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Abstract. We study the scintillation produced by time-varyingearch of gravitational scintillation (Labeyrie 1993) and related
gravitational fields within scalar-tensor theories of gravity. Theffects (Fakir 1995).

problem is treated in the geometrical optics approximation for The aim of the present work is to make a detailed analysis
a very distant light source emitting quasi plane monochromati¢ the scintillation effect in monoscalar-tensor theories for a
electromagnetic waves. We obtain a general formula giving thenochromatic electromagnetic wave propagating in a weak
time dependence of the photon flux received by a freely fallirgavitational field. We adopt the point of view that the physical
observer. In the weak-field approximation, we show that theetric is the metrical tensay,,, to which matter is universally
contribution to the scintillation effect due to the focusing ofoupled. This basic assumption defines the usual "Jordan-Fierz”
the light beam by a gravitational wave is of first order in thame. We find a scintillation effect proportional to the value of
amplitude of the scalar perturbation. Thus scalar-tensor theotigs scalar field perturbation at the observer.

contrastwith general relativity, which predicts thatthe only first-  oyr result contrasts with the zero effect found by Faraoni
order effect is due to the spectral shift. Moreover, we find th&tGunzig (1998) by using the "Einstein” conformal frame, in
the scintillation effects caused by the scalar field have a |0Wh|ch the Origina| physica| metrigpw is rep|aced by a confor-
character: they depend only on the value of the perturbationg| ondd. However, their negative conclusion is seemingly due
the observer. This effect provides in principle a mean to detggtthe fact that the authors do not take into account the changes

the presence of a long range scalar field in the Universe, butifsareas and other physical variables induced by the conformal
smallness constitutes a tremendous challenge for detectiontransformation (Damour & Esposito-Fee 1998).

o o The paper is organized as follows. In Sect. 2, we give the
Key words: gravitation — relativity notations and we recall the fundamental definitions. In Sect. 3,
we construct the theory of gravitational scintillation for a very
distant light source emitting quasi plane electromagnetic waves.
Our calculations are valid for any metric theory of gravity in the
limit of the geometrical optics approximation. We obtain the
The plane optical wavefronts of a distant background lighariation with respect to time of the photon flux received by a
source become rippled when they cross a perturbation. For a #iieely falling observer as a sum of two contributions: a change in
tant perturbation, the focusing of light at the observer chandéé€ scalar amplitude of the electromagnetic waves, that we call
with the curvature of the ripples. Itis the usual geometrical scif-geometrical scintillation, and a change in the spectral shift.
tillation effect. It accountsg.g, for the twinkling of stars under We express each of these contributions in the form of an inte-
the atmospheric turbulence. gral over the light ray arriving to the observer. In Sect. 4, we
The question whether gravitational waves can cause the ligh#dy the scintillation within the linearized weak-field approxi-
emitted by a distant source to scintillate is an old problem. MRation. We show that the geometrical scintillation is related to
general relativity, itis well known from the early works by Zipoythe Ricci tensor only. Thus we recover as a particular case the
(1966), Zipoy & Bertotti (1968) and Bertotti & Trevese (1972f¢onclusions previously drawn by Zipoy and Zipoy & Bertotti
that gravitational waves have no focusing property to the fiféf gravitational waves in general relativity. Moreover, we show
order in their amplitude. that the contribution due to the change in the spectral shift is
However, it has been recently pointed out by Faraoni (199@)tirely determined by the curvature tensor. In Sect. 5, we apply
that a first-order scintillation effect can be expected in scaldhe results of Sect. 4 to the scalar-tensor theories of gravity. We
tensor theories of graviﬂ; Furthermore, some actual improveProve that these theories predict a scintillation effect of the first
ments of the observational techniques renew the interest in @§gler, proportional to the amplitude of the scalar perturbation.

