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Outline

® Long distance modification of gravitg _ the generic nature

o1c scalar~tensor theorg.

®? screening mechanisms - man&atorg suppression of scalar

on sma” 5C8|€5.

. ® The Problem of motion - how do things move”?
Do theg rea”g all fall at the same rate under gravit9 (1.e.

cquivalence Principle)?

e Observational tests - look for O M violations.
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Examples of IR modnclcatxon of GR relatlon to

 scalar-tensor theories:

® f(R)and generalizations - scalar-tensor (chiba).

:. o DGP -~ brane bCﬂCliﬂg mocle (Luty, Porrati, Rattazzi) .

e massive gravity ~ Stueckelberg (Arkani-Hamed, Georgj, Schwartz,
3 de Rahm, Gabadadze, To”eg) g
‘@ resonance gravity 7 Filtering/ clegravitation x Stueckelberg

(Arkani-Hamed, DimoPoulos, Dvali, Gabadadze; Dvali, Hofmann, Khourg} ;

;0 ghOSt conclensatc—: (Arkani-Hamed, Cheng, Luty, Mukohgama; Dubovskg) ¢

. galileon (Nicolis, Rattazzi, Trincherini) @generalizations (de Rahm, TO”Cg>.

‘ cucuston afshordi, Chung, Geshnizjani).

o cxtrinsic curvature (Gabadadze).

R S —— S IR Sp—— iy e g S . R g

Wednesday, June 6, 2012



Weinberg’s theorem: at low energy, a Lorentz

invariant theor9 of massless sPin—-Z Particle must
be GR (see also Deser).

Thercmcore, to modhcg gravity, either add new
| clegrecs of freedom (e.g. scalar) or make the
' gra\/iton massive (which via Stueckclberg also

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

ghost condensate).

- Some Form cnc scalar—-tensor theorg seems generic.
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Also: modified gravitg IS 1IN a sense No more exotic
than quintessence. Absent symmetries, c]uintessence
should be coupled to matter at gravitational strength

i.e. scalar-tensor theory 3et again.
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5creening

No matter what the Precise theorg IS, We genera”y

want the scalar to be alive on Iarge scales i.e. induce
O0) 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 (also sgmmetron) and Vainshstein.

Both make use of scalar self-interactions, one

uses Potentialj the other uses derivatives.
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Chameleon sc:reening: Khouxy & Weltman

1 : :
S / d'w —5(&0)2 — V() + apTi*, (Einstein frame)
: A
e.o.m.:
V() ’
APmP Sl Oépm@],so (T ~ —pm)
| >0 ( ¥ dimensionless, Mp=1)
' Vainshtein screening; e.g. DGP
A 1 s ol | 5 , R |
St~ / des —5(090) = (OiondRIet angmﬂM] (Einstein rrame)
m

e
: 1 3 (RO arge I
| Ex0 M Do + ﬁ [(Dgp)2 — M Spﬁuay(p} ) Oé,Om/ P

S N oo yr osmallr
gravi‘con mass

&l Point mass solution

¥
S r

e |<69 in both: nonlinear interaction

a = universal scalar-matter couPlingz O generica”g
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Constrasting chameleon and Vainshtein screening:

} o Consider an object in the presence of a long wa\/elength external ¢ (1e.

ignoring tides). \_’./\
The object~5calar interaction is described bﬂ Sint ~ —a) / drp
where Q is the object’s scalar charge i.e. scalar force F = —aQVey.

| e Chameleon: e.g. both have Q <<M )
| ’ ® because V?p = Vg el
earth
sun
e Vainshtein: e.g; Ll x
: % et both have Q= M,

: ’ o because shift symmetry implies
"‘ .' e.o.m. takes the Gauss-law form

S ; 0-J=oapn

~
- -
"mmm="

A large scalar ]COFCC on tl"}C earth IS a\/oiclecl ]1)9 having tl"lC Stlif- SOEIECCIE VCYH

suPPressecﬂ scalar Proﬁle within the Vainshtein radius.
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® Chameleon screening: an O equivalence Principle Violation,

from classical renormalization of Q.

1
1
¥
f = ‘(I)grav’ : o~ |(I)grav’
:’ X o (0
. small scalar :'largescalar'-: 1 O small scalar
: : 1
mass mass I mass ti'lroughout
1
1/my, :
1
Screened object: Q/M = O :
, Unscreened object: @Vl
!:)9 YUkaWca SUPPFCSS!OH.

