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UC Berkeley cosmology seminar

* Reasons we may want to
modify Einstein’s general
relativity:

* Current epoch of
accelerated expansion

* We know that Einstein’s GR
isn’t the full story because it
cannot be quantized
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* Generic result of modifying
gravity:

* Create a new degree of
freedom

* May connect local dynamics
to cosmology!
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% Start with the standard Einstein-Hilbert action

1
Y
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% Start with the standard Einstein-Hilbert action

1
S — % /d4x\/ _gR—I—Sm

* Modify by adding an extra term

1
S=— [ d*zy/=g[R+ F(R)] + Sm
2,.@/ R

general relativity f(R)

Capozziello et al. (2003)
Carroll et al. (2004)
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S = d*zv/—g[R+ f(R)] +

2/{

* Vary the action to obtain the field equation

1+ f'(R)]Gpuy = KTy

_%QMV[R f{(R)— f+0Of(R)]+ V.V, f(R)
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S =

2/{

* Vary the action to obtain the field equation
p .
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S = d*zv/—g[R+ f(R)] +

2/{

* Vary the action to obtain the field equation

1+ f'(R)]Gpuy = KTy

_%QMV[R f'(R) = F+ 0 (R)]+ V.V, f(R)
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S = d*zv/—g[R+ f(R)] +

2/{

* Look at the trace of the full field equation:

f'(R) = 5 [T+ RIL— f/(R)] + 2/(R)
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S = d*zv/—g[R+ f(R)] +

2/{

* Look at the trace of the full field equation:

F/(R) = (5T T RD — //(R)] + 2/ (R)]

GR terms imply

algebraic relation between
Tand R
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S = [ d'av=glR+ f(R)] +

* Look at the trace of the full field equation:

wz % [/{T + R[1 — f'(R)] +@>

f(R) implies a non-linear differential
relation between R and T

New scalar propagating degree of freedom!
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* A lot of the literature on weak-field f(R) is confusing

* Reinterpret weak-field f(R) as taking a pressureless source
(w = 0) and giving it Weg 7 0

* The exact value of Wi depends on the solution to the trace
of the field equation

% Present the condition that allows us to determine the solution
to the trace equation

* As discussed in Hu and Sawicki, viable cosmology and Solar
System tests restricts us to f(R) theories where

| f(Reos)| S Kperit < Kp
f'(Reos) < 1
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L G |
* Consider small deviations away LrEmEEE SRR,
from a flat metric S SR EE e

Juv — Nuv + h,uy
R <1

* Linearize the field equations sourced by a perfect
fluid at rest

T,ul/ — (:0 + P)(sonéﬁO + Pmu/
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* Linearized tield equations are L
e — o e——
EIETRE RS TR

given by:

General
relativity

P 0

f(R) gravity
P=0
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* Linearized field equations are

given by:

General
relativity

P 0

f(R) gravity
P=0

1
9 G

N

——Uhap =
9 s

UC Berkeley cosmology seminar
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3 ‘*‘{: L- =
s -
Sy
* Linearized field equations are e
given by: Sl e

General 1
relativity _§Dhozﬁ = K [(/0 + P)5a0560 +

o l l

f(R) gravity —EDh . [

aff = PO0a0080 +
b 5 e 3
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General
relativity

P 0

f(R) gravity
P=0

L e
* Linearized field equations are = SRR
given by: ——

1

——[1h
2

UC Berkeley cosmology seminar

1
_§Dhag =K [(p + P)da0dg0 + 5(/0 - P)ﬁaﬁ]

R R

1
aB — R [ POa00g0  + 5(,0 — F)%ﬁ]

1 R
= —— |1+ —
3[ +/<;]
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* Linearized field equations are E==EE =
- B i et =
: = e \ W3S

given by:

1
(p+ P)dandpo + §(p - P)nom]

Generadl 1
relativity _§Dhozﬁ =K [

r l l l
f(R) gravity 1 - 1

——Uhag =K |  poaodso + =(p—T)nags

P=0 2 :

* Interpreted in terms of GR, f(R) gravity
roduces an effective pressure: = | 1
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* In f(R) gravity we started with a =k
pressureless source =

* f(R) gravity produces an effective pressure P = %F

* Note: P does not affect hydrostatic equilibrium

Henttunen, Multamaki, and

— P only seen through motion of test bodies i

* We can re-express this as an effective equation

of state -
P 1 1 R
p 2p/T' =1 3 K
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* Weft is determined by the trace of the field
equation:

1 OVosr

VE[(R) = [T + R] = OF (R
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* Weft is determined by the trace of the field

UC Berkeley cosmology seminar

0f'(R)

equation:
1 oV,
VEf'(R) = ST + R] = 52
%k Extremum occurs when the RHS vanishes:
R = —kKT
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* Weft is determined by the trace of the field
equation:

V2f'(R) = - [T + R] =

1 OVesr

3

% Extremum occurs when the RHS vanishes:

R = —kT
* GR extremum is stable if curvature is positive
0*Verr
olf'(R)]

UC Berkeley cosmology seminar

1 _
5 — gf”(R) 1 > O

0f'(R)
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* If the system reaches the stable GR minimum:

R = —kT
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* If the system reaches the stable GR minimum:

R = —kT
1 R
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* If the system reaches the stable GR minimum:

R = —kT
1 R

* ... and we regain GR

UC Berkeley cosmology seminar Tristan Smith, Caltech




* We have established a stable GR minimum, but
the theory does not necessarily attain this limit

%* Two different behaviors of the trace of the

field equation: V2§’ = %[mT + R]

Linear R=Rog+oR Non-linear
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* We have established a stable GR minimum, but
the theory does not necessarily attain this limit

%* Two different behaviors of the trace of the

field equation: V2§’ = %[mT + R]

Linear R=Rog+oR Non-linear
OR

|R| — |R0 <1 + —> ‘ < |/€T‘

Chiba, Smith, and
Erickcek (2007)
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* We have established a stable GR minimum, but
the theory does not necessarily attain this limit

% Two different behaviorsi of the trace of the
field equation: V2f' = Z[kT + R]

3
Linear R=Rog+oR Non-linear
R R
<« i
R < R |~
OR
|R| = |R0 <1 -+ R—> ‘ < |/€T‘ R = —kT
0

Chiba, Smith, and

Erickcek (2007) Hu and Sawicki (2007)

UC Berkeley cosmology seminar Tristan Smith, Caltech




* We have established a stable GR minimum, but
the theory does not necessarily attain this limit

%* Two different behaviors of the trace of the

field equation: V2§’ = %[mT + R]

Linear R=Rog+oR Non-linear

|R| < |kT| R = —kT
1 1

1
p— - — p— p— O
2p/T—1 5 2p/T — 1

Wefr Wefr
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* f(R) theories take a source with zero pressure

and generate an effective equation of state
Weff — 1/5

or

Wegg = 0

* The ability to linearize the trace equation
determines Weft

* The ability to linearize the trace equation
depends on the size of

OR
Ry
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* One can show that the linearization of a
localized source is determined by the ratio

(5_R
Ry

2
:_‘<p
3

1
Y Rof"(Ro)

Chiba, Smith, and
Erickcek (2007)
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* One can show that the linearization of a
localized source is determined by the ratio

5_R
Ry

2
:_‘<p
3

1
Y Rof"(Ro)

Chiba, Smith, and
Erickcek (2007)

% To connect to measurements, we can write Weft
in terms of the PPN parameter 7Y

0% - g|<I> 1 <l= 7=1/2 gt
RO ’ i ROf//(RO) Z l = Y = 1 Hu and Sawicki (2007)
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* For a given localized source (star/galaxy) the value of
" depends on two quantites:

(5_R
Ry

2
:_‘<p
3

1
Y Rof"(Ro)
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* For a given localized source (star/galaxy) the value of
" depends on two quantites:

OR
Ry

9
— Zle
S‘N

1
Ro f"(Ro)

* The local Newtonian potential
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* For a given localized source (star/galaxy) the value of
" depends on two quantites:

(5_R
Ry

9
— 2l
S‘N

1
Ro " (Ro)

* The local Newtonian potential

* Background curvature R, and functional form f(R)
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* For a given localized source (star/galaxy) the value of
" depends on two quantites:

OR
Ry

9
— 2o
S‘N

1
Ro " (Ro)

* The local Newtonian potential

* Background curvature R, and functional form f(R)

* The background curvature, in turn, may depend on

redshift
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* For a given localized source (star/galaxy) the value of
" depends on two quantites:

oft| _ 215
Ry 3

1
Y Rof"(Ro)

* This theory implies that it may be interesting to
measure 7Y in various environments and at various
redshifts...
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* We can measure | from observations of
galaxies

* Directly measure the velocity dispersion (spectra)

O-ObS S0SSJ1627~0053

* Measure the redshift and Einstein radius — .
Op = (1+7)2m0gs[Dis(2)/Ds(2)] '

ACS-WFC FB1aw

UC Berkeley cosmology seminar Tristan Smith, Caltech




* We can measure | from observations of
galaxies

* Directly measure the velocity dispersion (spectra)

* Measure the redshift and Einstein radius —_ .

