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- Outline
= Long distance modification of gravity - the generic

Fatlite cnc scalar—-tensor theorg.

o) screening mechanisms - manclatorg suPPression of

scalar on sma” SCBICS.

® The Problem of motion - how do things move~?
Do theg rea”g all fall at the same rate under

gravity (I.e. equivalence Principle)?

| o Observational tests - look for AN violations.




Exampleé of IR modification of GR - relation to

: scalar-tensor theories:

‘o f(R)and generalizations - scalar-tensor(Chiba).

o DGP - brane bcnding mode (Lutg, Porrati, Rattazzi).

|® massive gravity ~ Stuecke berg (Arkani-Hamed,
Georgj, Schwartz).

o resonance gravity/ ﬁltering/ degravitation - Stueckelberg
(Dvali, Hofmann, Khourg}.

° ghost condensate (Arkani-Hamed, Cheng, Luty,
Mukohgama; Dubovskg).

S galileon (Nicolis, Rattazzi, Trincherini).
_E-o cucuston (Aicshorcii, Chung Geshnizjani).
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Weinberg’s theorem: at low energy, a Lorentz

invariant theorg of massless sPin~Z Particle must
be GR.

Theréncore, to modhcg gravitgj either add new

| clegrces of freedom (e.g. scalar) or make the

| graviton massive (which VIa Stueckelberg also

. contains scalar) or violate Lorentz invariance (e.g.

ghost condensate).

- Some Form cnc scalar—-tensor theorg seems generic.




Also: modified gra\/itg IS 1IN a sense No more exotic
than quintessence. Absent symmetries, c:]uintessence
: shoulci be coul:)led to matter at gravitational strength

. i.e. scalar-tensor theory yet again (Carroll).

P We don’t at the moment know what Precise form a
. comPe”ing modified gravitg mode] might take (hc it

| exists). Let us therefore focus on generic

| COﬂSCC]UCﬂC@S O]C a 5ca|ar~tensor th@OT’\lj.




Screening

We genera”9 want the scalar to be alive on Iarge

scalesi.e. induce @) modification on Hubble scale.

But the scalar must be screenecl on sma” scales to

match solar sgstem tests (recover GR).

. Two known screening mechanisms:

chameleon and strong coupling/\/ainshstein.

__ Both make use of scalar sehc‘-interactions, one

- uses Potential, the other uses derivatives.




Chameleon screening: Khourg & Weltman
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' Vainshtein screening: e.g. DGP
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Y |<69 in both: nonlinear interaction

o = universal scalar-matter coupling = O (1) genericall
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How do objects move under these screening
mechanisms?

e One would think the answer is simple: objects
move on geoclesics in Jordan frame, where matter is

minima”g coupleﬁ to metric.

Smatter ot /d4x B,ul/ mej £ /d4$ [h,lw 357 77W0490] Tm'[w
X 7

Jordan Einstein

~

hlw = Jordan metric Per’c. hMV: Einstein metric Per’c. Ny = Minkowski metric

® Not so fast: this mig]ﬁt be true for infinitesimal

test Particles, but is it true for extended objects?




Even in Newtonian gravitgj extended objects do not

neccssarilg move like a test Partic‘e.

They only do if we ignore tides.
U oy o4

c.2. the Earth’s motion is well approximated bg
that of a test Par’ticle because the Earth is small
comparecl to the scale on which the Sun’s grav.

field varies (Principia).

We will work within the same zero-tide aPProximation.




- Intuitive reasoning in Einstein frame:
e | s s Lo T
Scalar mediates a fifth force.
e Scalaris universa”9 couplecl (coupling constant « indep. of

Particle species): no aPParent equivalence Principle violation in

microscol:)ic action (counter e Frieman & Gradwohl).

-_ © Macroscol:)ic object interacts with scalar via charge:
Sint ~ aQ [ dry

o A well-known effect (Nordvedt): Q ~ / R

Therefore, relativistic or compact o[?ect has Q/M — 0.
A black hole and a star would therefore fall at

different rates because star has Q/M=l, while
black hole has @/M =0 (nho hair).




® Nordvedt effectis O (1/c%) in the sense of Post~Newtonian

exl:)ansion e. 1-Q/M) is roughlg ec]ual to the fraction of
the object mass M from gravitational binding energy.

® Chameleon screening adds a new twist: an O()

equivalence Principle violation, from classical

small scalar
mass throughout

Unscreened object: @Y4 i

renormalization of Q.

- sma” scalar _.'. large scalar “‘.

