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Abstract: We have two strong reasons to argue that Einstein\'s theory of general relativity may be incomplete. First, given that it cannot be
expressed within a consistent quantum field theory there is reason to expect higher energy corrections. Second, the observation that we are
undergoing a current epoch of accelerated expansion might indicate that our understanding of gravity breaks down at the largest scales.

A generic result of modified gravity is the creation of a new degree of freedom within the gravitational sector. This new degree of freedom then
generically connects local physics to cosmological dynamics.

| will present the results of studying two modified theories of gravity emphasizing how they bridge the gap between local and cosmological physics.

First I will discuss work | have done on f(R) modified gravity theories, delineating under what conditions these theories deviate strongly from
genera relativity. Using these results | will talk about some recent work on attempting to detect a characteristic signature of these theories from
gravitational lensing. Second | will discuss recent results on ways we may test Chern-Simons gravity (a result of the low energy effective string
action) in the Solar System. Chern-Simons gravity has been identified as a candidate for leptogenesis as well as a source for circularly polarized
gravitational-waves from inflation.

As | will discuss, constraints to Chern-Simons gravity may improve in the near future with further observations of double pulsar systems.
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* Reasons we may want to
modify Einstein’s general
relativity:

* Current epoch of
accelerated expansion
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* 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
General Relativity:

* Create a new degree of
freedom

N ™ N -~
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Gravity Probe B
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* Higher curvature correction to general relativity p . ,p2 + ...
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* Higher curvature correction to general relativity . g2+ ...

* May produce interesting effects (parity violation) e &% 900

in the CMB/ gravitational-wave detection e
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* Higher curvature correction to general relativity ;. g2+ ...

* May produce interesting effects (parity violation) s &% 900

in the CMB/ gravitational-wave detection o
* Participates in a mechanism that may lead to Rl erkiacion

matter-antimatter asymmetry Sheikh-Jabbari (2006)
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* Higher curvature correction to general relativity . g2+ ...

* May produce interesting effects (parity violation) L:,i:,ﬂf;,i?fmq,

in the CMB/ gravitational-wave detection e
* Participates in a mechanism that may lead to sl Fealiacan

matter-antimatter asymmetry Sheikh-Jabbari (2006)

* It is a ‘natural” consequence of the effective 4D

- - Green and Schwartz (1985
string action Campbell et al. (1991)
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* Chern-Simons gravity is defined by the action

l { e ]. . ] =
S = /d*rﬁ/—g{ — —R+ —0RR — —(00)° — V(0) + Lat
2K 12 2
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* Chern-Simons gravity is defined by the action

6. = 1., -
5:/d4r\/fg[ ZORR — (96)° — V(0) + Lo

|

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

usual GR term l

Chern-Simons term

- 1 o
BR = seawysR 2" By
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* Chern-Simons gravity is defined by the action

usual GR term l usual scalar kinetic and
Chern-Simons term potential
-1 L
RR = 5 Coma c‘iRJu EQRQJJT
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* Chern-Simons gravity is defined by the action

usual GR term l usual scalar kinetic and
Chern-Simons term potential
| o
RR = —€,sR°,° R%"" v
- Matter
Lagrangiar
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* Chern-Simons gravity is defined by the action

1 4 - | S .
& = /d4IV —g{ — —R+ —HRR — ‘(()9)- = (9) + £mat]
2K 12 2

* Parity violated by

—

RR €orr JR}jaﬂraRcfjJT"-' E - B

IND | b=
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* Chern-Simons gravity is defined by the action

1 Boeay Lo .
§ /d4.r.,/—9[ —~ —R+ —0RR.— —(80)° — V(8) + Lunst
2K 12 2

* Parity violated by

—

€y Rj aRa JTNE B

\3||-—*

RR

* Coupling with scalar can arise due to an approximate

W p—— lRﬁ 0 — 6+ 6y
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dV 1 =
Scalar field: [ = — — —F/RR
s dé 12

(s

Gravitational field: G, —
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* The full field equations in CS gravity take the form

—iT,

pv
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* The full field equations in CS gravity take the form

dV 1
Scalar field: [8 = i 1—‘)€RR
r "
Gravitational field: G, — :—;VJ ([V;—Q] e (s pv) ) = T,

* Cotton tensor (C',, ) vanishes for any henca"x
symmetric spacetime: Campbell et al. 1991
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* The full field equations in CS gravity take the form
dV 1
Scalarfield: [ = — — —/RR
dé 12
Gravitational field: G, — {—:Vg ([VT{;’] eTra(p p¥le ] = —8T
* Cotton tensor (C',,) vanishes for any henca"z
symmetric spacetime: Campbell et al. 1991
S— 1 N\ Schwarzschild
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* The full field equations in CS gravity take the form

! 1
Scalar field: [/ = d— — —/RR
dé 12
(r 5
Gravitational field: G, — —:Vg ([V_,_t?] eTAa(p ) s ) = —&T .

