (relativistic particles)

91
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What we observe.

92
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Large Scales: the problem with cosmic variance

6000

5000 -

K?]

< 4000}

3000 L~

)C/2m |

_|_
~ 2000 |-

4

1000 |~

0 | IIIIII|
109 101

[ | | | |
102
Zuntz et al. 2011

14

ISW- late time effects % 4 i
on large scales > /( +W)dn

93
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Large scales: the problem with the Galaxy

a North
o South

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

94
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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 < 300k~ "Mpc

Zhang, Liguori, Bean and Dodelson
k 2 @ - 4 G 2 A Caldwell, Cooray and Melchiorri
- E— 7-‘- M a/ IO Amendola, Kunz and Sapone
Bertschinger and Zukin
Amin, Blandford and Wagoner
Pogosian, Silvestri, Koyama and Zhao

” /y @ _— @ Bean and Tangmatitham

95
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Not so large scale:“quasi-static” regime

Revisit the linearized equations of motion:

Approximate time derivatives... X ~ HX

..and then discard. HX <« kX

Whatif... X ~ M X and M/ ~ Lk ?

Remarkably general but must be checked case
by case!
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Not so large scale:“quasi-static” regime

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

[

fro(a)

Yo(a)

L+

L+

My(a)\?
k

;\ [ 1 ( (1 ) :
Il.

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

If non-zero (M, M, )are detected, a signature of
something truly new: tensors, screening, breakdown in
the quasi-static approximation, etc.

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

constrain PPF functions

97

Wednesday, 4 June 14



Example: Growth of Structure

* Evolution of CDM energy density perturbations:

Ong - Hoéry — 3D — 3HD + k2T = 0

* The growth rate of
structure is quantified
via f:

f(k,a) _ dln(SM(k,a)

dIna

* In GR Om = a during matter
domination, so f =1
(independent of k for linear
scales).

1.2

1.0

0.8

0.6

0.4

0.0

98

0.5

1.0

1.5

2.0
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Example: Growth of Structure

* Evolution of CDM energy density perturbations:

Ong - Hoéry — 3D — 3HD + k2T = 0

| !

Relation to Om has changed. Relation to ® has changed.

1.2

* The growth rate of

structure is quantified 1o
via f: _—
dn 8y (k, a) —
L — 0.8 -
f(k,a) d Ina /

0.6

* In GR Om = a during matter
domination, so f =1
(independent of k for linear

0.4

0.0 0.5 1.0 1.5

scales).

98
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Growth of Structure

f satisfies a simple ODE

= —()
dln a af +1 2 ME
with ¢q = %[1 — 3w(l — Q)] and £ = K
-
¢E=1 for GR .
€21 not GR Scalar Tensor § ~ 1 - "

See Tessa Baker
(talking in Session B at 2:30 PM)
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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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Growth of structure: Redshift Space Distortions

N
co
®
N
=
I}
=
a4
=
=
(% 0.35 = = = Planck ACDM |]
| o s
B LRG
A BOSS
% A O
0 0.2 04 0.6 0.8 1
Redshift, z
Macaulay et al
101 ArXiv:1303:6583
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Weak Lensing

102
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Weak Lensing

Convergence sy _ L /.\\ g (,)
,,)Hl 1 | —_— ( \ J N\ . | )(l)("l{ o
Power Spectrum 1 Jo \ \

| RES \ |
g(x) = 2x / dy’ (l - —,> W (')

Source distribution

O

Multiple dependencies on (/, )

103
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CMB Lensing

le—-7

2.0 ———— - —————

— \CDM ' Power spectrum
— =10, Dy (1y=0.0 of the CMB

- ,LLl :OO, DO (1) :()4 |
- ACT data

lensing potential

I(1+1)
2

0.0

05— SN

Planck forecast errors

|04
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Weak Lensing of the CMB

Angular Scale [deg.]
90 10 2 0.5 0.2 0.1

100GHz |

2 10 100 ‘ 500 ‘ 1000 1500 2000
Lensing Multipole L

Planck 2013
x [ (P + V)dn

105
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Galaxy Weak Lensing

£+ (0) -
107 =
LOW-LOW “ LOW-HIGH HIGH-HIGH
-6 1
10 e e
10° 10’ 10° 10’ 10° 10’
0 (arcmin) 0 (arcmin) 0 (arcmin)

Simpson et al 2012
(CFHTLens)
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Galaxy Weak Lensing

BAO + CMB +
2.5t 8 RsD
2t B CFHTLenS
15k B crHTLenS +RSD
1 C)Isw
¥
~
-1t
1.5¢
-2F
-2.5
3 2 1 0 1 2 3
1
(1 + — | —2
R Simpson et al 2012
(CFHTLens)
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Cross correlating data sets

' I I I I I | ' ' I l 1
0.6 |- | ~
L T Ist P o
- [ 6 )
W 04F = HGR + ACDM
) o ? l ® T : 1(R)
" * i -
0oL L | Hreves
R NN B A | 1
2 4 6 810 20 40
RhHTM
( Pe) Reyes et al 2010
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The Future

MAPPING THE GEOMETRY OF THE DARK UNIVERSE

. . . . : " N - '- ok
‘ : S WA M A
4 S ) J . ~
@ F N A% A
‘ . h
-

@ The S uare Klgnéfr’e’ﬁrr:ag

The Intemalnonal Rdle Tclescbpo. for lhe 215! Cemur/

e

".A v' ",. ’._ -
RO T S R
e, or , .’; B Ao
&
' .

Large Synoptic Survey Telescope
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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

|10
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af"a/ fog

0.1

0.01

The

Future

current '
| /\ SDSS-II LRG
< WiggleZ
[ X BOSS CMASS DR9

A eBOSS

future

() BOSS final ¢ HETDEX
* DES LSS

/A MS-DESI gal

® FEuclid

*

redshift

Percival 2013
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—0.7
-0.8
-0.9
S —~1.0
~-1.1

—-1.2

BAOs + RSDs

I | |
mam DETF IV + Planck

B Facility + Planck
- | Combined

f(R)

*

Mass. Bigrav.

DGP

<

0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70

2
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f=0
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What does this mean!?

Example: Jordan-Brans-Dicke Theory

" / V=gd'z |6R - = (V¢)’

0,

Cosmology 3
Now: /_' <6 x 107 Avillez & Skordis 2013

L

Euclid: 1 < 3 % 10—4 (RSDs only ) Baker,
(W Ferreira & Skordis, 2013

Solar System

1 4 e
Now: — <1 x 10 assin|
»,
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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.

| 14
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