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Introduction

One of the outstanding accomplishments of 20th century physics was the
formulation of Einstein's celebrated theory of General Relativity:
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This description of gravity matches a wide variety of tests -local, large
scale astrophysical and cosmological. The great phenomenological success
of the ACDM model is built upon a strong precedent that the gravity
theory is a good fit to nature.

However did Einstein have the final word? Are there significant or radical
departures to be made from the GR paradigm without loosing the great
match to observations we cherish?
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Acceleration

We may imagine that gravity matches very well the local and Solar System
based experiments we may perform - but there is a lower limit to all of
these, they occur at a > 107> ms™!. Neatly galactic accelerations are
often a < 10719 - giving a range of untested parameter space.
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Acceleration

We may imagine that gravity matches very well the local and Solar System
based experiments we may perform - but there is a lower limit to all of
these, they occur at a > 107> ms™!. Neatly galactic accelerations are
often a < 10719 - giving a range of untested parameter space.

Additionally we appear to find ourselves in a cosmological period of some
A domination, what if the embedding of a scale is related to the
accelerated expansion?
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Acceleration

We may imagine that gravity matches very well the local and Solar System
based experiments we may perform - but there is a lower limit to all of
these, they occur at a > 107> ms™!. Neatly galactic accelerations are
often a < 10719 - giving a range of untested parameter space.

Additionally we appear to find ourselves in a cosmological period of some
A domination, what if the embedding of a scale is related to the

accelerated expansion?

Effective field theory approach for ather theories (0905.2446), adding the
vector field vev to the scales in consideration - c.f. CDT/Causal Sets

Have we seen this before? - MOND
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A Minimal Model

It would be great to modify GR using just objects derived from metric g,
naturally forming objects like

Ra,@uu(apref)
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A Minimal Model

It would be great to modify GR using just objects derived from metric g,
naturally forming objects like

Raﬁ/,w(apref)
Woodard and Soussa = Action for a MONDian g,,,, metric theory, the

trace of the EE in the weak field limit may be written in a conformally
invariant way - classical EM is conformally invariant!

1
SEM - _Z / FuuFaﬂg“agVﬂ \/—_gd4X
Fn = V. A —-V,A,

To explain additional light bending - need dof external from g, !
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Where would the scale arise?

Consider a four velocity field v#, by constructing a projector

h;u/ = Buv — g,ugu

to define a spatial velocity vector U# = h*,v”. Then through £2V,UP we
may assign a norm anorm = \gavauﬁy, apref ~ anorm. Local object!

Ali Mozaffari (Theory Group, IC) IBERICOS, March 2015 7 /16



Where would the scale arise?

Consider a four velocity field v#, by constructing a projector

h;w = Buv — fugu

to define a spatial velocity vector U# = h*,v”. Then through £2V,UP we
may assign a norm anorm = \gavauﬂy, apref ~ anorm. Local object!

Generically such a mechanism may be introduced through a variational
principle, e.g.

S\ = /)‘ (Xa‘)(ﬁgm/ - a;%ref) vV—& d*x
X = ¢v,U°

alongside the usual canonical kinetic terms for U“.
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A little precedent

An acceleration scale appears quite generically in relativistic theories with
extra degrees of freedom, examples can include:

@ Einstein-Ather <= Ho¥ava-Gravity
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A little precedent

An acceleration scale appears quite generically in relativistic theories with
extra degrees of freedom, examples can include:

@ Einstein-Ather <= Ho¥ava-Gravity

M2
L = (7"’ [R+ K]+ A (A*Ag + 1))

K = Ku*VaA'VgA”
af 1676} as B Bs o
Kuv = C18uw8"" + 0,40, + 36,70,

Weak Field Limit

K~ |Vo[?
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A Toy Model
Consider a scalar field non-minimally coupled to gravity
My &
S = / 7"R+ EX — V(¢) — F(a1) | vV—g d*x
+ /ﬁM\/ —g d*x

Buw = A Buv
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A Toy Model

Consider a scalar field non-minimally coupled to gravity
My &
S = / 7”R+ EX — V(¢) — F(a1) | vV—g d*x
+ /ﬁ/\//\/ —g d*x

Euw = A Buv

EoM'’s fix relations between F,a; and X,

Fo =

)

X
(6

but F, a; left as a free function.
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Cosmological Limit

In the cosmological regime,
M2
s - / (T"”RJr P(X,d))) V=g d*x
P = ﬂX—F(f) — V(¢)
(8 (6
X
p = ﬂx+F(—) + V(o)
« «

ar - . .«

~21$ = G+3HE+—V,

ai a1

Canonical restored for o = a; — constant

Viable inflationary theory - ng ~ 1, fy, small, 2 =1 + f(X)
Same reheating regime as canonical inflation
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Weak Field Limit

