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Outline

e Whatis gravity? Whg should we test it?

o Dark energy and cosmic acceleration

e Moden gravity theories: screening mechanisms
o Stellar structure in MG

e Dwarf stars

e Neutron stars
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Whg test gravitg?

e We're scientists — that’s what we do!

o Unexplained Phenomena — dark energy, dark matter :_

e Quantum gravity = big Problem for gra\/i‘cg
e We can — next decade will be data driven

e Need other theories to give digering Predictions
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What is gravitg?

Einstein: Curvature of space»-time

Sl
G,uv = C—4T'LLV

Geometrg Matter

SPace‘cime tells matter
how to move;
matter tells sl:)acetime

how to curve. — John Wheeler
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What do we know about gravitg’?

Newtonian = non-relativistic: UQ / 62 = |

Reason: most things are Newtonian
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Even J':)inarg Pulsars are non-

relativistic

Hulseﬂ'aglor Pulsar
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When is general relativitg imPortant?

Strong gravitational fields:

Neutron stars
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When is general relativitg imPortant?

Large distances:

Alterglow Light
Pattern Dark Ages Development of

about 400 million yrs.

Big Bang Expansion

13.7 blllion years

Cosmologg



We will test both of these in the next
decade and begoncl

_i

Cosmologg:

PES ECIC ] 1D

(sl:)ectrosaplc) (lensmg}
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? We WI” test 'DOtl"l O{: these in the next
decade anol foegoncl

fStrong fields:
Gravitational waves from
e Black hole mergers

|

* Neutron star mergers

LIGO

D i N e A e i kit oy i . iy~




Inspiral Merger Ring-
do

—— Numerical relativity - L1 observed
B Reconstructed (template) | —— H1 observed (shifted, inverted)

In the source frame, the initial black hole masses are 36 ; M, and 29 M, and the final black hole mass is
621{ M, with 3.0102M ¢ radiated in gravitational waves.
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Whg do | stuclg modifed gravitg?

i , ;
Dark energy: (Dark = we have no lclea) ﬁ

e The expansion of the Universe is accelerating

| o Gravitg s attractive so it should be slowing down

e We call the accelerating mechanism dark energy
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We clon’tjust need a little, we need a
ot

COMPOSITION OF THE COSMOS

Free Hydrogen
and Helium
4%

Dark Matter
25%
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What is dark energy?

- s — - g

|
:

“f your life doesn’t make sense, bug some |

Dark ‘.”:’:nergg and balance your equa‘cions.
We won'’t Promise that JEI’IC rest O]C the WOFlCl |
will make any more sense, |

but at least 9ou’|| have beer.”




4 5implcst explanation: cosmological

constant

S GM A

e In
/ \repulsi\/e

wins at Iarge distances

Attractive

|
|

oA ativitg: Gives exponential acceleration

/ Y E:
G/LV _I_ Ag,ul/ — C4 T,U,I/
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; The Cosmological constant s

unnatura|

' Quantum effects change the value:

Aoz Abare + Aquantum

Set bg hand \Qﬁ
|
Have to tune to 120 decimal Places: ‘“{ A

—120
} Aba,re == _Aqua,ntum 10

Theorists don’t like this

- T i g iy,




Alternative is to add new stutt

Sl

1 s matter dark energy
.- (e o
New gravity theorg New matter

| ook for modified gravit9 theories that can accelerate

- - T i g iy,

without a cosmological constant

*Still need to exl:)lain whg A - O
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What does changing gravitg do?

Screws up the solar sgstem:

actual star observed star

Light bencling Precession of Mercurg

———tr—— = SRS —————— R
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What do local tests mean?

GR:
Vidy = AdrGp = —Voy
Field equat:on Force law




What do local tests mean?

New force field ¢ :
GR:  V2®y = 47Gp Ny = —Von
MG: V?¢ = 8maGp Fy = —aVo
F
¢ = 20PN = 2 — 2q?
In
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Screening mechanisms to the rescue

Non~|inear C‘H:CCtS ClCCOUPlC Cosmological scales

From the solar sgstem

5olar system BSJCFOI"lHSiCS cosmology

SCT’CCHCCl Par’ua”g SCFC@H@CI UI"ISCFCCHCCI
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The Problem with MG

| GRis enough:
Vp = 87Gap

L 5

Change kinetic e K l o{: source

Vainshtein Chameleons
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The Vainshtein mechanism

| o o
Change kinetic terms — €8 cubic gahleon:

(flr (r¢’2) = 8anGp

T+ - 3

e Polsson Non-FPoisson Poisson
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Vainshtein mechanism

We can integrate this once: = _2

3
P .
o iy = Ot (L) <1
FN TV
F
r>ry = — =2a? ~ 0(1)
FN

B Vainshtein radius
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Screened Unscreened




Vainshtein screening

| r® > 10° pc
Solar sgstem is well within the Vainshtein radius:

e Classical tests (light bencling etc.) don’t applg
e Need new and novel ways of testing the theorg

o Screening Partia”y broken in some theories
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Screening breaks down

in some theories

Screened



Vainshtein breaking
R

dr r? 4 dr?