1. Introduction

1 On these theories, se=g, Will (1993) and Damour & Esposito- 2 A clear distinction between the "Einstein” frame and the "Jordan”
Farese (1992), and references therein. frame, may be foundg.g, in Damour & Nordverdt (1993)
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Furthermore, we find that this effect has a local character:aitd the density of electromagnetic energy as measured by the
depends only on the value of the scalar field at the observer. dliserver is

nally, we briefly examine the possibility of observational tests »
in Sect. 6. per(z,u) = T (z)uyu, (8)

In this paper, we use the geometrical optics approximation. So
2. Notations and definitions we assume that there exist wave solutions to Egs. (3) which

. ) ) admit a development of the form
The signature of the metric tensgy, () is assumed to be

(+ — — —). Indices are lowered with,,,, and raised witly*”. AH — [a"(z) + O i g 9
Greek letters run from O to 3. Latin letters are used for spatial (z,6) = [a"(@) (€] eXp(f () ©

coordlrjates only: thgy fun from ltos. A comma.l () denot%ere a*(z) is a slowly varying complex vector amplitude,
an ordinary partial differentiation. A semi-colon (;) denotes g(x) is a real function and a dimensionless parameter which
covariant partial differentiation with respect to the metric; S%nds to zero as the typical wavelength of the wave becomes

Gursp = 0. Note _that fgr any funcnoﬁ(x), FC‘ . Fa shorter and shorter. A solution like (9) represents a quasi plane,
Any vector fieldw” satisfies the following identity locally monochromatic wave of high frequency (Misregral.
w” TR wp;ll;u = _R.pa';ujwa (l) 1973) . .
Let us define the phas€ and the vector field, by the
where i/, ,, is the Riemann curvature tensor (note that thiglations
identity may be regarded as defining the curvature tensor). The

1.
Ricci tensor is defined by S(x, &) = ES(a:) (10)
R, = R, () and
Given a quantity?, P denotes its complex conjugate. ko =S4 (11)
The subscriptem andobs in formulae stand respectively
for emitter and observer. Inserting (9) into Egs. (3) and (4), then retaining only the leading
The constant is the speed of light and is the Planck terms of ordeg™* and¢™", yield the fundamental equations of
constant divided bgr. geometrical optics
k%o =0 (12)
3. General theory of the gravitational scintillation
. . . Eaat = —la“ka (13)
In a region of spacetime free of electric charge, the propagatllf)n i T 97 Ma
equations for the electromagnetic vector poterdiglare €.g, _ .
Misneret al. 1973) with the gauge condition
Au;a.a _ RuaAoc =0 (3) k:aaa =0 (14)

Light rays are defined to be the curves whose tangent vector

when A* is chosen to obey the Lorentz gauge condition
y gaug field isk“. So the parametric equation® = =*(v) of the light

Ar =0 (4) rays are solutions to the differential equations
Itis convenient here to treat,, as a complex vector. Hence thedz” _ k(2> (v)) (15)
electromagnetic field tensdt,,, is given by dv
_ _ wherev is an affine parameter. Differentiating Eq. (12) and

Fuw = Re(Avp = Aps) ©) noting that
The corresponding electromagnetic energy-momentum tenﬁor
. . a:p = kp.a (16)
is defined by i ;

1 1 follows from (11), it is easily seen that* satisfies the propa-
™ = o —FHPFY + ZFQﬂFaﬁgHV (6) gation equations

i

k%0 =0 17
whereF", = g"* Fy,. The components of this tensor satisfy the fiex (7

conservation equatio’¥” ,, = 0 as a consequence of Egs. (3)These equations, together with (12), show that the light rays are
For an observer located at the spacetime peiabd mov- null geodesics.

ing with the unit 4-velocityu®, the density of electromagnetic  Inserting (9) into (5) and (6) gives the approximate expres-

energy flux is given by the Poynting vector sion for F,,,

PH(x,u) = cTH (x)uy, (x) (7)  Fu, = Reli(kua, — kya,)e™] (18)
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and forT*” averaged over a period 9 — M| = O(/r)whenr = [320_ (27)?]V/2 — oo,
1 with n,, = diag(1,—-1,—1,—1). We require that in such co-
™ = —a’kMk” (19) ordinate systemsthe quantities s, k., anda., respectively
8 fulfill the asymptotic conditions
)
wherea is the scalar amplitude defined By bas(@0) = O(1/vas[1+7)
a=(—a"a,)"? (20)

