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Recent high-redshift type-la supernovae results can be used to set new bounds on a possible variation of the
gravitational constan®. If the local value ofG at the space-time location of distant supernovae is different, it
would change both the kinetic energy release and the amouttNofsynthesized in the supernova outburst.

Both effects are related to a change in the Chandrasekhar MagsG~%2 In addition, the integrated
variation of G with time would also affect the cosmic evolution and therefore the luminosity distance relation.

We show that the later effect in the magnitudes of type-la supernovae is typically several times smaller than the
change produced by the corresponding variation of the Chandrasekhar mass. We investigate in a consistent way
how a varyingG could modify the Hubble diagram of type-la supernovae and how these results can be used
to set upper bounds to a hypothetical variationGofWe find G/Gy<1.1 andG/G=10"'*yr~! at redshifts

z=0.5. These new bounds extend the currently available constraints on the evolu@oallathe way from

solar and stellar distances to typical scales of Gpc/Gyr, i.e., by more than 15 orders of magnitude in time and
distance.

DOI: 10.1103/PhysRevD.65.023506 PACS nunt$er98.80.Cq, 04.56:h

[. INTRODUCTION up early-universe constraints on a time-varym@nd found
no evidence for such a change, whergs®,15 used high
One of the most important challenges of modern physicsesolution spectroscopy of QSO absorption systems to find
is the quantization of the gravitational force. The undergoingstatistical evidences for a smaller at a redshift range 0.5
attempts to create such theories have reopened the subject<o<3.5. Of course, since a cosmological variation wf
varying fundamental constants. In this regard it is worth no{and, consequently, &) can proceed at different rates for
ticing that the constancy of the fundamental constants, and afifferent redshifts[13] both studies are not necessarily in
the gravitational constant in particular, has been questionecbnflict. There have been also many attempts to measure a
for a long time[1-5] and that early attempts to unify gravity time variation of the gravitational constant which will be
with electromagnetisnii6,7] predicted such kinds of varia- discussed later in Sec. V. For the moment it is important to
tions. Although modern theories, such as string theory and Mnention here that most of these bounds come either from
theory (see[8] for a recent review do not necessarily re- local measurementghe Sun, our solar system, or the solar
quire a variation of the fundamental constants, they provide aeighborhooyl or from very early times measurements
natural and self-consistent framework for such variationgnamely big-bang nucleosynthesisvhereas at intermediate
(see[9] and[10] for excellent descriptions of the theoretical look-back times there are not such measurements.
backgroungl As a general result, modern theories predict Type-la supernovaéSNIa) are supposed to be one of the
that in ordinary three-dimensional subspace, gauge couplingsest examples of standard candles. This is because, although
such as the fine structure constanor the gravitational con- the nature of their progenitors and the detailed mechanism of
stantG should vary as the inverse square of the mean scalexplosion are still the subject of a strong debate, their obser-
of the extra dimensions. Hence, the evolution of the scaleational light curves are relatively well understood and their
size of the additional dimensions is related to the variation ofndividual intrinsic differences can be accounted for. Under
fundamental constanfsl1-13. Moreover, it has been re- these assumptions, thermonuclear supernovae are well suited
cently shown[13] that a cosmological variation af may  objects to study the Universe at large, especially at high red-
proceed at different rates at different locations in space-timeshifts (z—~1.0), where the rest of standard candles fail in
The way in which the time variations @f andG are linked  deriving reliable distances, thus providing an unique tool for
is model dependent but a typical relation Sa/a®  determining cosmological parameters or discriminating
~AG/G. There have been several attempts to measure tremong different alternative cosmological theories.
rate of variation ofx, providing different results for different Using the observations of high redshift type-la superno-
look-back times. For instancgl4] used the recently released vae (z>0.1) and low redshift#<0.1) supernovae, both the
cosmic microwave backgroun@€MB) anisotropy data to set Supernova Cosmology Projefi6] and the Highz Super-
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nova Search Tearfl7] found that the peak luminosities of TABLE I. Overall characteristics of the supernova explosion for
distant supernovae appear to bed.20 magnitude fainter several values oG, and the same ignition density.

