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Roadmap

The problem with gravity.

Preaching to the converted: Dark Matter.
An alternative approach: Modified Gravity.
How to build a theory.

Isn't this dark matter?

Conclusions.
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Density Perturbations
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Three Regimes

e Tight coupling ~ a - .
o +2—-0p — C%kgtSB — S((I), (I))
e Recombination a

65 o e~ (kst)
 Free Streaming B

o x a V2® = 4nG(pB + py)




Preaching to the converted: Dark Matter

V4® = 87G(p + pc)

If po o< 1/r?

then e GM(R) X E — constant
- R

R

d . -
o 5B+22(53—C§k253750
a

through recombination



Simple and “predictive”

e Cross sections of order the weak
scale, masses between Gev and Tev.

e Gravity may not be aligned with light.

e Globular clusters look different from
Dwarf Galaxies.



The Bullet Cluster

1E 0657-56

Chandra 0.5 Msec image

Clowe et al, 2006

Displaced potential wells




Zhao

N = 1(0° Stars

- Globular Cluster

Birkhoff's theorem: solution unique



Alternative solution: modified law of

Inertia ...
u(%)@—ijy u(zr) =
v 1 B GM

agr: 72

vE = agGM —  constant

1l =z>1

r kK1

Milgrom, 83
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. 1S a modified theory of gravity

—

p,ﬁ:: —V(DN VQ(DN — 4"H‘G,O
Rewrite as:
. . VD
0

We need a relativistic theory (a generally covariant
action) If we want true predictions.




Hints of relativity

ag ~ cHy ~ 10~ °cm /s*

All in the metric:  gqg ~ (1 + 2P)



Simplest approach: modify the
Einstein-Hilbert action

1 4.
IGWG/dm —9

§

1
167G /d4$ _gF(R’ R””’ R“”aﬁ’ Cﬁaﬂﬂiﬁ! )

 Higher derivatives in the metric.

« Instabilities, ghosts (although not inevitable)

« New degrees of freedom (frozen modes become
dynamical)- new fields.




Keep Einstein Hilbert action

Dynamics | Gravity
(geodesic equation) (Einstein equations)
at I‘“ vOP = G, =8rGT,,
Juv

Common metric



“Bimetric” theories

Use two different metrics

“Physical” In “Geometric” metric
Geodesic equations In Einstein equations

: ] : ]

g,t.w — 5_2(}5 (g,t.w + A,u,Au) o EZCﬁA,uAu
Bekenstein, 04

gaﬂAﬂ:A’B — ] <= Time-like (“aether”)

Again! New degrees of freedom (new fields)



A theory (TeVeS)

S — ST‘I‘SV ‘|‘SS‘|‘STnﬂtt

St = 1610 /d‘laﬁ /—GR(3) Smatt = /d4a:\/—gﬁ(g, matter fields)
/i
/ constants
1
Sy = - / B/ —GIK BB Fag — 2A(A" Ay + 1)]

Lagrange multipliers l/ i

1
58 = ~Torca / d*z/—g{pu[(§* — A*A")$ udru] + V(13 o, £B)}




Einstein-Hilbert, one metric and
Aether field

 Rewrite action solely in terms of
physical metric and vector field

S:/d%\/fg{ - L(9,A)| + Su

Extra degrees of freedom (the Aether)

Zlosnik et al



How do we modify gravity?

Gop = 8TGTI7 + STTGTfﬁ

Take non-relativistic, weak field limit:

:
goo = —(1 4+ 29
e e S D R S
A:(1+ag,§)
4

GUEU D) = Gop(®) — 8TGTL3(P) = 8nGTLE" + 8w GT3(q)

1 1

Modified gravity Extra d.o.f.



Extra degrees of freedom ...

Is modified gravity simply a
more contrived form of
Dark Matter?



Cosmology of Bekenstein’'s
the() ry Skordis et al, 2006

871G,
H? = === (p+ py)

BBN:

Not Dark Matter
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Perturbations: definitions

Metric

doo — —&2(1 —+ 2(]:)) g,-,.;j = (12(1 — 2@)533
Scalar Field

Vector Field Extra d.o.f



Perturbations

4 2(1 +¢€)

Approximation: & 4+ 4 4+ —a=S8(2,7)
T T
D . 3 1
o X T with pi:—2:|:2\/9—8(1—|-6)
where

121n(a/5 x 107°)
poK

€ ~ Dodelson and Liguori, 2006

V2® = 4nGdépp + 4wGép,,
V(@ — ¥) = 87Go,
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A smoking gun for modified gravity ?

Bertschinger

— LCDM .
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Malin point:

Extra degrees of freedom in modified
theories of gravity can play a
significant role. This does not mean
that they make a significant
contribution to the overall energy
density...



.. and therefore:

Specific configurations (such as the
“pbullet cluster” or the discrepancy
between globular clusters and dwarf
galaxies) must be looked at in detall
to see If extra degrees of freedom
play a role.

PS: There may be a smoking gun ...