Eo:gn(x0) = O(1/|vg, [21P 27
From (7) and (19), it is easily seen that the Poynting vecto 57(@0) (1/loao ) @)
is proportional to the null tangent vectiof. This means that the - o1 14p

: ) aa(zo) = O(1/|vay| )
energy of the wave is transported along each ray with the speed _
of light. Let us denote byF(z, ) the energy flux received by whenv,, — —o0, with p > 0. Moreover, we assume that
an observer located atand moving with the 4-velocity®: by the scalar amplitude,,, in Eq. (26) remains bounded when
definition,F (z, u) is the amount of radiating energy flowing perz, — —oo and we put
unit proper time across a unit surface orthogonal to the direction

of propagation. It follows from (8) and (19) that 'Uzoh—{n—oo o = @0 (28)
c . .
Fla,u) = eper (@, u) = 8;@2(55)(““%)%1)3 1) It results from these assumptions thaf,, may be written as
Vobs
This formula enables us to determine the photon flucz< — anex 1 K dv (29)
N (z,u) received by the observer located atand moving “1ovs = 0P | 75 i«
with the 4-velocityu®. Since the 4-momentum of a photon is -
p!" = hk", the energy of the photon as measured by the observer Now, let us differentiaté:?, with respect ta alongy. Ap-
is cpfuy, = ch(utk,). We have therefore plying (1) and (2), then taking (16) and (17) into account, we
1 obtain the relation (Sachs 1961)
N(m,u) = ﬁa’z(l’) (uuk#)obs (22) d
T — (k%) = —k“Pky.5 — Raghk®k? (30)
The spectral shift of a light source (emitter) as measured b)dv '
an observer is given by(g.G.F.R. Ellis, 1971) As a consequence, we can write
B (u“ku)em Vobs Vobs v
L2 = ) ons (23) / K dv = — / v / (R (2 (W) + £ kig]de’
Consequently, the photon flux (z, «) may be written as - e 31)
1 Pk em . . "
N(z,u) = &T—hcﬂ(m)% (24) The convergence of the integrals is ensured by conditions (27).

Egs. (29) and (31) allow to determine the factd(x) in

The scalar amplitude can be written in the form of an A/(z, «) from the energy content of the regions crossed by the
integral along the light ray joining the source to the observetight rays and from the geometry of the rays themselves.
located at:. Multiplying Eq. (13) bya,, yields the propagation It is well known that1/(1 + z) (or (1 + 2)) can also be
equation fora obtained in the form of an integral along the light ragseee.g.

da 1 Ellis 1971 or Schneideat al.1992). However, the corresponding
k%o = i fiakf; (25) formula will not be useful for our discussion and we will not
develop it here.

whered/dv denotes the total differentiation of a scalar function |n fact, the scintillation phenomenon consists in a variation
alongy. Then, integrating (25) gives of N with respect to time. For this reason, itis more convenient
to calculate the total derivative df along the world-line,
of a given observer, moving at the poinwith the 4-velocity
u®.
Vo Given a scalar or tensorial quantify;, we denote by the
total covariant differentiation along,,, defined by

Vobs

1
Qlobs = A|zy €XP _5 k;o& dv (26)

wherez, is an arbitrary point on the light ray.

In the following, we consider that the light source is; _ xp _ VF (32)
at spatial infinity. We suppose the existence of coordinate AT s
systemsz such that on any hypersurface’ = const., \pereqs — (guvdatdz¥)'/? is the line element between two

® We introduce a minus sign in (20) because Egs. (12) and (14) im@yentse** andz* 4 dz* onCops. _
thata” is a space-like vector when the electromagnetic field is not a In Eq. (24), the quantityh(u*k, )., is the energy of a pho-
pure gauge field. ton emitted by an atom of the light source as measured by an
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observer comoving with this atom. $@"k,, )., is a constant Now, using the identity (1) and the definition (2) yields

which depends only on the nature of the atom (this constant chay- 1 1

acterizes the emitted spectral line). Consequently, the chang%r{v“(ln a)) = §ka“v" - 51}“/4;;3@ +[k,v]"(Ina),,.(43)
the photon flux with respect to time is simply due to the change . ) _

in the scalar amplitude and to the change in the spectral shift Let us try to write the term-3v”k{,, in the form of an

z. From (24), we obtain at each poinof Cyp integral alongy. In agreement with (27), we have at any point
5 p z(v) of 4:
i 1
le' a A [
vk = / %(v“k%a)dv = / k2 (0MES,)adv (44)