than predicted for an empty universe and 0.25 magnitude

fainter than predicted by a standard decelerating universe,G/Go ~ Mwpo  K/10'erg My MBS Amgs
with a presumed mass densify,=0.3. To be more precise,

. b 1.0 1.37 1.34 0.69 —19.43 0.85
at tlrl1e v Co_nflder:jcg Ie\r/]el, tr:e _results of both groups can be 11 119 114 057 —19.25 0.89
well approximated by the relation 12 1.04 095 049 -19.13 0.91

0.8y —0.6Q ,=—0.2+0.1. (1)
specific SNla scenarios are considefted).[42,43), but the
However these conclusions rely on the assumption thashysical mechanisms relevant for type-la supernovae natu-
there is no mechanism able to produce an evolution of theally relates the energy yield to the Chandrasekhar mass.
observed light curves over cosmological distances. In otheHere we will only focus on Chandrasekhar mass models
words: both teams assumed that the relation between thgince there are growing evidences that the sub-
intrinsic peak luminosity and the time scales of the lightChandrasekhar mass models do not fit well the observations
curve were exactly the same for both the lawand the high-  (see, for instancef44]). In summary, whatever the actual
z supernovae. The possible consequences for evolutionagtenario is, we will assume that the same mechanism for the
effects in SNla due to changes in the zero age mass arignition and the propagation of the burning front is valid for
metallicity of the progenitor star have been explored by sevSNIa at high and low redshifts. Thus, since the peak lumi-
eral author§18-20Q, who found that changes in the under- nosity is proportional to the total amount of nickel synthe-
lying population cause a change in the maximum brightnessized in the supernova outburst we haveG~%?2 and,
by about 0.1-0.2 magnitudes. therefore, for a slow decrease Gfwith time, distant super-
The SNla results have already motivated a significanhovae should be dimmer than predicted for a standard sce-
number of papers that search for bounds on the variation iRario. Under this assumption, we have
fundamental constantf21-25 or new cosmological sce-
narios, such as quintessence mo@i2& and scalar-field cos- 15 G
mologies[27]. This burst of interest is due to the conceptual M=Mo=7 Iog(
problems that arise from infering the existence of a cosmo-
logical constantA=10"?%3/G/# or facing the cosmic whereM stands, as usual, for the absolute magnit@éor
(dark matter problem(see[28] and references thergin the precise value of the gravitational constant at a given red-
There have been many suggestions that the apparent compdhift and the subscript O denotes their local values. Note that
cations that arise can be eliminated by modifying the laws othe above equation does not require knowledge of(time
gravity [29-34. known) proportionality constant relating the supernova lumi-
Recent cosmological observations, such as the latest CMBosity with the Chandrasekhar mass. This dependence fac-
Boomerang and Maxima da{®7,3§ indicate a flat Uni- torizes out under the assumptions above, and the final
verse:Qg=0, i.e. Qu+Q,=1. This result, together with differential result is only sensitive to the values®f From
the above Eq(1) points in the direction of a nonzerd, this equation we can see that in order to reduce the apparent
although other interpretations are also possjB@&4Q. luminosity of distant supernovae bfm=0.2 a dramatic
The purpose of this paper is to analyze the effect of varychange ofG is required:G/Gy=1.13. This value should be
ing G in the current interpretation of the Hubble diagram of regarded as an upper bound in the sense that part or all of the
distant SNIa and to use this analysis to set upper bounds aam==0.2 difference found b}16,17| could be attributable to
its rate of change. The paper is organized as follows: in Se¢he hypothesis of an accelerating universe.
Il we describe the effects of a varying on the physics of In order to test the validity of our argument we have com-
supernovae; in Sec. lll and in the Appendix, we analyze theuted a series of models of type-la supernovae explosion and
effects of a varyings on the luminosity distance of distant their corresponding light curves, according to the procedure
supernovae. In Sec. IV we present a likelihood analysis otlescribed in[45] and references therein, with the present
the SNla data which is then used to set upper bounds in thiecal value ofG, 1.1 and 1.2 times this value. The explosion
evolution of G. Finally in Sec. V we discuss our results and model was a delayed detonation starting from a central den-
draw our conclusions. sity of 2.0x 10° g/cn® a core temperature of 2010° K and
making the transition from deflagration to detonation when
IIl. THE EFFECTS OF A VARYING G ON THE PHYSICS the flame density went below 2€L0" g/cn?. Our study is
OF SUPERNOVAE based on delayed detonation models, because these have
been found to reproduce the optical and infrared light curves
Simple analytical models of light curvsee, for instance, and spectra of type-la supernovae reasonably {1é€l)46—
[41]) predict that the peak luminosity is proportional to the 51]. The model parameters, ignition density, and transition
mass of nickel synthesized, which in turn, to a good approxidensity, are those that allow us to reproduce a typical type-la
mation, is a fixed fraction of the Chandrasekhar madg;(  supernovae. The results are shown in Table | and Fig. 1.
«M¢p, which depends on the value of gravitational constant In Table | we show the mass of the white dwarf model in
as M, <G~ %2 The actual fraction varies when different hydrostatic equilibrium from which the explosion was com-
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L I in Fig. 1 occurs at 13.0 and 12.5 days, belg,s=0.85 and
_20 | -20 ey 0.89, respectively. This, in turn, implies that since the tem-
plate light curve used to calibrate the distances to distant
supernovae takes into account the width of the light curve,
and in particularAmys is used, a variation of the gravita-
tional constant should ultimately affect as well the final value
of the derived distances. However, given the slight variation
of the Am,5 parameter this can be clearly considered as a
second order effect. Nevertheless, as it can be clearly seen in
Fig. 1, although there is not any large difference in the rise
times or in the early time light curve due to a varyi@ghere
is indeed an appreciable difference in the overall duration of
the supernova event. To be precise the widthdViat,=
—16 are 126 and 112 days, respectively.
I This result can be interpreted in terms of very simple
- g physical considerations, and in particular, in terms of the

