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The Contemporary Universe

- The New York Times (Nov 11, 2003)

Science Times 25 svviversany

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

{ﬁr . 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)

What Is Gravity, Really?

2 = i a whopping 70
By DENNIS OVERBYE s Ayt

“dark energy.’

—_ P = v iy 1 - 1 1_'}1-
“Gravity it's not just a good idea. It's Obvicusly a the
the Law,'” reads a popular bumper sticker al the universe u

Gravity is our oldest and most familiar “m__";"‘;ﬂi_ Er"“rﬁph
enemy, the force we feel in our bones, the Nesther Gark en
force that will eventually bury us, been chserved or
sagging our organs and pulling us has been iwnferre
down. but for ail its intimacy, it i  Secis on the Ly
a mystery. What really is the law? see. As a resal,
For mest of us it’s the one that Isaac  SeSted ‘"*“ WS
Newton proclaimed in 1687 as the ruleof the ~ ST®d In the iast & —
cosmos, describing how (but not why) two SRS SR gy . Isaac Newton prociamed tus law of grav
obiects attract each other with a force pro- _ In :“-"i\rl‘”':."'jd;' ' 1ty as the rule of the cosnos m 108/
;‘u‘vi‘s:nnnl to their masses and inversely pro- ago, that the exp

1 : : apparently acc rating, under the wnflu-
oirsa: sa1r00rPOTtional to the distance between them. But ‘ff’ 'Tr “1-' : d"m::f___a ’:‘gl :M: e _h_" Al >
it's been rewritten and physicisis expect S S ST energy, has occasioned a

pr-avaiuarion e oid certainties
R s i s aae re-evaivartion of the oid certainties
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The Contemporary Universe

- The New York Times (Nov 11, 2003)

Will We Ever Find Atlantis?

By JOHN NOBLE WILFORD

somewhere in the imaginatan. il a0 &
tersection of the ideaiued Goiden Age aind
mankind's descent into manibest imperiec
non, existed the sland conlivatyon of Atlan

. This reslm of & vine ongin was

ruled from a spiendid metropolis
n the distant ocean. Its empire,
jescribed by a philcsopher as
“larger than Libya and Asia combmed
entoved nrospenty and greatl power

in time, driven by overweening ambigtion,
3 common theme in antiquity and not un-
heard of today, Atlantis set out (o Conquer
Yands of the MedicerTanean. But in a termibie
day and night of fioods and earthquakes,
Atiantis was swallowed by the sea sinking
min legend

The story endures as a cledsie in the

genre of lost workds long vanished, the runs
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The Contemporary Universe

- The New York Times (Nov 11, 2003)

~ What Is Gravity, Really?

By DENNIS OVERBYE

“Gravity ust a good idea. It"s
the Law,"” reads a popular bumper sticker
Gravity is our oldest and mest familiar
the force we feel in our bones, the
force that will eventually bury us,
sagging our organs and pulling us
down, but for all its intimacy, it is
a mystery. What really i1s the law?
For most of us it’s the one that Isaac
Newton proclaimed in 1687 as the rule of the
cosmos, describing how (but not why) two
objects attract each other with a force pro-
portional to their masses and inversely pro-
pirsa: 0411001 pOrtional to the distance between them. But
it's been rewritten and physiCISIS expect

a7 vy s EavprEr i A8 S eP

it's not

SNEMy

—

a whopping 70 pe
thing even more
“dark energy.”
Obviously a the
of the universe u
compiete trumph
Neither dark en
been cbserved o
has been wnferre
effects on the tm
see. As a resull, :
gested that what
eéred in the last 2N
rance of gravily

Isaac Newton procdammed s law ol grav

in particular, 1 ity as the ruic of the cosmos 1 1684
ago that the exp
apparently accelerating, under the influ-
ence of that dark energy, has occasioned a
re-evaiuation of the oid certamnties
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The Contemporary Universe

‘M
Zr°
What do we know about gravity? §o4
— Dramatic successes \
= Ty
Newton r- =2GM. = 2.95325008 km j)
= \
F ]' ?'E £ /
151':14.1' e E \goo — 1) = _51:
Einstein 3. Il S5x 1074
d

3 Antercury = 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

Permutter, Physics Today (2005
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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
Df thE ; elerments
Cosmos :

0.03%

Ghostly
NEeUTNNOS:
£2.3%

Stars
0.5%

Free hydrogen
arsd helium:
i Doy

Dark
mattier:

0%

Dark
E"ﬁEfg)‘:
s G Tk
= o | " el
ool HE L OT barvons , _neutrinos |, DM 0 27 o4 bage 11/61
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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

+---|=87G T,

G (Gpr)
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The Contemporary Universe

Many scenarios

— Modified Friedmann equations

— Modified Einstein-Hilbert actions: e.g.. 1/R terms, etc.

