Tests of scalar-tensor gravit
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The most natural theories of gravity inclute
ascalar fieldp besides thenetric g,

« Mathematicallyconsistent field theories (no ghost, no adynamical field)

« Motivated by superstrings
—dilatonin the graviton supermultiplet O,y |A
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\Y)

« Scalar fields play a crucial role in modeasmol ogy
(potentialV(d) = negative pressutié accelerated expansion phases of the universe)
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« Useful ascontrasting alter natives to general relativity
(simple, but general enough many possible deviations)
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* “PPN” formalism to studyveak-fieldgravity (orderNewtonx iz)
[Eddington, Schiff, Baierlin, Nordtvedt, Will] ¢
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« In scalar-tensor gravity

If V"(¢) = qu) > (A.U.)_2 0 ¢ negligible
If V" (0) = mi < (A.U.)_2 [J matter-scalar coupling functigh(¢) strongly constrained
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Solar-system experiments
In the Parametrized Post-Newtonian formalism
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Solar-system constraints on
scalar-tensor theories of gravi
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CWeak-fieId experime@s
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C Strong-field tests ?)
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Binary-pulsar tests oulses
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* Time evolution of Keplerian parameters
“post-Keplerian” observables
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PSR B1913+16
in general relativity
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PSR B1534+12
(discovery Wolszczan 1991)

5 observables 2 masses 3 tests

“Galactic” contribution to P
[Damour—Taylor 1991]
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Deviations from general relativity due to the scalar figld

* At any order inin , the deviations involve at least twg factors:
C
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matter-scalar
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PSR B1913+16
in scalar-tensor theorig¢s
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Solar-system & PSR B1913+16 constraints
on scalar-tensor theories of gravity
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[T. Damour & G.E-F 1998]

B.: if not enoughipost-Keplerian” observableare measured, the masses
m, andm, cannot be accurately determined, kst

can still be used
(mg sml) ( n)(xc)
(mA+ mB)




Strong equivalence principle tgst

“Gravitational Stark effect”

eff [Damour—Schéafer, Wex]
(B cuc= G maad
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e=0 for PSRs 1713+0747, 2229+2643, 1455-3330, ...

@ ( a,-og)agl = |1 -mym] < 102>




Detection of gravitational wavegs
(LIGO, VIRGO, ...)

Energy flux = QuaccigupoIeJr O(%) spin 2
Monopole /. =~ 1)\2. Dipole uadrupole 1 :
g (.1 Dl Um0k, o) g

Collapsing star

/// \\\ ;gth
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Factora =0

Energy flux Detection /

= (strong field¥ = (strong field)x (weak field)
= Monopole/c = small
>> usual Quadrupolefc [J. Novak's thesigl undetectable]

Coalescing binary

Even if no helicity-O wave is detected, tiee-evolutionof
the (elicity-2) chirp depends on the Energy fluXstrong field}

[] A priori possible to detect indirectly the presencé of
[C.M. Will 1994 : matched-filter analysis]



For a given binary system

Chirp evolution in general relativity
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Chirp evolution in a tensor—scalar theory



For an unknown mass of the system

Chirp evolution in general relativity
signal

time

) in phase out of phase
signal: : :
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Chirp evolution in a tensor—scalar theory
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Mass plane for PSR J1141-65
In various scalar-tensor theories
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Cosmological observations give access
to the full shape oA(¢) and/orV(o)

o Usual cosmology:

— Assumeparticular forms o¥/(¢) [andA(¢)] for theoretical reasons
— Predictall observable quantities
— Comparethem to experimental data

o Phenomenological approach:

ReconstrucA(¢) & V(¢) from observational data.

Result:
If luminosity distanceéd, (z) and density fluctuations,(z) :6—[:? are both
known as functions of the redshiftthenA(¢) & V() can be reconstructed.

[B. Boisseau, G.E-F, D. Polarski, A. Starobinsky 2000]

N.B.: A priori obvious, since one “fitstwo observed functions
[D) (z) & 0,,(z)] with two unknown onesA(¢) & V()] !

o Semi-phenomenological approach:
[0,,(z) not yet measured]

— TheoreticahypotheseenV(d) or A(d)
— Reconstructhe other one fror, (z)

N.B.: A priori obvious too, since one fitg1e observed function
[D, (z)] with one unknown functionA(¢) or V(¢)].
However, this naive reasoning works only locally (small interval).

Result:
[tight constraints iD, (z) measured on a wide internval [0, 2] ,
even with large error bars!

[G.E-F & D. Polarski 2001]
Constraints come mainly from positivity of energy :
Egraviton2 0~ A®>0 - Pgp >0
Ey20 = = (0,0)° = wpp > ~3/2



Reconstruction of A(¢) and V(¢)

tensor—scalar theories

C3 R 1 2 ~
S = R/ V=g {2_5 (auSD) - V(@)} + Smatter [matter ) g/w = AQ(@)QMV}
spin 2 spin 0 physical metric

Change of variables (Brans-Dicke-like representation):

G = AQ) g () +3 = A*(p)/A%(p)
o = Ap) U®) = 2V(p)/A* ()

¢’ 4., [~ = w(®) 2 B
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= ®(z), U(z) and w(z) reconstructed =- U(P) and w(P) reconstructed




Reconstruction of A(¢) from D\ (2),

) e, same as
assumingV(p)=0 T~ GR + A
A3IAZ =
Pgp/Pg d—¢g
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] Lo 5 same as
Reconstruction o¥/(¢) from Dy (z)” Fee GR+ A

assumingA(¢) = 1 (i.e. minimally coupled mode
in spatially closed FRW universe
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More general tensor — scalar theories

¢’ — (R 1 ) B
5= 4G / —9 {Z_§ (augo) o V(¢)} + Smatter [matter s Juv = A2(90)g/w]
spin 2 spin 0 physical metric

/ k-essence o-model quintesserh
\ J |

3 R 1
s = ¢ [ = {__
47TG/ 9 4

5 (9" Vab(£°) D" D" — V(@“)}
b [ V=g (R, — AR, + R?)