Mbol

gl L L simplified model of light curve presented[il] which has a
0 100 200 300 reasonable accuradypf the order of~20%). According to
t (days) this analytic model of light curve, the width of the peak of
the light curve of SNla is given by
FIG. 1. Bolometric light curves of SNIa for the local value of 3\ 14

the gravitational constanG, (solid line), for G;=1.1G, (dotted Mej
line) and for G, shifted upwards by 0.18 magnitudes. See text for Toc(?) ©
details.

where M is the ejected mass aril is the kinetic energy.
puted,M,, the kinetic energyK, the mass of synthesized Within our current knowledge of the mechanisms of explo-
nickel, My;, the peak bolometric magnitud® P, and a  sion of SNia both the ejected mass and the supernova kinetic
measure of the width of the light curvam,;s—see below €nergy can be considered proportional to the Chandrasekhar
for a precise definition. All the masses are expressed in solanass, and therefore we havecM Y2 or, equivalently, 7
units. In Fig. 1 we show the light curves for «G~ %4 Thus we have
G/Gy=1.0—solid line—6,=G/Gy=1.1—dotted line—and
this last light curve shifted upwards by a constant amount of T\ E -3 4
0.18 magnitudes—dashed-dotted line—in accordance with -\ Gy ' ()
the behavior predicted by E¢R).