* Cotton tensor (C',, ) vanishes for cny henca"z
symmetric spacetime: Campbell et al. 1991

Pi

Schwarzschild oo Norion Tre « TFRW-
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* Linearizing the equations about a flat metric:

Juy = Mup + Ry

| <1
* Define the trace-reversed metric perturbation
) ]

Buw = Rysy — §nm,h
* Specialize to a gauge (harmonic) where
By =D
* Consider the case where #(¢) and we neglect #(t)
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* We can write the gravitational field equations in
analogy to electromagnetism:

|
|
o
T
e

Vector potential: A,

Four-current: . J, = -T
Gravito-electric field: E' = 9,4, — dy A,

Gravito-magnetic field: B* = ('F 0; Ap
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* We can write the gravitational field equations in
analogy to electromagnetism:
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* We can write the gravitational field equations in
analogy to electromagnetism:

Gauss’ Law: V. E — 47Gp (same as GR)

irsa: 07110033 Page 25/77

Pl Casmalaav Seminar Teicbrmm Conidh Cmlba-~L



* We can write the gravitational field equations in
analogy to electromagnetism:

Gauss’ Law: X : = AnGp (same as GR)

Faraday’slaw: © x E — ———  (same as GR)
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* We can write the gravitational field equations in
analogy to eleciromagnetism:

Gauss’ Law: 6’ = A7Gp (same as GR)
OB
Ot

Faraday’s lLaw: © x E — — (same as GR)

—

No gravito-magnetic V.B =0

(same as GR)
monopoles:
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* We can write the gravitational field equations in
analogy to electromagnetism:

Gauss’ Law: N\ s E — 4:¢Gp (same as GR)

Faraday’slaw: © x E — ———  (same as GR)

No gravito-magnetic V.8 =0

(same as GR)
monopoles:

Ampere’s Law:

Mes = —3/(5@62)
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# Besides having analogous field equations

—_

Gauss’ Law: \: - E =4nGp

Faraday’s Law: vV x E = —tE
At
No gravito-magnetic 7aN - -
monopoles: ¥ b= -
o o B K 5
Ampere's Law: V x B - (7 - 1B = 47 G.J
¢ ;.

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

|

|
'y

|
N
|
X
wef

a

Pirsa: 07110033

Page 29/77
Pl Casmaoloav Seminar

Toichrors Conith bark



# Besides having analogous field equations

—_

Gauss’ Law: f - E =4rGp

Faraday’s Law: vV x E = —d—B
ot
No gravito-magnetic 7 - .
monopoles: ¥-gi=1 ~
~ ~ oF 1 — -
Ampere’s Law: V x B - (— - 1B = 4nGJ
Ot s

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

|

|
Ry

|
o
=l
X
ult

a
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Gauss’ Law: ﬁ'—" - E =4rGp

Faraday’s Law: \_,_" x E = —{?
it
No gravito-magnetic - B=
——monopoles: -
= -~  JE 1 — —
Ampere’s Law: V x B — (— - 1B = 47 GJ
5.8 1

* Only Ampere’s law is altered

* To look for an effect of CS gravity we need to produce a
gravito-magnetic field (i.e. break spherical symmetry!)