. ® Screened and unscreened objec‘cs have O ditference in

Q/M, and therefore O ec]ui\/alence Principle violation.
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A rigorous way to deduce tl’xe motion o‘F an object:

; @ ,z’ A \\ momentum P, = /d3x £, momentum flux
I . ; .
‘\ /’5 R = /d3£13 aotio = /dBZIZ @-tﬂ = —de.QA?jtij
N _-

where s Pseudo energy-momentum

Einstein, Hofmarm, lmcelcl; Damour
E8icre, .~ 000,01+
- Object-bgd. split P = Pobi F Pext > By v —Biipext (0o, o)
Iong wavelength ext. bgcl
e Key here is that on scale of object, Yext can be treated as a linear gradient.
Note that with galileon symmetry, a linear graclient can alwags be added

to a solution (such as Pobj) to obtain another solution with the desired

boundaty condition.
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| Jorclan Frame summarg 7COT' chameleon:

et G variation

3 Tl e’ Milky way & Sun has [@gpiect| ~ 1070
MX;,=—-M [ = ] 0; Pext e Gl 070
e ~ 1 for unscreened objects and e~ 0 for screened objects
(90/04 > ‘(I)Object‘ ) (80/05 = |q)object’ )
grav. mass = inertial mass grav. mass 7 inertial mass

Generica”y a~ 1 so expect O() violation of equivalence
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 Protectec:l against quantum corrections.

lmportant Parameters: @& i

7 e
scalar~matter COUlPiﬂg:

T controls screening
controls e.P. v:ola’clon level

P - P - = = a - - -

P — - = - = -
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1/Ve

Ruled out ]39 clemancling

screening N Milkﬂ way and sun

N
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Observational tests of chameleon screening

An object is chameleon screened Q<<M) it the ~-grav. Potential
(GM/R) is cleePer than ®ext/¢ and unscreened (Q=M) otherwise.

Observatnona“g, we know any o}:>Ject with -grav. Pot cleel:)er than
L0 should be screened (from M1H<9 wag)

E e A screened objec‘c does not exPerlence scalar Force, while

an unscreened objec’c does. Theg theregore Fa” at rates that are

O different (violation of equivalence Principle).
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- Bulk motion tests:

Idea - unscreened small galaxies) screened large galaxies.

1. Small galaxies should move faster than large galaxies (l.e. an

- effective velocitg bias - redshift distortion needs to be reworked)
N unscreened environments. Beware: Yukawa suPPression.

- 2. Small galaxies should stream out of voids faster than large ga!axies

creating larger than expectecl voids defined ]39 small galaxies

(see Peebles).

! Internal motion tests:

| Idea - un_screenecl Hl gas clouds, screened stars.
3. Diffuse gas (e.g HI) should move faster than stars in small galaxies

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

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

Keg: avoid blanket screening.
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Observational tests of chameleon screening

An object is chameleon screened Q<<M) it the ~-grav. Potential
(GM/R) is cleePer than ®ext/¢ and unscreened (Q=M) otherwise.

Observatnona“g, we know any o}:>Ject with -grav. Pot cleel:)er than
L0 should be screened (from M1H<9 wag)

E e A screened objec‘c does not exPerlence scalar Force, while

an unscreened objec’c does. Theg theregore Fa” at rates that are

O different (violation of equivalence Principle).

R S e

T

Wednesday, June 6, 2012



Observational tests of chameleon screening

An object is chameleon screened Q<<M) it the ~-grav. Potential
(GM/R) is cleePer than ®ext/¢ and unscreened (Q=M) otherwise.

Observatnona“g, we know any obJect with -grav. Pot cleel:)er than
L0 should be screened (from Mx”<9 wag)

e A screened objec‘c does not exPerlence scalar Force, while
an unscreened object does. T]’]eg theregore 1Ca” at rates that are

a O different (violation of equivalence Principle).

Red gjants would have a compac’c screened core and a diffuse
unscreened envelope. Thus) eFFectivelg Newton’s G changes value

n the star. This agects the observecl temPerature at the
100 K level.

e I S S S S - = e,
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3.9 3.8 3.7 3.6 3.9
lg, T, [K]
Chameleon effects on red giants (Chang) LH).