As it can be seen in Table | the simple energetic argument The ratio of the durations of the supernova outburst cal-
presented above is in good agreement with the detailed catulations presented above matches reasonably well the be-
culations presented here and, thus, the energy liberated in t@vior predicted by Eq(4). Hence, in the case in which a
supernova outburst indeed scalesGas®?. Hence, the bolo-  varying gravitational constant is considered, the overall time
metric magnitude at the peak of the light curve computedscales of the supernovae light curves should depend as well
with a larger value o6 should be moved upwards by a fixed on the actual value oB.
constant amount which depends on the exact valu&.of It has been recently claimed that there is a mean evolution
Figure 1 clearly shows this behavior. It should be stressed an the rise times of local and distant supernoyag,53. In
this point that our analysis does not depend on the detailegarticular the widths of the light curve when the supernova is
physics of Type-la supernovae since the functional depen2.5 magnitudes fainter than the peak luminosity was found to
dence on the Chandrasekhar mass comes from basic physids 79=45.0=0.15 (at z=0) and 7=43.8+0.40 days(at z
arguments and it is unavoidable, no matter which are the=0.5), where the errors in the widths were ascribed solely to
(unknown details of the explosion unless we change thethe errors in the rise times. Using this data and @&g.[23]
physics underlaying the Chandrasekhar mechanism. obtained G/Gy=<1.037=0.017 (2r errorg at z=0.5, a

Figure 1 also shows that once this vertical shift is doneyariation of G very similar to the one needed to explain the
the duration of the supernova outburst is also modified by &hange in the peak luminosity. Subsequent stuididshave
varying G, being the decline faster for the models with largerdemonstrated that the rise times of local and distant superno-
G, especially at late times. As it can be seen there, in th&ae are consistent with each other and that the rise-time un-
region near the maximurisee the insert for a close up of this certainties were underestimated, being revised upwards to
region the difference between both light curves is small +1.2 days statistical and’-§ days due to systematical bias
when due account of the vertical shift is done. A good pa-under extreme situations. According to this last analysis there
rametrization of the slopéand, thus, of the widthof the s still some room for deviations of the light curve of high
light curve isAm,5, which is defined as the difference in the redshift supernovae date times This is exactly what we
apparent magnitude 15 days after the maximum. It turns outave found. However, it is worth mentioning at this point
that the maximum of the light curve for the models presentedhat according to this study these late time deviations system-
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atically influence the rise-time determinations. Conversely, T T T TooT T

should we have tried to fit the late time light curve we would 25 .0 i
.0 2
0 -
0

have found a significant difference in the corresponding rise

times. In the light of this new analysis, there is no significant
evidence for a possible change@ For our purposes, since m
the situation is not yet clear from the observational point of 20
view our analysis will only rely on the limits imposed by Eg.

(2). Note however that, on the other hand, should a firm
estimate of the maximum value of the difference between the

local and distant supernovae time scales could be eventually I
obtained a very stringent upper limit to the rate of variation

of the gravitational constant would be derived, which, addi- =5
tionally, would not dependon the adopted cosmological

model but on the well calibrated relation between the dura-

tion of the supernova outburst and its peak magnitude. Em 20

Tl v v by

Ill. THE HUBBLE DIAGRAM

The next question we want to address here is how an 15 L L

hypothetical variation of the gravitational constgof the 10-2 10! 100
amount of a few percentranslates in the Hubble diagram of z

distant supernovae. In addition to the change in the intrinsic £~ 5 Hupple diagrams for the high-redshift SNia data with

.er:jergydrﬁleak:]se a”‘?' Qf the (rj]urat:'?n gf thekhsupernova hev‘?mfferent choices of cosmological parameters and different values of
Itn ucted y tI et.varlzgloqtlhng eC aTd ralse f?r T?hss, the "E . Continuous lines correspond to the standard cosmology with
égrated evolution oL with ime would also afiect the cos- G(z)=G,. Dashed lines bracket the effects on the peak luminosity

mic evolution and, therefore, the luminosity distance rela'from a=5% variation inG. The observational data has been ob-
tion. To make this quantitative we need to consider noNny,ineq from[16].

standard cosmological models. It is however beyond the

scope of this paper to discuss specific theoretical models to

replace the standard theory of general relativity. This has m(z)=My+5 logd, + 25+

log(1+z), (6)

been discussed in detail elsewhere in the literaffBe-60, 4(1+ o)
and also in the context of an accelerating univ 61—
63]. 9 dem whered, =d(z,Q2,€,) is obtained from the line-of-sight

comoving distancdsee the Appendix For illustrative pur-

In the Appendix we show in a self-consistent way that for _ g .
poses Fig. 2 shows the above relation for two representative

plausible models which incorporate a varyi® such as i X : ,
scalar-tensor theorigSTTS, the possible effect of a varying cosmological models, including the effects ofin d , for
G on the cosmological evolution gives a contribution to the® = = 10 (dotted lines, which correspond to a change Gf
luminosity distance relation at the distances of interest whictpf ~5%, and the standardo(=) case(solid line).