Op =

(1+7)

20

UC Berkeley cosmology seminar

O obs

obs| Drs(2)/Ds (2)]

S0SSJ1627~0053

ACS-WFC FB1aw
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* f(R) gravity would predict:

* Two populations of 7Y
some systems will have 7Y =— 1/2
others will have 7Y — 1

correlated with local environment and possibly

redshift...

UC Berkeley cosmology seminar Tristan Smith, Caltech




* Data from SDSS and HST for 15 elliptical
lensing galaxies (SLACS survey, Bolton et al.)
S L
15 M 117 -
?\ 1___“ ______ “__}__"__ ______ |
0.5 _ ] —
| Treu et al.
0 0 v v v v v v 1y | Boltonetal.
0.1 0.2 0.3
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* Data from SDSS and HST for 15 elliptical
lensing galaxies (SLACS survey, Bolton et al.)
S L i
— 1 | ) o]
‘Al
Sl
~ tfp-d-------cg
T |
Og:\ ->
1 Treu et al.
0 . . L . . o o 14+ i 1 .+ Boltonetal.
0.1 0.2 0.3
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* Data from SDSS and HST for 15 elliptical lensing
galaxies (SLACS survey, Bolton et al.)

* 10 rejection of the hypothesis that all points come
from single distribution L

* By the end of the year 70 more

—_

galaxies
* If bimodality persists with 70, ~
statistically significant <

0.5

* Correlate ") with local environment:

peculiar velocity, nearest neighbors... o L

UC Berkeley cosmology seminar
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* f(R) gravity is a theory constructed in order to explain the
current epoch of accelerated expansion

* Discussed the weak-field limit of f(R) gravity:

* Showed that a pressureless (W = () source, f(R) gravity
can generate a Weff 7é 0

* Leads to an environmentally dependent ) (= 1/2 or 1)

* May probe this using current and future galaxy lens
surveys
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The first observational constraint to

Simons

Gravity

arXiv:0708.0001
TLS, A. Erickcek, R. R. Caldwell, M. Kamionkowski

UC Berkeley cosmology seminar Tristan Smith, Caltech




* Chern-Simons gravity is defined by the action

14

| ,
SORR — = (90)> = V(0) + Lo

1
s:/d4x¢?g[— LR+
2K
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* Chern-Simons gravity is defined by the action

14

| ,
SORR — = (90)> = V(0) + Lo

S:/d%\/TgI

|

usual GR term
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* Chern-Simons gravity is defined by the action

usual GR term I

Chern-Simons term

1

RR — §€0T75R/3a75Ra507'

UC Berkeley cosmology seminar Tristan Smith, Caltech




* Chern-Simons gravity is defined by the action

usual GR term I usual scalar kinetic and
Chern-Simons term potential
N 1 oT
RR = Cé5rys R R
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* Higher energy (curvature) correction to EH Lagrangian

* May produce interesting effects (parity violation) amionkowski (1999)

in the CMB/ gravitational-wave detection

* Produces lepton number current anomaly which
may lead to matter-antimatter asymmetry

* ltis a ‘natural’ consequence of the effective 4D

Sh'ing GCﬁOn Green and Schwartz (1985)
Campbell et al. (1991)

* As we did before, we ask whether local tests of
gravity can detect effects of CS gravity

UC Berkeley cosmology seminar

Lue, Wang, and

Jackiw and Pi (2003)
Seto (2006)

Alexander, Peskin, and

Sheikh-Jabbari (2006)
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* Linearizing the equations about a flat metric:

Juv — Nuv + h/u/

hu| <1
* Define the trace-reversed metric perturbation
- 1
]’L/“/ = h/“/ — §Thu/h

* Specialize to a gauge where
OMhy, =0

* Consider the case where 6(t) and we neglect 0(t)
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* We can write the field equations in analogy to
electromagnetism:

]
|
|
>
T
-

Vector potential: A, 7

Four-current: Ju

Gravito-electric field: E* = 0,4 — Oy A;

]

™M
-
S
S
P
AN

Gravito-magnetic field: B’

UC Berkeley cosmology seminar
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* We can write the field equations in analogy to
electromagnetism:

Gauss’ Law: V - E = 47Gp

Faraday’s Law: V x F = ———

No gravito-magnetic V.B=0 Mes = _3/(5’19)

monopoles: S
, — — aE — —
Ampere’s Law: V x B — 57 1B =4nGJ
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* Besides have analogous field equations

Gauss’ Law: 6 . E = 47Gp

. . OB
Faraday’s Law: VXxFE=——
ot
No gravito-magnetic ﬁ B = 0
monopoles: .
Ampere’s Law: V x B — — B =4nGJ
Ot Meg

* The geodesic equation can be written as a
Lorentz force law:

id=—F — 40 x B

UC Berkeley cosmology seminar Tristan Smith, Caltech




Gauss’ Law: ﬁ . E = 47TG,0

. - 0B
F d ! L W v X E e
araday’s La 5
No gravito-magnetic ﬁ B = 0
_____monopales: -
Ampere’s Law: V x B — — B = 4nGJ
Ot Mes

* Only Ampere’s law is altered

* To look for an effect of CS gravity we need to
produce a gravito-magnetic field

* Where are we going to find a mass current to
generate a gravito-magnetic field?

UC Berkeley cosmology seminar
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The rotating earth

Credit: NASA, JPL, Doug Ellison




* The rotation of the earth generates the mass
current

J = p& X FO(Rg — )
— prwO(Rg — )¢

* We then solved the static CS Ampere’s law:

wufl

X

UC Berkeley cosmology seminar

&l
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B/(Gpy®)

B/(Gpyw)

=0 1
\ ¢=0 ;
-, z
B By ]
B, :
S

r/R

= g= g2
: ¢=0" 1

_B¢

UC Berkeley cosn‘lologyzsemln}’gr *
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B/(Gpyw)

B/(Gpyw)

&l

1

. —B,
n By
K —B¢ i
[ 1 1 1 1 I L 1 1 L I 1 1 1 1 I 1 1 L 1 i
1 2 3 4 5
r/R
= ' ' ' ) I ) ' ' ) I ' ' ' ' ' ' ) ' -
i g =1 |

_B¢

Smith, Erickcek,
1 Caldwell, and
1 Kamionkowski (2007)

1 2 3
r/R
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* In gravito-magnetism motion of a satellite is
dominated by the usual Newtonian force:

— LAGEOS It
J

small perturbing force

* Perturb about a Keplerian orbit

* Look at perturbed motion that builds up in time
(secular motion)
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* LAGEOS | & Il are two satellites with several

retroreflectors orbiting the earth

LAGECS It

Launched 1974 and 1992

* Laser ranging measures their orbits very www.signale.de/lageos

accurately
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%k LAGEOS measurements have confirmed the GR
result to with 10% ——— — =

Ciufolini and Pavlis (2004) 0.4 i

QCS / QGR

-0.2 | —

11 | | | | | | | 1 1
0.001 0.01
jm| (km™)

m.. > 0.001 km™ ' = 10722 GeV

Y
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* Gravity Probe-B (GPB) measures precession of
gyroscopes due to gravito-magnetic field

AB = 6.6 seclyr

(GEODETIC)

s ;'\(?

GUIDE STAR %
/,I

AO = .042 seclyr
(FRAME DRAGGING)

UC Berkeley cosmology seminar

: http://www.nap.edu/html/ssb _html
S —— : GravityProbeB/gpbch3.shtml
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% |f GPB is able to confirm the GR result to 10%

04 [ 1 mes > 0.01 km ™!
— 1072 GeV

0.2

cI:‘C'S/ (I>GR
o
|
i ——— ]
] .

—-0.2

~0.4 H —~
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* Current observations place the limit

m.. > 0.001 km™ ' = 10722 GeV

* Future observations may improve this (GPB) by an
order of magnitude

M., > 0.01 km™! = 1072 GeV
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* Another place to look for gravito-magnetic
effects is in double pulsars

UcC Berke|___,.- & ; Duncan Lorimer and _Maur.o McLaughlin il’h, Caltech




* Another place to look for gravito- magnehc
effects is in double pulsars

* More complicated; two sources
of mass current: rotation and
orbital motion

* Gravito-magnetic field larger by
an order of magnitude

Duncan Lorimer and Maura Mclaughlin

* Orbital motion may improve
constraints considerably (causes
oscillation in semi-major axis)
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* First ever observable constraints on the theory

* Violation of parity may be observable in the CMB/
direct detection of gravitational-waves

* May participate in the matter anti-matter asymmetry
* CS gravity is a higher energy modification of GR

* Future work to improve constraints through observations of
double pulsars
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