Henceforth, we shall call the contributi@/a in Eq. (33)
the geometrical scintillation because the variations are re- ) it lculati .
lated to the focusing properties of light rays by gravitational A tedious but straightforward calculation using (1), (2) and

fields (see G.F.R.Ellis 1971 and references therein; see also Nis) 1€ads to the following resuit
neret al. 1973). d e \_ LLpLo
Let us now try to find expressions faya and -4 (1 + z)~! oV Kisa) = Booin = Bupo )0 K7k
in the form of integrals along. In what follows, we assume + Ryo k0" k],
. . . - IJ‘ ’
that the rayy hits at each of its points(v) a vector fieldv (P k) e — [k, )R (45)

which satisfies the boundary condition o

M o In the above formulae* is an arbitrary vector. So we can
V¥ (Tobs) = Uy (34) choosev” so that the transport equaticﬂm
Letus emphasize that' can be chosen arbitrarily at any point [k, v] = (46)
which does not belong to the world ligg,; (for examplep* (x) ’
could be the unit 4-velocity of an observergtan assumption are satisfied along the ray Since (46) is a system of first order
which is currently made in cosmology; however we shall makartial differential equations in#, there exists one and only
a more convenient choice fot* in what follows). one solution satisfying the boundary conditions (34). With this

It results from the boundary conditions (27) and (34) th&hoice,2a/a is given by the integral formula:

a/a may be written as

— 00 — 00

Vobs

L S
2 = / —[v*(Ina),,|dv (35)  “lobs
a | ps dv i >
- Vobs v
Thus we have to transform the expression + [ av / [(Rooi — Ryupio 0"k K + RpakPoMkS,
d — 00 — 00
?[Uu(ln a).u] = k(W' (Ina).,).q (36)
! . "‘Uﬂ(ka;ﬁka;ﬁ);u]dv/ (47)
taken alongy. Of course, we must take into account the propa-
gation equation (25) which could be rewritten as Now we look for an integral form for the total derivative
1 dis(l + z)~! alongC,ys. Henceforth, we suppose for the sake
kE*(Ina),, = —ikf}y (37) of simplicity that the observer is freely fallinge. thatC, is a
_ timelike geodesic. So we have
Noting that
W = vtuly =0 (48)

k(v (Ina),,).a = k0" (Ina), 40 + k4, (Ina),, (38)

Since (u"k,).m IS a constant characterizing the observed

then using the relation spectral line (see above), it follows from (23) and (48) that
Frop = Fie (39) d( ! ) = (U Ry )ob (49)
which holds for any scalaf, we find ds \1+z/ s (uka)em .

d Given an arbitrary vector field* fulfilling the boundary
ol (na)y] = ok (na)al + [k, o] (Ina),, (40) condition (34), Eq. (49) may be written as

Vobs

w0k )adv (50)

where the brackdk, v] of k&> andv? is the vector defined by ¢ ( 1 ) 1
obs (

[IC, U]'u = ]ﬂa’l}?:x — Uak;lfl (41) ds 1 +z uaka)cm

— 00

Taking (37) into account, it is easily seen that 4 These equations mean thdt — an, wherea — const. andn?

d 1 N is a connection vector of the system of light rays associated with the
%[U“(ln a)ul = —511"/4;;&;“ + [k, v]*(Ina),, (42) phase functiort (seee.g, Schneideet al. 1992).
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Using (1), (17) and (41), a straightforward calculation givesurthermore, it results frork’,, = const. thatk.,zg = O(h).

the general formula Therefore, terms Iik@fpka;y or R,skPv'k;, are of second or-
vone der and can be systematically disregarded.
d 1 B 1 R Ho PO According to our general assumption in this section, the unit
ds \14+2) . (u“ka)em {—=Rupvov''v 4-velocity of the observer may be expanded as
- « a (De 2
Ugps = UY +uy, +O(h 58
+ (k)‘v;’f\)(vl’ku;y) + vk, v] ks tdo (51) b b (7% (58)

) ) at any point ofC,;,, with the definition
which holds for any freely falling observer.

