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The Contemporary Universe

- The New York Times (Nov 11, 2003)

Science Times 25 svversany

1. Does science matter?

2. Is war our biological destiny?
3. Will humans ever visit Mars?
4. How does the brain work?
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The Contemporary Universe

- The New York Times (Nov 11, 2003)
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The Contemporary Universe

- The New York Times (Nov 11, 2003)

Will We Ever Find Atlantis?

By JOHN NOBLE WILFORD
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- The New York Times (Nov 11, 2003)

Science Times 25 avversany

_ 1. Does science matter?
? 2. Is war our biological destiny?

; ﬁ . 3. Will humans ever visit Mars?
4. How does the brain work?

Page 6/61

Pirsa: 04110013



The Contemporary Universe

- The New York Times (Nov 11, 2003)
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The Contemporary Universe

Ay
d
What do we know about gravity? o
— Dramatic successes
= s
Newton  r. =2GM. = 2.95325008 km \)
1 . .
15_1'3.\' = 2 \gdoo — 1) = _é_i'

Einstein 3. vl <5x 1074

d
Z_\Gnercm- = 430 mas/vear

— Intimate connection between matter, geometry and gravity
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The Contemporary Universe

- Hubble expansion and the Friedmann equation

Expansion History of the Universe

Perimutier, Physics Today (2003
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The Contemporary Universe

- The universal expansion is accelerating
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The Contemporary Universe

-  Dark energy (cosmic fuel)...

- E.g., vacuum energy or scalar field or condensate (quintessence)

Composition Heavy
of the elements
Cosmos

0.03%

Ghostly
MNeUITtNMmMos:
0.3%

Stars
0.59
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4 o,

Dark
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'E"P"I‘Efg')f
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The Contemporary Universe

...versus modified gravity?

— Rather than new ingredient, treat as signal
of first real lack of understanding of gravity

— Infrared rather than ultraviolet modifications

Gpv(gplf) +:: S‘TG T#U
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The Contemporary Universe

Many scenarios

— Modified Friedmann equations
- Modified Einstein-Hilbert actions: e.g., 1/R terms, elc.

— Braneworlds: e.g.. Dvali-Gabadadze Porrati
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Outline

Phenomenology of DGP Braneworlds

Self-accelerating Cosmology

Tests from Local Gravity

Cosmology and Density Perturbations

Beyond self-acceleration
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Braneworlds and Metastable Gravitons

- Einstein gravity in 5-dimensions
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Braneworlds and Metastable Gravitons

Disparate gravitational strengths: brane vs. bulk

Gﬂuli G 3

/ .

Brane gravity appears metastable

short distances: 4-dimensional

. GrranelTl
Igrru.- —
-
o long distances: 5-dimensional
~> G = ~
- (’hulk Im
b 1 g.'ra" — = .'}
.
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Cosmology

The Friedmann equation
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Cosmology

-  The Friedmann equation

self-accelerating (+)
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Cosmology

- Global structure
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Cosmology

Perimutter, «f al (1998

- Constraints on r, - . g
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Compact Sources

- Schwarzschild solution
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4
! mass=m
/ . : \ Schwarzschild radius, r, =2Gm
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Compact Sources

Strong gravity, dynamical extrinsic curvature

weak-brane phase

braneworld

Einstein phase
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Compact Sources

- Schwarzschild solution

Schwarzschild radius, fa =2Gm

y 4
' mass=m
/ Y \
(0.9) <
hranewnrin
Qm*1
Einstein weak-brane 5d
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Compact Sources

Strong gravity, dynamical extrinsic curvature

weak-brane phase

braneworid

Einstein phase
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Compact Sources

Schwarzschild solution

— Values forr,:

Earth 1.2 pc

Sun 150 pc

Milky Way (10'“ solar masses) 1.2 Mpc
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Physical Considerations

Schwarzschild solution

— General expression:

ds® = geodt® — g,.dr* — r’dQ

rgoo(t,r) :

‘R .
brane — 1+ ‘_g [1 - A{f}] + H*r"

/

Grr\E,T)

R T eai
brane — 7 []- -+ A{ f)] — _)(H- -+ H“"“

Pirsa: 04110013

. _ L ~ Y A _ - . e e T o T —————— =, _ . - —
 [=miTFm * ‘8 la - . Y Y | | - FTY e ?D
o == = Pl = =" ; il s 3
= W Ched o = A o e = L Ca LS M VoS ULE | SUU D e i il T = =

Page 26/61




Physical Considerations

Schwarzschild solution

— General expression:

R(r) = -‘_':.TG[ drr? dp(r)
o 1)
3873 | 8raR, ﬂ
Alr) = — 14 ———1
4rs R, 032r3 J
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Physical Considerations