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

110033
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he rotating earth

Credit- NASA, JPL, Doug Ellison
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he rotating earth

Credit- NASA, JPL, Doug Ellison




* The rotation of the earth generates the mass
current

'
[

J = pre®(Rg — )0
* We then solved the static CS Ampere’s law:

oo

V x
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* The rotation of the earth generates the mass
current

'
[

J = pre®(Rg — )0
* We then solved the static CS Ampere’s law:

.~ 1 . .
V xB V2B = 47GJ
Mes
* CSterm breaks parity: 3B . _ B (pseudovector)
> - 1 = -
V x B A V?B = 47GJ
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ab

Poloidal Massive particle

: — experiences force:
Toroidal < .J 4 —

Fr~nuyx B
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ab

Poloidal Massive particle

= experiences force:
Toroidal ¢ .J XE:. I &
| F~vxB
Poloidal: 0 0
® ®
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b

Poloidal Massive particle

— experiences force:
Toroidal o< .J E -
F~vx B

Poloidal:

Toroidal:
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B/(Gpyw)

&
|
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a—=—F— 4v X
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* |n gravito-magnetism motion of a satellite is
dominated by the usual Newtonian force:

—

B
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* |n gravito-magnetism motion of a satellite is \
dominated by the usual Newtonian force:

- LAGEDS

d—=—FE — A7 x B

= -V + )
N
S

small perturbing force

* Perturb about a Keplerian orbit

* Look at perturbed motion that builds up in time
(secular motion)
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* In gravito-magnetism motion of a satellite
dominated by the usual Newtonian force:

d=—FE — A7 x B
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B/(Gpyw)
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* |n gravito-magnetism motion of a satellite is |
dominated by the usual Newtonian force:

- LAGEDS I

d=—FE — A7 x B

| | |
B v -I— < \

small perturbing force

a

* Perturb about a Keplerian orbit

* Look at perturbed motion that builds up in time
(secular motion)
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* In gravito-magnetism motion of a satellite is \
dominated by the usual Newtonian force:

S LAGEDS 0

d=—FE — A7 x B

| l |
v -I— < \
\J

small perturbing force

a

* Perturb about a Keplerian orbit

* Look at perturbed motion that builds up in time
(secular motion)
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* Motion of a satellite can be described by
Keplerian elements

* Measure evolution of the longitude of the
ascending node ()

Az = J

reference plane
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* LAGEOS | & Il are two satellites with several
retroreflectors orbiting the earth '\

".
\

\
llll'|

£
LAGEOS &
*.
.\.
Launched 1974 and 1992 N guceos:
'\\ A\
- - " \\ 1 )
* Laser ranging measures their orbits very _ www signale.de/lageos

accurately
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* LAGEOS measurements
have confirmed the GR

result to with 10%
Ciufolini and Pavlis (2004)

QCS N #}

? 4 D
QGR meg R‘%}

0.4

—-0.4 H

lTlll

0.001

‘mcs‘ (km—l) 0.01

™/

woes |Me > 0.001 km™! = 10722 GeV| ...
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* Gravity Probe-B (GPB) measures precession of
gyroscopes due to the gravito-magnetic field

AB = 6.6 sec/yr

(GEQDETIC)
.
i__'.
GUIDE STAR _Jﬁ?ﬁ \
. -F_'__-—___i .r_‘ If '.;

A = D42 sec/yr
(FRAME DHAGG NG)

hitp://www.nap.edu/hitml/ssb _html
- : vityPr h3_shiml
:-p — —
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the GR result to 10%

&.; 0.2
(I)CS (l2 l":".:_ 0
borg MmLRZ .

L]

|
o
nJ

* |f GPB is able to confirm " o

=044

Mmes > 0.01 km ™
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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,..> 0.0l km™' = 1072 GeV

* |n order to translate these into constraints to

fundamental parameter ¢/ need model for 6(%); |
for future work (.. = —3/(¢xH)
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* Another place to look for gravito-magnetic

effects is in double pulsars

Pirsa: 07110033 ,‘ >age 55/77
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* Another place to look for gravito-magnetic
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 orbital separation)
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* First ever observable constraints on the theory

* Violation of parity results in the production of a
gravito-magnetic field B ~ ./

* Coupling of scalar field (new degree of freedom)
necessitates model building; preferred frame effects?