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

Pl = = e
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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

Stz) = ——M° f d’z\/—g R+ f d*zy/ —g¥ L,. + Sen gt = 8,X%9,X"g,p

+ Intrinsic curvature term

M
Ty T 2MP
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Braneworlds and Metastable Gravitons

- Disparate gravitational strengths: brane vs. bulk

G

Dulx G

/ o

- Brane gravity appears metastable

orane Gb'_ﬁk

short distances: 4-dimensional

g GraneTl
| g =
-
/ o \ long distances: 5-dimensional
<> L < .
. . G bulk T2
: - } =
2
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Cosmology

The Friedmann equation

0 Both phases

H<ry' H? ~ r3? Self-accelerating phase

- |—=| r%%°| FLRW phase
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Cosmology

-  The Friedmann equation
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Cosmology

- Global structure
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Cosmology

Perimutter, &f al (1998

- Constraintsonr, w0

22 s 2
— Friedmann equation 7
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Compact Sources

- Schwarzschild solution

hranewnrid

Einstein weak-brane

mass=m

Schwarzschild radius, W = 2Gm

1\ igly
—f14+= =22
(13) r2
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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

4
[
/ . \
. al
(0.9) <
nranewnrin
Qm—1
Einstein weak-brane
g _ 1\ &g
il 2 (1* 3)7

mass=m

Schwarzschild radius, s =2Gm
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Compact Sources

Strong gravity, dynamical extrinsic curvature

weak-brane phase

S

braneworld ®
Einstein phase
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Compact Sources

Schwarzschild solution

— Values forr,:

Earth 1.2 pc

Sun 150 pc

Milky Way (102 solar masses) 1.2 Mpc
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Physical Considerations

Schwarzschild solution

— General expression:

ds® = geodt® — g,,.dr* — r2dQ)

Rf P = g |
;-QFH}[;}_ I ) [brane = L [l -+ A(f‘)] —2{H" + H)r" |

;h

|
R 9 9
Gre (8,7 lbrane = 1+ —2 [1 — A(r)] + H?r? }
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Physical Considerations

Schwarzschild solution

— @General expression:

Ri—?(’ ) = RTTG/. drr? ri;;l(_r)
J0)
33 = i ] 13R, ]
A[f'i — qI 1 i rii I‘J 1
4rg R, 93213
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Physical Considerations

Schwarzschild solution

— Einstein regime: r & r
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Physical Considerations

- Orbit precession Ab

— Per orbit

— Precession rate

d

—A instein
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Physical Considerations

Orbit precession

— Uncertainties:

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

Moon: <10 uaskear
BepiColombo (ESA
Mars: <10 uaslyear P ( )
Pirsa: 04110013 Page 30/61
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Physical Considerations

Schwarzschild solution

- Weak-brane regime: r> r,

R 1
n—=— {14-

R, 1
(1 —f[l——

Il

— Brans-Dicke gravity
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Physical Considerations

Growth of large-scale structure

Pirsa: 04110013
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Physical Considerations

Schwarzschild solution 2R 1/3
U-"g
P = -
— Weak-brane regime: o e
R ]. ]. - Y . )
n=——2N4+—1 - AH"+Hy
2r 33 >,
R 1 1
g iy
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— Brans-Dicke gravity




Physical Considerations

Growth of large-scale structure

™~ mass cluster

T COSMmuc horgon
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Physical Considerations

Growth of large-scale structure

’ : 1\ .
0 +2Hé =4nxGp (1 - ﬁ) 0
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Physical Considerations

- Growth of large-scale structure
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Physical Considerations

- Linear growth A SR A A S e R
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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 .
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Beyond Self-acceleration

- Dark energy (cosmic fuel)...

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

Composition Heavy

of the : —~p—4gan
Cosmos . Ghostly

MNEeuUTtnrMos:
£2.3%

Stars
0.5%

Free hydrogen
arnd helium:
1.

Dark
matter
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Beyond Self-acceleration

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

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

Superacceleration and w < -1

876G

3

H? =

(PM + PDE)

) . 0 —3(14w)
ppe(t) = ppra '
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Beyond Self-acceleration

Superacceleration and w < -1

876G

H* =
3

(PAM + PDE)

—3(14w)

ppEe(t) = ppea
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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 eguation of state?
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Beyond Self-acceleration

w>-1

Superacceleration and w < -1

Par
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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

-  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

s H 8aG
H +—= ‘ /)_U(f)-l-,\
r|} 13
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Beyond Self-acceleration

- Screening of the cosmological constant

) v~el

time
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Beyond Self-acceleration
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Beyond Self-acceleration

Luminosity distance

H(z)

Hl'_i

1 1 \?2

— — — 24 ) —L——LEI“ 1i _‘:}Zi 1
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DO | -
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Beyond Self-acceleration

- Luminosity distance
0.005
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(Qm~w) {Qm* rDHG)

(0.28,-1.02) (0.292, 5.9)

(0.294, -1.05) (0.34, 1.83)

(0.316,-1.1) (0.42, 0.86)
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Beyond Self-acceleration

Solar-system test

e Ad = — _3 If roHy = 1, then the precession

dt 87 rate is about 3 pas/year

Anomalous growth of structure

(Q,,, roH,)

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




Beyond Self-acceleration

Solar-system test

iAD = —i If roHoy = 1, then the precession
dt 'Sr[] rate is about 3 uasl_‘.-‘}-ear

Anomalous growth of structure

(Qm'! rﬂHu)

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




Remarks

-  DGP braneworlds 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)
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Remarks

- Modified gravity is a distinct paradigm for cosmic acceleration

— Distinct from dark energy paradigm

— Subject to imminent observational discrimination
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