See also Davis, Lim, Sakstein, Shaw.
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Chameleon effects on red giants (Chang LH).

See also Davis, Lim, Sakstein, Shaw.
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| Side-remark: condition for true self-acceleration

g,w/ = ecwg,uz/
b g N

Jordan frame metric Einstein frame metric

‘® Want no acceleration in Einstein Frame) but acceleration in
Jordan frame i.e. do not want acceleration to be caused ]:)3
some form of dark energy, but rather bg the non-minimal

| scalar couPIing itself

‘e This suggests ap cannot be too small.

® Since observations constrain ¢/a <107° for chameleon

screening Ecannot suPPort 56|1C~acceleration W]ﬂatever

the actual model is (assuming a~1),

(with JunPu Wang & Justin Khourg)
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Observational test of the Vainshtein mechanism

It would be nice if there are equivalence Principle tests of the

sort like those for chameleon.
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Observational test of the Vainshtein mechanism

It would be nice if there are ec]uivalence Drinciple tests of the

sort Iike those For chameleon.
But we know alreaclg Q=M is respectecﬂ o8 derivative interactions.

Thus dhcmcerent objects Fa” at the same rate (l.e. “grav. charge/ mass’ =

inertial mass).
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}

Observational test of the Vainshtein mechanism

It would be nice if there are equivalence DrinciPIe tests of the

sort |i|<e those For chameleon.
But we know alreaclg Q=M is resPectecﬂ o8 derivative interactions.

Thus different objects fall at the same rate (I.e. “grav. charge/ mass” =

inertial mass).
Wait! How about black holes, theg have zero scalar charge right?
Won’t they fall slower than stars?

B B e s e
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Observational test of the Vainshtein mechanism

It would be nice if there are ec]uivalence Drinciple tests of the

sort Iike those For chameleon.
But we know alreaclg Q=M is respectecﬂ o8 derivative interactions.

Thus dhcmcerent objects Fa” at the same rate (l.e. “grav. charge/ mass’ =

inertial mass).

Wait! How about black holes, theg have zero scalar charge right?
Won'’t theg fall slower than stars?

Issue 1: the existing derivations of no-scalar-hair theorem do not
applg to galileons, but we can extend them to show black holes

have no galileon hair bt the moment for Schwarzchilcb.
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}

Observational test of the Vainshtein mechanism

It would be nice if there are equivalence DrinciPIe tests of the

sort like those for chameleon.

But we know alreaclg Q=M s resPectecl o8 derivative interactions.
Thus different okﬂ'ects fall at the same rate (1.e. “grav. charge/ mass’ =
inertial mass) .

Wait! How about black holes, theg have zero scalar charge right?
Won'’t theg fall slower than stars?

Issue I: the existing derivations of no-scalar-hair theorem do not
applg to galileons, but we can extend them to show black holes

have no galileon hair et the moment for Schwarzchilcb.

Issue 2, a more serious l:)roblem: black holes and stars are genera”g
found inside galaxies. Wouldn’t the fact that theg are both inside
the Vainshtein radius of the galaxg mean the effectis very small?
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The keg is to recognize that there are regions in the universe
where the scalar Lis In the linear regime ~ in and around voids
(see sim. bg Chan & Scoccimarro). Rewriting the scalar e.o.m.:
H28%0 + (H20%0p)2 ~ a/z_m
Do
In reglons of sugicientlg low clensitgj the linear term dominates

over the nonlinear term i.e. ©Yis unsuPPressecl bg interactions.
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Chan & Scoccimarro 2009
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FIG. 5: Dark matter power spectra from the nonlinear DGP model (nIDGP) , linear DGP (IDGP), and GR perturbations with
the same expansion history (GRH) at z = 1. The left panels show the power spectra, and the right panels shows ratios to
better see the differences. Two sets of computational boxes are shown for each case, covering a different range in k (see text).
The solid line denotes the predictions from paper I for Pypgp (left panel) and Poru/Pupcp (right panel).
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The keg is to recognize that there are regions in the universe
where the scalar Lis In the linear regime ~ in and around voids
(see sim. bg Chan & Scoccimarro). Rewriting the scalar e.o.m.:
H28%0 + (H20%0p)2 ~ a/z_m
Do
In reglons of sugicientlg low clensitgj the linear term dominates

over the nonlinear termi.e. © is unsuPPressecl bg interactions.
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The keg is to recognize that there are regions in the universe
where the scalar Lis In the linear regime ~ in and around voids
(see sim. bg Chan & Scoccimarro). Rewriting the scalar e.o.m.:
H28%0 + (H20%0p)2 ~ a/z_m
Do
In reglons of sugicientlg low clensitgj the linear term dominates

over the nonlinear termi.e. © is unsuPPressecl bg interactions.