is several times smaller than the effect produced by the same

variation of G on the Chandrasekhar mass. We will therefore IV. BOUNDS ON G/G

concentrate our analysis on the effects of the physics of the h q he likelihood vsis of the S
supernovae. This complements the analysis[35,62,63 We have re one the likelinood analysis of the Supernova
osmology Project allowing for a varyin@. Thus, we use

which neglected the effects in the physics of the supernova; ) X ; .
and used the evidence for the accelerating universe as a w s_ame_observa’uonal data but with the magnltude-dls_tance
lation given by Eq(6). Here we have one extra function

to constraint cosmic evolution in nonstandard theories of’ . . . ;
gravity. (2) to be fitted. At low redshifts the last term in the right-

In analogy to STTs, we will parametrize the evolution of 1@nd side(RHS) of Eq. (6) has a negligible contribution.
G in terms of the strength of coupling parameter,as Given that most of the SNla at high redshift cluster around
z=0.5 and that we are expecting to be large[so thatG
=Gy in Eq. (5)], the effect ofw(z) in the fit to Eq.(6) is
G(2)=Gy(1+z)VILte@] (5) dominated by the value @ at the mean redshift of the SNla
sample, z=0.5. Hence, we can approximate(z)=w(z
=0.5) and fit the data as a function of this new extra param-
which provides our definition fow(z)—see the Appendix eter,w(z=0.5) orG(z=0.5)/G(z=0)=G/G,,.
for further details. Thus a value @f=10 produces a4% Our results are plotted in Figs. 3 and 4, where we show
increase inG at z=0.5, while w=—10 produces a=5%  the confidence contourtat the 99%, 90%, 68%—solid
decrease inG at z=0.5. In summary, Eq(5) gives the lines—5% and 1% confidence level—dotted linebtained
change inG as a function ofw while Egs.(A3)—(A5) give  from the fit to the Hubble diagram of SNla. Figure 3 shows
the corresponding cosmic evolution. Thus we have the likelihood contours fol5/Gy=G(z=0.5)/G(z=0) as a

023506-4



BOUNDS ON THE POSSIBLE EVOLUTION OF TH. .. PHYSICAL REVIEW D 65 023506

solely to a difference in Chandrasekhar mass. For example,
for the flat() ,=0 model we have atd confidence level

G
—=12; 0,=0.0,Qy=1.0, @)
Go

while for the flat(),=0.8 case

G
o =108 0,=08,0y=02 (8)
0

G/G,

also at Ir confidence level. In terms of the=w(z=0.5)
parameter these later bounds translate mto1.2 for (),
=0 andw=4.3 for ,=0.8. It is important to mention here
that these constraints are quite loose when compared with the
bounds onw from very long baseline interferometry in the
local Universe,wy>2600[60], but, on the other hand, are
new in the sense that they correspond to an eafler
equivalently more distaptUniverse. Moreover, the SNia
data provide more interesting limits ®/G. To obtain them
FIG. 3. Confidence contours for the best fit SNIa data in thewe can use
plane G/Gg,Q,) for a flat universelg=0.