Gauss-Bonnet
+ Smatter {matter ; g;w = A2(90a>g,uu}

\ extended quintessence /

N.B.:
o [(?) <= an extra scalar field [Teyssandier & Tourrenc 1983]
o [(R,OR,...,0"R) <= n + 1 extra scalar fields
[Gottlober et al. 1990; Wands 1994]
e f(RR,,)and/or f(RR,,,,) <= an extra massive spin-2 ghost
[Stelle 1977; Hindawi et al. 1996; Tomboulis 1996]

Example of a pure scalar—Gauss-Bonnet coupling

R 1

S = &/5{4‘2@@2‘0}

b [ V=gWlp) (B0 — AR, + )

+Smatter [matter : g;u/ =1x g/u/]




Experimental constraints o(¢)
assumindgv(¢) =0& A(p) =17

e Solar system (& binary pulsars)

2

) [Wa+ i+ 0

r6 c

3 4
P0

. . 4G M 1536 [ GMg
light deflection Al = e + o ( ol )
2 4
perihelion shift AQQ :67TG72% 4+ 19277 ( ijf) <TU> W62
pc pc p

OK if |IW,| small enough

e Reconstruction ofV(¢)  from cosmological observationwef )

— Can always be done without any problem of negative energy.
— Oattraction mechanism towards a minimumldf ()

0 || smallis expected.



coupling functionW()
[for V(¢) = OandA(¢) = ]

Reconstruction of the scalar—Gauss-Bon

16nGh, 2
co HOW((I))

25|

15[

0.5

net

0 Y\ 5 10 15 20

second derivative Ny

2

Conclusion : dW(¢)/dd = 0 possible
but d®W(¢)/dp?= 7 x 101°
(cf. N =3x10%c3hG)

[G.E-F & E. Semboloni]



Experimental constraints o(¢)
assumindgv(¢) =0& A(p) =17
(continued)

e Solar system again

It [ o] > |W;| , we cannot neglect it in

3T(2) 2GM® ’ / " 2
O = 7~6< > ) W+ 0¢+%)}
P

assume parabolitl ()

N ) 1 12r2GEMEWE\"
PTWY A B AT x8) (A0 — 1)(4n) ot

Wy | cosh (GMgrg if Wi >0
I8 oo (GMory )
/_\Wé’ [ COS ( r2c? Wl if Wi <0
N\ g J

TP if » >1

~ 10°

e« 0 —0 forr — o0

14
— theory~ G.R. forr >4 x 10 m
(farther than solar system + comet cloud)

: : : .1
o In the solar systenh]highly nonlinear corrections iR
rr- n

090_>O fOFWOI_>O

—> no nonperturbative effect (like spontaneous scalarization)




e Solar system tests
2 _ & 2 7,2 Qp 2 2 102
ds? = —|1+)_ — | fdt* + (14> — | dp® + p°dQ
w P w P

D) s,

light deflection Afy = > + O(an, B,)°
- I'(n+1) 06 A
pertu.rbative

67TGM@

¥ n(n —1)3,¢ _ O<Oén\§/5n>2

perihelion shift § 8 QGMQp” 1

- 11
= |W{| < 1072107 1!
if we take theWé’ > (0 given by the cosmological reconstruction.

Hyperfine tuning, which cannot last for more than a fraction of a second.

= Themodel A(p) =1, V(p) =0, W(p) #0 is already ruled out

e N.B.:1if WJ <0 ,then

W GM
© [ COS <7®TO SIW(S’\) - 1]

Wy r2c?

and it suffices to havie“g 6| <7’

to get negligible effects in the solar system,

even if [W| ~ 10™°

= Not so trivial that aR* term in the Lagrangian must
have larger effects on small scales than on large ones.



Conclusions

e Scalar—tensor theories are the best motivated alternatives to general relativity.

e Solar-system tests constrain the first derivative matter

of the scalar—matter coupling functioﬁ(go)

matter
« Binary-pulsar data constrain the second derivativeléfo) ~ @——1

e Knowledge of the two cosmological function@L(Z)

matter ] ¢
and 6m(2) suffices to reconstruct bo‘ﬂﬁsﬁ) O<

¢
and the potentiaV(gO) on a finite interval®of o

« Knowledge of D,(z) alone ovewide redshift interval
strongly constrains the theorié®ne takes into account
— solar-system (& binary-pulsar) data
—positivity of energy
— stability of the theory
(- naturalness)

[N.B.: less constraining if universe marginally closed]

[0 SN la data allow us to discriminate between GM\Rand scalar-tensor theories.

e Scalar—-Gauss-Bonnet coupling strongly constrained
by combination of solar-system & cosmological data.
N.B.: Amodel with V' (¢©) A(p) &V (p) is experimentally allowed.

W((p) will change the behaviour at small scales (clustering, Big Bang).