Now let us choose fov* the vector field defined by (46) > — ug‘;)sa (59)
and (34).
We obtain It follows from (48) and fromy,su®u” = 1 that
(1+ z)i 1 _ U® = const. (60)
ds \1+z/ .
and
Vobs
1 a _
[ [ERupeth " KPR 4R e ko ]do (52) MapUCU” =1 (61)
(’U/)\k/\)obs o ’
—o0 From these last equations, we recover the fact that the unper-
turbed motion of a freely falling observer is a time-like straight
4. Weak-field approximation line in Minkowski space-time.

Now we have to know the quantities” occurring in
Vl\é%s. (47) and (52) at the lowest order. An elementary calcu-
lation shows that, in Egs. (46), the covariant differentiation may
G = Mw + hyw (53) be replaced by the ordinary differentiation. So we have to solve

. ) ) the system
whereh,,,, is a small perturbation of the flat spacetime metric

1., and we systematically discard the terms of oreferh®, ... dv™ _ SR (62)
in the following calculations. Thereafter, we suppose that anyv s
quantityT” (scalar or tensor) may be written as

Now we assume the gravitational field to be very weak. So
put

together with the boundary conditions (34).
T=TO + 7MW 4 O(h?) (54) Assuming the expansion

whereT(©) is the unperturbed quantity in flat spacetime arid’ = v'”% + 0" + O(h?) (63)
T denotes the perturbation of first-order with respect,tp.
Henceforth, indices will be lowered with,,, and raised with
n/—”’ = ’[7,‘“/_

We shall put for the sake of simplicity

O)p L
K, =k =50 (55) U r=U (64)

it is easily seen that the unique solution of (62) and (34) is such
that at any point of the light ray, the components(©)* are
constants given by

Neglecting the first order terms in, Eq. (12) gives _ Neglect_ing all the second order terms in (47) and (52), we
K°K, = 0, whereas Eq. (17) reduces to the equation of @ally obtain

null geodesic in flat spacetime related to Cartesian coordinates Vobs
a v
KKpo=0 (56) 24| = / Ry KUY dv
In agreement with the assumptions made in Sect. 3 to ob- 700%3 v
tain Egs. (29) and (31), we consider that at the zeroth order / / 1) (1) o
. . . . . — KK
in h,,, the light emitted by the source is described by a plane * v | Byop = Bipa)U dv (65)
monochromatic wave in a flat spacetime. So we suppose that e T
the quantitiesk,,, a(* and consequently(*) are constants gnd
throughout the domain of propagation.
Moreover, we regard as negligible all the perturbations of 4 ( 1 ) —
gravitational origin in the vicinity of the emitter (this hypothesis ds \1+4 2/ g
is natural for a source at spatial infinity) and the quantjfyn -
Egs. (28) and (29) is given consequently b 17
q ( ) ( ) g q y by _ e RELlp)VO'UMUVKpKUdU (66)
ag = al® = const. (57) URRA —oo
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all the integrations being performed along the unperturbed path The class of theories that we consider here is described by

of light. the actior
In Eq. (66)R£}2,,0 denotes the linearized curvature tensor of 1 w(P)
the metricg,, = 1, + hy, i.€. J = —m/d%v |91 {‘I’R ——p 27%a
1 + T (G, ¥m) (74)

R;(tlp)w = _§(hl“/:PU + hPUaMV - h;w,l/p - humw) (67) ) o )
where R is the Ricci scalar curvatureR( = ¢g""R,,.), ® is

ande}l,) is the corresponding linearized Ricci tensor the scalar gravitationall field,is the determin_ant of the metric
componentsy,,,,, w(®) is an arbitrary function of the scalar