Tcontrols cosmologg of the theory

A o, > oy s S s e e o s g R Bt s s -

d® GM(r)
dr 7
Vainshtein:
; d® GM TG d&>M(r)




Rule of thumb - works well for stars

(not true in strong field regime)

T < O — gravity stronger than GR

'!

* T > O - gra\/itg weaker than GR!
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Stellar structure tests of gravitg

Main idea:

e Stars are a balance cnc gravitg ancl pressure
e Burn fuel to stave ot gravitational co”apse
o Changing gravitg changes the structure

o Changes temperature, !uminositg, mass, radius, etc.
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Stellar structure

| Inward gravity = outward pressure:

'GR (non-relativistic):

dP  GM(r)p(r)

dr r?
5 Hudrodynamics ,
| 5 G Newtonian

' Vainshtein: gravity

f

AP __GM(r)plr) _ TGp(r) d2M(1)
dr e 4 dr?
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Vainshtein stars

Gravitg weaker

Slower burning rate

Dimmer and cooler stars that live longer
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Vainshtein stars
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Gravitg stronger
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Faster buming rate

Hotter and briglﬁter stars that live longer ;' |
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Tools of the trade: Polgtropic: stars

n—+1

Bl Ky »

Polytropic index
® n=%-main sequence, white dwarfs
e n=15-~-convective stars, high mass brown dwarfs

e nNn=]~ lOW mass brown clwamcs

Work well when Phgsics 1S siml:)le |
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Dwarf stars - a new test of gravitg

Perfect tests:

o Chemicany and structurang homogeneous

o '.f:c]uation of state is well-known
o Polgtrol:)ic models are goocl aPProximations

e | ots of interest in low mass objects




stars

exoplanets R@Cl clwa ﬁ[

n=1.5

o
S

Brown dwarf
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Brown clwamcs —_ the radius Plateau

Coulomb pressure => 1} = 1 (P = KpQ)

i

Constant/ non—-gravitational Phgsics |

X

Theory of gravitg
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Red dwarts — MMHDB

Hgdrogen buming when core is hot and dense enoug]’w

Gravitg weaker

Core cooler and less dense at fixed mass

Higher MMHB

WM —— . =




Red dwarts — MMHDB

f; Stable buming when Procluction balances loss

lire — Log s

5(Y
N o 008 (1)

; / 5(T1 = 0)

Proton b urning et theorg of gravity

M
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New constraint

. Lowest mass star is Gl 886 C

M = 0.0930 + 0.0008 M,

= L = [



Inspiral Merger Ring-

S si sqe

—— Numerical relativity
I Reconstructed (template)




Inspiral Merger Ring-

£ si sce

—— Numerical relativity
I Reconstructed (template)




Neutron stars

Life Cycle of a Star

€‘+P~>ﬂ

tJ s | \o
: Neutron Star
Stellar Nebula . — — \

Massive Star

Red
Siberglait SUPSMOovA Black Hole




Neutron stars

Mass — Sun

Radius — few km

Mass, sPin) charge,

quadrupole moment,. .., hair!

Relativistic: v / c~ 1
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; Tolman~OPPenheimer~\/o||<ov

equation
|
o cvp Pl & PIL SN
g2 b el L A ki e

Relativistic \

General rclativitg

o St . iy~ e — -

hyclroclgnamics

)

" Vainshtein: —|— e s




Larger maximum mass

Devil is in %tail
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Summarg

| o Many unsolved Problems with gravity
‘ o Next decade will be data-driven

B Need alternative Preclictions from alternative theories |
o 5creening evades solar system tests

e Need new and novel ways to test gravity

e Can test Vainshtein with dwarf and neutron stars

— - - — -

AT W TR S



R e T
s
i

- e i ‘*«%* -y wl ALl - e -

~ Thankyou

(and to my collaborators)

Kazuga Kogama — ]G, Portsmouth (UK)

David Langlois — APCL Paria (FR)

Eugeny Babichev — Orsay, Paris (FR)

Ryo Saito — Yukawa | nstitute, Kyoto (oI 2)

L o