G
function of Q, for a flat A g=0 universe, whereas Fig. 4 G~
shows the likelihood contours in th&(G,,{)),) plane for
the case(2,=0. As it can be seen in these figures, the ex-whereAt is the look-back time t@=0.5:
pected departures from the standard ca&éG=1) are
quite small for a reasonable choice of cosmological param- z dz’
eters. This, in turn, justifies our approximatianz) = w(z At:J PPNV
=0.5). It is also worth mentioning at this point that we have 0(1+2")H(z")

also tried linear fits tav(z) = wy+ 'z and found equivalent with H(z) given by Eq.(A3). For a flatQ,~0 model we
results. e A

=4.6X i i
The confidence intervals of these figures can be used fave thatit=4.6 16° yr/hy (hyois the Hubble constant in

set bounds inG/G,. These are bounds in the sense that8nlts 0fHo="70 km/s/Mpc), while for the flaf},~0.8 case

. ; ) =6.0X . [
given a cosmological model, we assume that all the d|1°fer’-We haveAt=6.0x 10° yr/hz. Thus we find

ence in SNla corrected peak luminosities can be attributed

Go| oo
1—5)@0 g ©

: (10

6536><10*12 hoo/yr; Q,=0.0,Qy,=1.0, (11
Q,=0

1.3|||||||||||||||||||

G
6512><10—12 hyolyr; Q,=0.8,Q,=0.2. (12

It should be stressed that these are boundS /@ around
z=0.5. Several local bounds on the rate of change of the

gravitational constantG,/G,, have been obtained, for ex-
ample, from binary pulsars, from the Viking Radar and from
Lunar Laser Ranging, yielding typical upper bounds of
Go/Gu=10x10 2 yr ! (see, for instance[60]). Other
bounds come from the theory of stellar evolution, like white
dwarf cooling [64], being the bounds of the order of
10x 10" 2 yr~1. Finally, it should be mentioned that some

other local bounds are as low &g/G,<6x10 2 yr~!

[65]. Note, however, that the values of all these bounds are
comparable to that obtained here. Thus, despite the fact that
the SNla bounds o6/G, are quite loose, the longer time
baseline obtained by using high redshift measurements puts

FIG. 4. Confidence contours for the best fit SNIa data in thestronger constraints o8/G. These bounds on the change in
plane G/Ggy,Qy) for Q,=0. G correspond to redshifts which have not been explored yet

G/G,
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in the more standard gravitational tests, mostly based on sgernovae eventfEq. (4)], if the statistical and systematic
lar system and stellar physics. We can combine the SNla anerrors are reduced significantly, being the advantage of these

local bounds further to set a bound 6n last ones that arendependenof the adopted cosmological
model.
G —21 2
654>< 107 %" (hyglyr)~. (13
V. DISCUSSION AND CONCLUSIONS

In terms ofw(z) we can also set some further limits by In astrophysics and cosmology the laws of physarsd in
doing a Taylor expansion as [62]: particular the simplest version of general relativigre ex-
trapolated outside its observational range of validity. It is

o =1tz do”* (14) therefore important to test for deviations of these laws at
0 dz |, increasing cosmological scales and timesdshift3. SNla
provide us with a new tool to test how the laws of gravity
so that we find and cosmology were in faraway galaxies=(0.5). The ob-
do 1 servational limits onG/G come from quite different times

<1.7; 0,=0.0,0,,=1.0, (15) and scale458,60,61, but mostly in the local and nearby

dz 0 environments ax=0 (solar system, binary pulsars, and neu-

tron starg60]). There are also limits derived from the white

do™?! dwarf cooling theonf64], which are based on similar argu-
dz 050-5; 1,=08,Qy=02. (16) ments to the ones presented in this paper. Typical upper

bounds giveG/G=10 -10 2 yr~! [60].

Future experiments, such as the Supernovae Acceleration Here we have proved by using detailed numerical models
Probe(SNAP), could achieve a few percent magnitude errorsthat if the value ofG at the space-time location of distant
up to redshifts ofz=1.7 (see[66]). By then, we can also supernovae is different from the local one, it would change
fairly assume that other observational data, such as the LS®th the thermonuclear energy release and the time scale of
and CMB experiments, will provide a knowledge of a few the supernova outburst. The change can be quantified by
percent on the cosmological parametg28]. Thus we can means of the change in the Chandrasekhar mdss
translate the uncertainty in the magnitude directly into<G~ %2 and our detailed numerical results have been inter-
bounds onG: preted in terms of a very simple physical model. To this

regard it is important to realize that our conclusions would
17 remain unchanged should a modification of the parameters of

the explosion lead to a smaller mass®%Ni synthesized in

the supernova event, leading to a dimmer supernova.