R/(}u) - UO"BRSJW (68) field @, and.7,, is the matter action. We assume ti@t is a

functional of the metric and of the matter fielgs, only. This
It is worthy to note that the componeni,.,» and R's) means thay,, does not depend explicitly upon the scalar field
are gauge-invariant quantities. Indeed, under an arbitrary fh-it is the assumption of universal coupling between matter
finitesimal coordinate transformatiaft — 2/® = 2> 4¢%(x), and metric).

hy (z) transforms intdw,,, (x) = hy, () — £ — &u e @nd it We consider here the weak-field approximation only. So we
is easily checked from (67) and (68) that assume that the scalar fieldis of the form
Riipo(hias) = Biipyo(has) (69) P =Pot? (75)

@)1 @) where ¢ is a first order perturbation of an averaged constant
Ry (hog) = By (hap) (70) value®,. Consequently, the field equations deduced from (74)

to the followi tem:
This feature ensures that the right-hand sides of Egs. (65) arﬁguce 0 the Toflowing system

(66) are gauge-invariant quantities. RO — 820-1(7© _ L0 -1 15 76

Eq. (65) reveals that the first order geometrical scintillation*” o (L 2 i)+ By (9. 2 ¥l )(76)
effect depends upon the gravitational field through the Ricci .

tensor only. On the other side, it follows from (66) that the palftp = WT(O) (77)
0

of the scintillation due to the spectral shift depends upon the
curvature tensor._ . where T,SE) is the energy-momentum tensor of the matter
These properties have remarkable consequences in ger}claééj

o . : ) . ) — paspl0) ,
relativity. Suppose that the light raytravels in regions entirely ; S 1/,[’;1 ao:',;Te IEW?.St ordeth K/I iaﬁ if‘d 0 det' )
free of matter. Since the linearized Einstein equations are i@%es ¢ embertian operator on Minkowski spacetime.

_ af
vactm It is easily seen that any solutidn,, to the field equations
R) =0 (71) (76)is given by
[ ¢
it follows from Eq. (65) that By = hfl, _ 3077‘“’ (78)
a
2g =0+ 0(h?) (72)  whereh®, is a solution to the equations
' buti 1
As a consequence) /A reduces to the contribution of theRf}l}(hfﬁ) = SW‘I’EI(T;(L?/) - §T(0)77;w) (79)

change in the spectral shift
b which are simply the linearized Einstein equations with an ef-
N I fective gravitational constaiit, ;; = ¢*®;*. Indeed, inserting
- (1) v s : . eff 0
N~ U K, / Ry puoeUMUY KP K dv (73) (78) in (67) yields the following expression for the curvature
-0 tensor

From (72), we recover the conclusion previously drawn b (1) (hag) = RW (hE[,)
Zipoy (1966) and Zipoy & Bertotti (1968): within general rela- " ppre e
tivity, gravitational waves produce no first order geometrical 1

scintillation. + §®51(UW¢,PU + Mpo b v — NuoPwp — NwpP o) (80)

5 For details see Will (1993) and references therein. The factor
5. Application to the scalar-tensor theories —(16m7c) ™! in the gravitational action is due to the fact that we use the
) . ) . definition of the energy-momentum tensor given in Landau & Lifshitz
The general theory developed in the above sections is valid {9g75).
any metric theory of gravity. Let us now examine the implica-¢ Thjs transformation can be suggested by the conformal transfor-
tions of Egs. (65) and (66) within the scalar-tensor theories @ktion of the metric which passes from the Jordan-Fierz frame to the
gravity. Einstein frame.
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from which one deduces the Ricci tensor Ina vacuum(TF(fl’,) = 0), the metrich/, satisfies the lin-

