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The most natural theories of gravity inclute
ascalar fieldp besides thenetric g,

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



Outline of the talk

1+ Nonperturbative effects in the strong-field regime
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2+ Highly non-linear effects caused by a scalar—Gauss-Bonnet coupli
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3¢ Instabilities caused by ghosts not manifest at the linear order
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Tensor— scalar theories
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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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Horizontal axis ¢ = 0) : perturbatively equivalent to G.R.



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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Deviations from general relativity due to the scalar figld

* At any order inin , the deviations involve at least twg factors:
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Solar-system & binary-pulsar constraints
on scalar-tensor theories of gravity

matter-scalar
coupling function
InA(d)

)
By<O

ﬁo>0

PSR
B1913+16

PSR
J1141-6545

Bo

matter

\ ¢
general relativity O< 0

PPN _
B o 1< 1.1
y 1 [T. Damour & G.E-F]

1

2w +3

Vertical axis (3g = 0) : Jordan—Fierz—Brans—Dicke theorgx% =

Horizontal axis §g = 0) : perturbatively equivalerto G.R.



More general tensor — scalar theories
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\ 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
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Experimental constraints aN(¢) ?

e Solar system (& binary pulsars)
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OK if |IW,| small enough

e Reconstruction ofV’ ()  from cosmological observatiowgfz)

[fit W (p) toreproduced(z) ,i.e.presentaccelerated expansion]

— Can always be done without any problem of negative energy
[contrary to fits of the matter—scalar coupling functidrip) ]

— [attraction mechanism towards a minimumW(gp)

0 || smallis expected.



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

Reconstruction of the scalar—Gauss-Bon
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Conclusion : dW(¢)/dd = 0 possible
but d®W(¢)/dp?= 7 x 101°
(cf. N =3x10%c3hG)

[G.E-F & E. Semboloni]



Experimental constraints () ?
(continued)

e Solar system again

It [ o] > |W;| , we cannot neglect it in
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(farther than solar system + comet cloud)
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—> no nonperturbative effect (like spontaneous scalarization)



e Solar system tests
2 _ B\ 2.9 Qn 2 2 102
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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
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and it suffices to havé 17| < r*

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.



Gnstabilities caused by ghosts (Eyinetic < OD

Simplest model (cf. two coupled harmonic oscillators)
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= e~ involves an exponentially growing mode

= (W2 k)= 2

Instability is manifest at linear order, cf. w—.gp .

Gravity with a scalar ghost
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Linear perturbations

ds? = —(1+ 20)dt* + a*(1 — 2¢)dx*;  scalar field @ +
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Damped oscillators in expanding universe (friction term H > 0).
No instability due to ghost at this linear order (even if V' # O).

Higher-order perturbations

R, = —20,00,p (4 matter)
—Op = 0 = J planes waves of any frequency

= Equation for h,, = g,, — 1, in harmonic gauge has the form:
(% = 1)y = kok, ( B2, Ay ) +O(h?)
The energies can compensate exactly each other in the r.h.s.
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=  Spontaneous creation of plane waves of any frequency
(gravitons and scalars on mass shell)

= Unstable vacuum (once created, do not annihilate)



Conclusions

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

e Solar-system tests constrain the first derivative matter

O—

of the scalar—matter coupling functioﬁ(@)

matter
« Binary-pulsar data constrain the second derivativeldtp) .<$

because afonperturbativestrong-field effects.

« Cosmological observations [dD,(z)  ahgl(z) ]

matter _— ¢
give access tad ()  and/or the potetidip) .< o

on a finite interval ofY . ¢

e Scalar—-Gauss-Bonnet coupliW(go) strongly constrained
by combination of solar-system & cosmological data,

because of highlgonlineareffects.

« Instabilities caused by ghost degrees of freedom may not,, 0
manifest at the linear order. W
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