Schwarzschild solution f{ R 1/3
S Lol oo
= 2
— Einstein regime: r << r
. 1 r r.r oo s
V. =—(go—1)=—24 9 1 (B2 ...
o =g W0 = T FY 2 T2
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Physical Considerations

- Orbit precession Ab

— Per orbit

¥
N = 2% 4 =3

— Precession rate

dt
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Physical Considerations

Orbit precession

— Uncertainties:

Mercury: <430 uaslyear
<1 uasl/year (2009-2010)

Moon: <10 uaslyear
Mars: <10 uaskyear BepiColombo (ESA)
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Physical Considerations

Schwarzschild solution ! 9 Rr] 1/3

— Weak-brane regime: -

n —5 [1—5—1

2r

Ry [, 1
or |7 38

Il

a

— Brans-Dicke gravity
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Physical Considerations

- Growth of large-scale structure

Pirsa: 04110013
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Physical Considerations

Schwarzschild solution !”E R?] 1/3

— Weak-brane regime: ros oy

R
n—=— [1 -+ i
30

R, 1
E[l‘ﬁ

2r

a

Il

| J—_
+3H2r—

— Brans-Dicke gravity
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Physical Considerations

- Growth of large-scale structure

™~ mass cluster

. — cosmuc horaon
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Physical Considerations

Growth of large-scale structure
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Physical Considerations

Growth of large-scale structure
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Physical Considerations

- Linear growth
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Physical Considerations

Growth of large-scale structure
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Physical Considerations

- Linear growth
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Physical Considerations

- Linear growth f

|
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Beyond Self-acceleration

- Dark energy (cosmic fuel)...

- E.g., vacuum energy or scalar field or condensate (quintessence)

Composition Heavy
Df thE‘ clerments
Cosmos

0.03%

Ghostly
NeUtrNNos:
0.3%

Stars
0.5%

Free hydrogen
arnd helium
i Ay

Dark
matter:
Efe oo

Darik

energy:
65%

7S - .
- (‘7 _barvons neutrinos DM
i +

il 2 D |
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Beyond Self-acceleration

- Riess, et al. (2004)
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Beyond Self-acceleration

Superacceleration and w < -1

877G

3

H? =

\PM + PDE)

PpE(t) = I}*BE”_-} e
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Beyond Self-acceleration

Superacceleration and w < -1

876G
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\PM T+ PDE "J
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Beyond Self-acceleration

Superacceleration and w < -1

— Violation of null-energy conditions

- Dark energy models require ghosts

— But. again, what do we actually know about dark energy?
The equation of state?
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Beyond Self-acceleration

w > -1

Superacceleration and w < -1

877G

H? =
3

\PAr + PDE)

Par

Pirsa: 04110013 Page 48/61




Beyond Self-acceleration

DGP with a brane cosmological constant
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Beyond Self-acceleration

DGP with a brane cosmological constant
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Beyond Self-acceleration

-  DGP with a brane cosmological constant
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Beyond Self-acceleration

Screening of the cosmological constant

— Model exhibits both “dark energy” and modified gravity
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Beyond Self-acceleration

- Screening of the cosmological constant

time
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Beyond Self-acceleration

. 2
WE".
- ==
3+ . 0 31w
| pPpe(t) = ppga -.
| |
.I: 2 -
e L FLHW['}__. -
-+ o 'i
| |
2 0 2 4 6 8 10

2 2
Pirsa: 04110013 8ar, p/M, Page 54/61




Beyond Self-acceleration

Luminosity distance
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Beyond Self-acceleration

- Luminosity distance

I:Qm*w) {Qrw r{]HC-)

{ (0.28,-1.02) (0.292, 5.9)

{ (0.294, -1.05) (0.34,1.83)
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Beyond Self-acceleration

Solar-system test

d N _3 If roHy = 1, then the precession

dt 87 rate is about 3 pas/vear

Anomalous growth of structure

(Q,,, roHy)

(0.3, 3.77) 1.5% This discrepancv of linear growth
(0.35, 1.41) 4.6% is roughly proportional to 1 —w_.g
(0.4, 0.87) 9.3%
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Beyond Self-acceleration

Solar-system test

i i 3 If roHy = 1, then the precession
dt 87 rate is about 3 pas/vear

Anomalous growth of structure

(Qm'-' rDHB)

(0.3, 3.77) P This discrepancv of linear growth
(0.35, 1.41) 4.6% is roughly proportional to 1 —w.g
(0.4, 0.87) 9.3%
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Remarks

DGP braneworids have rich phenomenology

— Gravity theory with effective metastable graviton
— Modifications to Einstein gravity occur at large (rather than short) distances

— Provides unique environment to study altemative astrophysical and
cosmological phenomena (e.g., dark energy)

Pirsa: 04110013 Page 59/61




Remarks

- Modified gravity is a distinct paradigm for cosmic acceleration

— Distinct from dark energy paradigm

— Subject to imminent observational discrimination
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