Consider a galaxg in such a region:

the linear TR
galaxg /
=
falls

The galaxg (with its stars and dark matter) would fall under
this external scalar field. The black hole won’t. Both of course

still resl:)oncl in the same way to the Einstein Part of gravitg.
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The keg is to recognize that there are regions in the universe
where the scalar Lis In the linear regime ~ in and around voids
(see sim. bg Chan & Scoccimarro). Rewriting the scalar e.o.m.:
H28%0 + (H20%0p)2 ~ a/z_m
Do
In reglons of sugicientlg low clensitgj the linear term dominates

over the nonlinear termi.e. © is unsuPPressecl bg interactions.

Consider a galaxg in such a region:

the linear TR
galaxg /
=
falls

The galaxg (with its stars and dark matter) would fall under
this external scalar field. The black hole won’t. Both of course

still resl:)oncl in the same way to the Einstein Part of gravitg.
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The keg is to recognize that there are regions in the universe
where the scalar Lis In the linear regime ~ in and around voids
(see sim. bﬂ Chan & Scoccimarro). Rewriting the scalar e.o.m.:
H28%0 + (H20%0p)2 ~ a/i_m
Do
In reglons of sugicientlg low clensitg, the linear term dominates

over the nonlinear termi.e. © is unsuPPressecl bg interactions.

Consider a galaxg in such a region:

the linear TR
galaxg /

Central massive black hole
4% ”5 becomes off-centered!

The galaxg (with its stars and dark matter) would fall under
this external scalar field. The black hole won’t. Both of course

still responcl in the same way to the Einstein Part of gravitg.
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The idea is to look for the offset of massive black holes from the
centers of galaxies which are streaming out of voids.

The offset should be correlated with the direction of the streaming
motion. The massive black holes can take the form of quasars or

low luminosi’cg galactic nuclei i.e. SegFerts.
The offset is estimated to be up to 1-100 P<, depencling on galaxg.

In this test, one should avoid clusters, where the (external) scalar
is in the nonlinear regime. Note however the galaxg (which

contains the black hole) can be as massive as we wish.
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The idea is to look for the offset of massive black holes from the
centers of galaxies which are streaming out of voids.

The offset should be correlated with the direction of the streaming
motion. The massive black holes can take the form of quasars or

low luminosi’cg galactic nuclei i.e. SegFerts.
The offset is estimated to be up to 1-100 P<, depencling on galaxg.

In this test, one should avoid clusters, where the (external) scalar
is in the nonlinear regime. Note however the galaxg (which

contains the black hole) can be as massive as we wish.

A natural ques’cion: can one observe this egect 1Cor chameleon
screening as well? No, because both stars and black holes havc
zero scalar charge, but one can compare motions of stars

versus clar|< matter (Jain & Vanderplas}.
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1 A more geﬂeral ViewPoiﬂt:

Is a universa”g couplecl scalar stable against classical and
quantum corrections? Answer: Par’tial yes, for corrections

[ In the matter sector, i.e. a scalar equi\/alence Principle.

. But, first caveat: equivalence Principle can be violated if

| graviton self interactions are important, e.g. black holes
(Nordvedt effect).

Second caveat: equivalence Principle can be violated if

the scalar self interactions are imPortant (e.g. chameleon)

' unless Protectecl bg galileon/ shift symmetry (e.g. DGP).

| H, Nicolis
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5ummar9:

® Observational tests OF chameleon screening: compare
the motions of screened (stars or massive galaxies) and unscreened
objects (gas clouds or dwarf galaxies). Voicls/ low clensit9 regions are

Particular|9 goocl Places to look.

. o Observational tests of Vainshtein screening: compare the motions
o1C stars ancl Hack holes.
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