1/my,
Screened object: Q/M =0

bﬂ Yu ‘<8W8 SUPPY’CSSiOﬂ.

. ® Screened and unscreened objects have G ditference in

Q/M, and therefore O ec]uivalence Principle violation.




| Motion of an extended object - a more Precise argument:

momentum P, = /d3:1: o momentum flux

Pi == /dBZL‘ aOtz'o N —/d?)flf Gjtij = —Y{dSCIAfjtij

where t,” = pseuc

O energg~momentum

! Trick: choose S so that h,, is small at S,

O

- Einstein, Hogmann, lmcelcl; Damour

PLHERIEE necessarilg a1k

'-: o?ect. Acﬂvantage: Perturbative at S and bgl:)ass consideration

self-forces. Works in both Einstein and Jordan frame.




| Jorclan Frame summary 7COF chameleon:

T e
1+ 202

MX:—M{

] az (I)ext

e ~ 1 for unscreened objects and e~ 0 for screened objects
(QO/O{ 2 |(I)Object| ) (QO/OC 4 |(I)object| )

grav. mass = inertial mass grav. mass 7 inertial mass

Generica”9 a~ 1 so expect O() violation of ec]uivalence
Principle between screened and unscreened objects.

Onlg unscreened objects move on Jordan frame geoclesics.
e f(R): a=1/V6 , unscreened/screened grav. mass = 4/3.

Note: F(R} s sPecial a 1s not Protectecl against quantum corrections.
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| mPortant Parameters: A
/1 Q \
scalar~matter COUlPiﬂg: Controls screcning

controls e.p. violation level
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lnterestinglg, for Vainshtein mechanism | there’s no

such O0) violation of ec]uivalence Principle.

m 1
Eqt for o 0,8~ ;4— where J¥ ~ 0Fp 4+ maﬂgpéﬂgp

%
I

Scalar charge is conserved.

Reason: shift sgmmetrg.

- Note: conclusion is unchangecl whether S is outside or

. inside the Vainshtein radius.

Also: O(1/c2) Nordvedt eHect remains.

S— e g .




Side remark:

Question: how robust is the universal scalar-matter coupling?

Smatter ¥ /d43j [h,uu o 77/WO“P] Tm'uy

. Answer: it is stable against renormalizations from the matter

.' sector, but not from the scalar (e.g. subject of this talk)

-_ and the graviton (e.g. black holes).

Note I: a universal scalar-matter couPling while tec}mica”g natural in a

limited sense, I1s not manclatorg (unlike that between the graviton and

matter).

. Note 2. Protons still have Q = M.

Alberto Nicolis, LH




| Jorclan Frame summary 7COF chameleon:

Milky way & Sun has |@gpiect| ~ 10°°
MX, =-M {
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e ~ 1 for unscreened objects and e~ 0 for screened objects
(QO/O{ 2 |(I)Object| ) (QO/OC 4 |(I)object| )

grav. mass = inertial mass grav. mass 7 inertial mass

Generica”9 a~ 1 so expect O() violation of ec]uivalence
Principle between screened and unscreened objects.

Onlg unscreened objects move on Jordan frame geoclesics.
e f(R): a=1/V6 , unscreened/screened grav. mass = 4/3.

Note: F(R} s sPecial a 1s not Protectecl against quantum corrections.

| mPortant Parameters: /oz & i
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scalar~matter COUlPiﬂg: \

PR controls screening
controls e.P. VIOla’clon level

- - = = a - - -




Ruled out ]39 clemancling

screening N Mi”<9 way and sun

oL A
5ca|ar~matter \\
coupling

1/Ve




- Bulk motlon tests:
; Idea - unscreened small galax:es screened large ga!ax:es
1. Small galaxxes should move faster than largc galaxxes (l.e. an
- efHective ve!ocit9 bias - redshift distortion needs to be reworked)
s unscreened environments. Beware: Yukawa suPPression.
- 2. Small galaxies should stream out of voids faster than large galaxies
creating larger than expectecl voids defined 139 small galaxies

1 (see Nusser & Peebles).

! Internal motion tests:
| Idea - unscreenecl HI £as cloucls screened stars.
ey, Ditfuse £as (e uo HI) should move faster than stars in small galaxnes

- even it theg are on the same orbit. Beware: asymmetrlc drift.
4. Gravitational lensing mass should agree with clgnamical mass

- from stars, but clisagree with that from HI in small galaxies.

Keg: avoid blanket screening.

e e i e s . il S e e T o R, o e
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