* Future work to articulate new tests of gravity by looking at
the gravito-magnetic fields implied by observations of
double pulsar systems
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Tes‘m)a‘he Umversqllty of & g
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_ PEN. 2 Hax
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U§mg measureménmf ga.laxx Iens surveys to test
alternative theories of gravity '

3 ? Y ‘ ' -
) _ |

Credit: The Virgo Consortium
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* We parameterize deviations from general relativity
when measuring the lensing of light through 7

GM
2b
* In the Solar System we have

the constraint

060 = 2(1 + )

Bertotti, less, and ‘ ]_ L ,__} o ‘ S 10—5

Tortora (2003)

* It is usually assumed that? is
universal... but it may not be
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* Discuss the possible non-universality of 7 with the

example of f(R) gravity

* Describe that for f(R) gravity 7 depends on the
Newtonian potential of the lensing mass

* Discuss how we may probe a non-universal 7/ with
a sample of elliptical lensing galaxies

* Present preliminary results using the SLACS survey
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* The theory is defined by the action

5 = i/d4x\/jg/['R+f(f3)\]+ S

general relativity 1) Wy

Carroll et al. (2004)

* In f(R) gravity one can show that? is given by:

_ 2+ R/(kp)
41— R/(kp)

~

Pirsa: 07110033
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* In GR we have R = kp
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* In GR we have R = kp

* In f(R) gravity this is replaced with a differential
relationship: )

VZf(R) = 3[R — k)
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* In GR we have R = kp

* In f(R) gravity this is replaced with a differential
relationship:

V2f(R) = 3[R~ np

* Solutions have two behaviors:
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* In GR we have R = kp

* In f(R) gravity this is replaced with a differential
relationship: 1

V2f'(R) = §[R — Kp)

* Solutions have two behaviors:

Linear

b < Py o 2+ R/(hp)
R < kp ~ 4—R/(kp)
v =1/2

" R gy (N - —— Toickrmrs Conith ™mlbar~l
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* In GR we have R = kp

* In f(R) gravity this is replaced with a differential
relationship:

V2f(R) = 3[R~ wp

* Solutions have two behaviors:

Linear Non-linear
PN < P 2+ R/(sp) PN Z Po
R < kp " 4—R/(kp) R=kp
y=1/2 =
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* In GR we have R = kp

* In f(R) gravity this is replaced with a differential
relationship:

V2f(R) = 3[R~ np

* Solutions have two behaviors:

Linear Non-linear
Oy < P o 2+ R/(kp) Py 2P
R < kp 4= R/(kp) R =kp

~=1/2 A non-universal Y1l =1
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* We can measure | from observations of
lensing galaxies (sieusezia 1998)
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* We can measure | from observations of
lensing galaxies (sicusezia 1998)

* Directly measure the velocity dispersion (spectra)

O obs
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* We can measure | from observations of
lensing galaxies (sicusezia 1998)

* Directly measure the velocity dispersion (spectra)

O obs
* Measure the redshift
Dqg )
§
Uobs DLS
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* We can measure | from observations of
lensing galaxies (sicusezia 1998)

* Directly measure the velocity dispersion (spectra)

O obs
* Measure the redshift and Einstein radius
fr Dg )
,.-.}, — 5
O-obs DLS
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* We can measure | from observations of
|ensing galuxies (Sirousse-Zia 1998)

* Directly measure the velocity dispersion (spectra)

O obs
* Measure the redshift and Einstein radius

fr Dg
ﬁ/ — 5
Jobs DLS

* Actual analysis takes into account: power-law
behavior of luminous and total mass density
_.and anisotropy in stellar velocity dispersion

" B g gy L - Toichrmrs Conith ™mbban~l
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* Data from SDSS and HST for 15 elliptical
lensing galaxies (SLACS survey, Bolton et al.)
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* Data from SDSS and HST for 15 elliptical
lensing galaxies (SLACS survey, Bolton et al.)
= RO S B R T
15 :- [ “-“ -:
~ 1f-q------ "--}"'i‘.“ ----- -
0.5 -] l [ N
i 1 Treu et al.
0 e e 0 & o ke o ow owou A4 s o Beleaeral
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* Data from SDSS and HST for 15 elliptical
lensing galaxies (SLACS survey, Bolton et al.)

D
.

1 Treu et al.

| Bolton et al.
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galaxies (SLACS survey, Bolton et al.)

from single distribution

* By the end of the year 70 more
galaxies

* If bimodality persists with 70,

statistically significant

~ . .
* Correlate / with local environment: #
nearest neighbors, richness of cluster...
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* Data from SDSS and HST for 15 elliptical lensing

* 10 rejection of the hypothesis that all points come
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* Modifications of general relativity force us to revisit
‘standard’ calculations

* The modifications present us with novel ways to probe the
fundamental nature of gravity

* Exciting because of various new probes of gravity (lensing
surveys, double pulsars, direct detection of gravitational-
waves, table-top experiments...)
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