1 earized Einstein field equations (71) and Eq. (84) reduces to
R;(}u) (hag) = R;(Llu)(hgﬁ) + 05 (¢ + 577#1/'3@ (81 o ,

a” _ 9 89
Then substituting fOIR/(}V)(hag) from its expression (81) into " a |, P (89)
the field equations (76) gives Egs. (79), thus proving the propo- obs
sition. In Eq. (88), (N/N)E . is reduced to the term given by
The decomposition (78) of the gravitational perturbationq. (73), where?ﬁl,?ya is constructed Wiﬂhfy-

huw implies that each term contributingAé/ A canbe splitinto |t follows from (89) that contrary to general relativity, the

a part built from the Einsteinian perturbatibf, only and into - scalar-tensor theories (defined by (74)) predict the existence of
an other part built from the scalar fiefcalone. In what follows, 3 first-order geometrical scintillation effect produced by grav-
we use the superscriptl” for a functional of a solutioi.,..., ¢)  itational waves. This effect is proportional to the amplitude of
to the field equations (76)-(77) and the superscHptor the  the scalar perturbation. It should be noted that an effect of the

same kind of functional evaluated only with the correspondir@me order of magnitude is also due to the change in the spectral
solutionh, . shift.

In order to perform the calculation of the integrals (65) and To finish, let us briefly examine the case where the scalar
(66), we note that<*'F, is the usual total derivative of thewave ¢ is locally plane (it is a reasonable assumption if the
quantity /" along the unperturbed ray path, which implies thagource of gravitational wave is far from the observer). Thus we

Vobs can put in the vicinity of the observer located at the paigt,
KHFJLdU = Fobs — F(—oo) (82) ¢ — ¢(u) (90)

- ~ . whereu is a phase function which admits the expansion
The 4-vectorK* (supposed here to be future oriented,

such that® > 0) gives the direction of propagation of the lightt(z) = u(obs) + Ly (z# — 2, ) + O(|z* — b, |*)  (91)
coming from the observed source. For a given observer movmqh
with the 4-velocityU*, let us put

K Kh L, = const. (92)

NH = (p* — UrTY _ _ [T 83
( oty )(U*KA) (UMK)) v (83) It follows from Eq. (77) withT® = 0 that L, is a null
vector of Minkowski spacetime.

We haven*” N,N, = —1. SinceN* is orthogonal taU* by . _ ) .
constructionN* can be identified to the unit 3-vectd¥ giving " IT/\(/ahpilcicl:r;gnI%e %’eﬁﬁﬁ': d(\?v:ij,t)h ?ﬁgr&i?t t:",rl\e;escgﬁa'rcgitli(r?g\;ﬁgtor

the direction of propagation of the light ray in the usual 3-spade ) . .
of the observer.p pag g y P dlerectlon of propagation of the scalar wave in the 3-space of the

Using (76), (77), (80) and the assumption. .., = 0, itis o_bserver. Then_ intr(_)ducing the anglebetweenN and P, a
easily seen that (65) and (66) can be respectively written asSImIOIe calculation yields

. |ST .\ E .
a|™" a|” d) N = — 1 cos2€£ 93
2a obs B 20’ obs " (PO obs (84) N obs N obs +( ! 2) (I)O obs ( )
and This formula shows that the contribution of the scalar wave
ST B to the scintillation cannot be zero, whatever be the direction of
(1+ Z)i ( 1 ) =1+ Z)i (1) observation of the distant light source.
ds \1+2z/ . ds \1+2z/ .
+ %w —~ N.V¢)us (85) 6. Areobservational tests possible?

0 It follows from our formulae that the scintillation effects specif-
where ically predicted by scalar-tensor theories are proportional to the
b= Ut (86) amplitude of the scalar field perturbation at the observer. This

local character casts a serious doubt on the detectability of these
and effects, since the scalar field perturbation is very small for a lo-
N.V¢=Ntg, (87) calized source of gravitational waves.

- Indeed, one can put in most casg&b, ~ a?h, wherea?
As a consequence, the rate of variation in the photon fluxjgsa dimensionless constant coupling the scalar field with the
received by the observer is given by the general formula  metric gravitational field (se@,g, Damour & Esposito-Faise

.\ST . \E 1992). Experiments in the solar system and observations of bi-
NN L oai n gg) hary pulsars like PSR 1913+16 indicate thdt< 10~%. Con-
N N + 2@ (3¢ V)obs (88) ; —22 o :
obs obs 0 sequently, settingg ~ 10~=* for gravitational waves emitted by
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localized sources gives/®, < 10~2° and the effect is much
too weak to be detected.
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