Note that the possible effects of a varyi@gon the lumi- We have also shown in a self-consistent way that for plau-
nosity distance discussed in the Appendix, are still severadible models for a varying, such as scalar-tensor theories,
times smaller than the above contribution fo=1.7. For  the possible effect of a varyinG on the cosmological evo-
example, a 1% uncertainty itm (both from peak luminos- lution yields a contribution to the luminosity distance rela-
ity and cosmological parameter errpssill give us a 0.6%  tion which is one order of magnitude smaller than the effect
bound inG/Gy=1.006 atz=1.7 or, equivalentlyw=167. produced by the same variation 6fon the Chandrasekhar
The later value is not particularly impressive as compared tenass. Thus our approach complements the analysis of
the local bounds in the context of Jordan-Brans-DiGK&D) [35,62,63 which neglected the effects in the physics of the
theories >2500). But note thaz=1.7 corresponds to a supernovae and used the evidence for the accelerating uni-
look-back time in Eq(10) as large as\t=10x 10° yr/h4,. verse as a way to constraint cosmic evolution in nonstandard
Thus, future data would eventually yield firm bounds @r theories of gravity.
as low as In this paper we have also found further bounds for a

varying G from a likelihood analysis of the peak luminosities
G of the Supernova Cosmology Project. Our results are sum-
5 =6x 10 B hyolyr; z=1.7, (18)  marized in Figs. 3 and 4 and Eq&)),(8), with values of
G/Gy=1.2. We have further translated these results into

which are more competitive than the current local valuesbounds forG/G in Eq. (12), G/G in Eq. (13 anddw ™~ Ydz
The bounds to the change i, could be reduced to in Eg. (16). Some of these bounds are new or comparable to
other existing estimates from the local universe, which typi-
cally gives stronger constraints fab or G/G,, at least
within JBD models.

In the context of JBD or STT models the limits we find

Finally it is interesting to mention here that our analysisfor G/G correspond taw=3-30 and are therefore less re-
has been restricted to the peak magnitudes of supernovagtrictive than the solar system limits=2500 [60]. How-
Comparable bounds can be found from the duration of suever, STTs could allow fow= w(¢). To be precisep is not

A 15I G

-1

‘dz

<3.5x10° % z=1.7. (19
0
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required to be a constant, so thatcould increase with cos- naturally appears in the framework of scalar-tensor theories
mic time, o= w(z), in such a way that it could approach the of gravity (STT9 such as JBD theory or its extensions. These
general relativity predictions«{— ) at present time and models have recently attracted a large intefese[35] and
still give significant deviations at earlier cosmological timesreferences thereinTo make quantitative predictions we will
[35,62,63. Furthermore, it has been shoWbsb] that the cos-  consider cosmic evolution in STTs, whegeis derived from
mological evolution makes STTs practically indistinguish-a scalar field¢p which is characterized by a function
able from general relativity at the present epoch. Our resultss w(¢) that determines the strength of the coupling between
set strong constraints at cosmological distances. the scalar field and gravity. In the simplest JBD modelss

The interest of these new bounds with respect to the othgust a constant anG= ¢ 1, however ifw varies then it can
values discussed so far in the literature, is not whether or nahcrease with cosmic time so that= w(z). The Hubble rate
they are better, but the fact th@) a different method has H in these models is given by
been tested and used, afid) our bounds correspond to
higher redshiftsz=0.5, thus extending the constraints on the ’ (é 2 8mp 1 A o ¢? ¢