Expanding around a flat background, using a 1/c style expansion

1
B = Muw + ?huu
10
O = ——
cot
1
¢ = do(t) + 501(t,x)
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Weak Field Limit

Expanding around a flat background, using a 1/c style expansion

1
guw = N+ ?h,uu
10
d = ——=— 1
0 c ot (1)

b = dolt) + o(t%)

At ¢ =2 order, with a quasi-static approximation |d>| < 1 and bosonic SET

T% =5,
V2oy = 4nGp

1 -
V-(a1Ve) = « (V@, + ZAflqﬁP)
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Weak Field Limit

Expanding around a flat background, using a 1/c style expansion

1
guw = N+ ?h,uu
10
d = ——=— 1
0 c ot (1)

¢ = ¢o(f)+%¢1(t,x)

At ¢ =2 order, with a quasi-static approximation |d)| < 1 and bosonic SET

T% = p,
V2oy = 4nGp
1 4
V- (31V¢) « (V@ + ZAflqﬁp)
as well as physical metric perturbation

S = f(po)®n + ¢
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Chameleon

M2
S = /d4X\/—_g (TR + X — V(¢)) + Sm (A%()guw, Vi)
O¢ Vg + App == Verr = V(¢) + PA(®)
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Chameleon

M2
S = /d4X\/—_g (7R X - V(¢)) + Sm (A%()guw, Vi)
O¢ Vg + App == Verr = V(¢) + PA(®)

Vegr(¢)

Caroae )=

m? = Veff,«;tﬂtjs((i’min) = Y
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Chameleon

M2
S = /d4X\/—_g (TR X - V((;S)) + Sm (A%()guw, Vi)
O Vg + App == Verr = V(¢) + PA(®)

Vegr(¢)

Caroas )=

m? = Veff,ﬁf@((i’min) = Y

VuVo= (Vg +Agh) = Vinar- Vo

Generalising the “Classic” Chameleon!
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Beyond Ather Theories
Making a Generalised AE theory

L (M na
= |5 [R+a®F(O)] + A (A“Agu +1)

K = a 2KV A'V gAY
Kw® = c1guwe® + 06,0, + c36,°6,% + ca g A*A°
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Beyond Ather Theories
Making a Generalised AE theory

M2
L = <Tp’ [R+ 2F(K)] + X\ (A*A g + 1)>

K = a?Kuw*V,AMY gAY
K™ = c1guwg® +8,%6,° + c36,°0,% + ca g A“A°
[(65 g7 + cg A2 AP ) &y 8o A°
<C7 (5l/j‘gW + cg 6,,5gw> AO‘} A7
The original EA theories picked F(K) — K, cj>2 =0

_|_
+

Find a generalised Ho¥ava theory, using Orthogonal Hypersurface -
(messy!)
gaﬂvﬁY

A% =
(g’WVu YV, Y)1/2
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A Geometric Perspective
Moving in GR with a modified spacetime, GEA theories
ds? = —f(r)dt® + ——

£(r) 1+§m(é>

c is a dimensionless parameter implementing the aper and rg is an
integration constant.
Toy model:

2¢

1-c dr?
ds?2 = — (L) “ary T 4 2402
° (o> Tt

[ Barriola-Wilenkin Global Monopole - ¢ > 1 unphysical |
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Possible Future Constraints

Ultra-low acceleration saddle points (SP) in the Solar System, such as
Earth-Sun, Jupiter-Sun, etc ...

@ Tidal Stresses - A movement away from GR predicts generically
different tidal stresses around SP, possible to be tests using LISA
Pathfinder

o Light Delays - Additional time delays are expected in a region of
modified weak-field potentials, c.f. Lunar Laser Ranging, Long
Baseline Interferometry

@ Strong-Field Tests - As these theories are acceleration dependent, it
is possible to engineer tests in different regimes of curvature

@ Dynamical Dark Energy / Screening Mechanism tests
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Conclusions

Whilst we have the main ingredients in our gravitational theories, it could
be possible to include a modification at (to be chosen) acceleration scales.

Often some more familiar theories appear to have an ap.r hidden in their
structure.

The possibility to make a modification for both weak-field limits and also
with some inflationary limit is viable - more work needs to be done to write

properly consistent action.

Connection with geometry and also massive gravity could be made - these
need more investigation. (Possibility of using PPN?)

Ali Mozaffari (Theory Group, IC) IBERICOS, March 2015 16 / 16



	Introduction
	Conclusions