:g‘FW‘FE‘FE?—Hg. (Al)

evolution of G all the way from solar-stellar distances to
Gpc, that is by more than 15 orders of magnitude. In this

sense, cosmological nucleosynthesis also offers another limit,;q equation has to be complemented with the acceleration

roinse wet o el ooy e o U0 0 ard . a1 with e oquaton of e for 2
b y erfect fluid:p=(y—1)p and p+3yHp=0. The structure

the sensitivity of the abundances of light elements pr ; . : . N
y ght elements p oduceaf the solutions to this set of equations is quite rich and

at high temperature to the expansion rate of the Universe ) . .
those temperatures, especiatije. There is a range of opin- epends cruc_|ally on thg coupling functiex ¢) [67]. He_re
pye are only interested in the matter dominated regime:

ions, but there is also the widespread agreement that t ; o ;
expansion rate must have been well within a factor of two ole' _In t_he yveak field limit and a flat universe the exact
the standard model. Some might even push for more strin§0|u“°n is given by
gent limits that would exclude changes by even as little as 4420
~10%, which would be marginally consistent with our =
analysis—see the most recent analysis presentg@8irfor a 3+2w
detailed discussion. . ]

Finally, we would like to stress that new observations oflN this case we also have that=(t/t)?*?/G~*%). This
distant supernovae, or other standard candles, at higher reglution for the flat universe is recovered in a general case in
shifts (z>1) will constrain even more the current limits on the limitt—c and also arises as an exact solution of New-
the variation of the fundamental constafitee Eqs(18),  tonian gravity with a power lawg>t" [72]. For nonflat mod-
(19)]. To this regard it is important to realize that the recently®ls, a(t) is not a simple power law and the solutions get far
analyzed SNla 1997fi69], the oldest and most distant SNIa more complicgted. To illustrate the effects of a nonflat cos-
ever discovered at=1.7 [70], could provide an important mology we will consider general solutions that can be pa-
test of the viability of alternative theories of gravity. rametrized as EqA2) but which are not simple power laws

in a(t). In this case, it is easy to check that the new Hubble

law given by Eq.(Al) becomes

a

¢ 1=Gy(1+2z)VATe), (A2)
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APPENDIX: SCALAR-TENSOR THEORIES

~ QM 3+ 2(1) ~ QA ~ QR

The main topic of this paper is how the Hubble diagram Qm= g \4+20)" QA:E’ QR:E’ (A4)
of distant supernovae could help to set constraints on a vary-
ing G. In order to do that we need to study the physics of 1 1 o
SNla, but to be consistent we need to derive a luminosity g=1+ —-= . (A5)
distance relation which also includes the possible effects of a (1tw) 6 (1+w)?
varying G on the cosmological evolutio(see[71]). In this
appendix we will show that for a given changeGrthis later Thus the general relativity limit is recovered as— .

effect is typically smaller than the one induced by the changéor a flat universe, the Iluminosity distancel_
in the Chandrasekhar mass in the energy release of SNla. =d_(z,Q,,Q, ,») is related to theline-of-sigh) comov-
The possibility thatG could vary in space and/or time ing coordinate distance(z) as
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r(zy c dz' example for the flat caseﬁ(R=0 andf)M=l) atz=0.5 we
W= """ 5y (AB) " haved, =0.5456 forw=10 andd, = 0.5505 forw=10° (d,
in units of c/Hg). Thus, the change im produces brighter
In the general case we have to replace the integral with itapparent objects, in this cagem=—0.019, which would
trigonometric or the hyperbolic sinus to account for curva-tend to partially compensate the dimming produced by a
ture[73]. In the limit of smallz we recover the usual Hubble varying G on the Chandrasekhar mass: in this case=
relation: dHo/c=z— (1+qo)z%/2 where a new deceleration +0.060. In general, we find that the cosmological effect in

ao parameter is related to the standard one by the Hubble diagram of SNla is always smaller, by factors of
. a few, than the effect produced by a varyi@gpn the Chan-
~ Qo Qm drasekhar mass. Also in the general case, the cosmological
QO:E‘L 2(1+w) (A7) evolution in a model with increasin@ at high z tends to

decrease the acceleratiomith respect to the case with con-
One can see from these equations that even for relative smaltantG), which partially compensates the apparent increase
values ofw the effect of a varyingG on d; is small. For due to the the change in the Chandrasekhar mass.
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