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Brane world cosmologies and statistical properties of gravitational lenses
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Brane world cosmologies seem to provide an alternative explanation for the present accelerated stage of the
Universe with no need to invoke either a cosmological constant or an eygtitessenceomponent. In this
paper we investigate statistical properties of gravitational lenses for some particular scenarios based on this
large scale modification of gravity. We show that a large class of such models are compatible with the current
lensing data for values of the matter density param€&g=0.94(10). If one fixesQ,, to be =0.3, as
suggested by most of the dynamical estimates of the quantity of matter in the Universe, the predicted number
of lensed quasars requires a slightly open universe with a crossover distance between the 4- and 5-dimensional
gravities of the order of 1.#6,*.
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I. INTRODUCTION models based on the framework of brane-induced gravity
[4-7]. The general principle behind such models is that our
The results of observational cosmology in the past yearg-dimensional Universe would be a surface or a brane em-
have opened up an unprecedented opportunity to test tHedded into a higher dimensional bulk space-time on which
veracity of a number of cosmological scenarios as well as t@ravity can propagate. In some of these scenarios, there is a
establish a more solid connection between particle physicgertain crossover scatg that defines what kind of gravity an
and cosmology. The most remarkable finding among thesebserver on the brane will observe. For distances shorter than
results comes from distance measurements of type la supérc, such an observer will measure the usual 4-dimensional
novae(SNe 13 that suggest that the expansion of the Uni-gravitational /2 force whereas for distances larger than
verse is speeding up, not slowing dowm]. As widely the gravitational force follows the 5-dimensionat*behav-
known such a result poses a crucial problem for all cold darkor. In this way, gravity gets weaker at cosmic distances and,
matter(CDM) models since their generic prediction is a de-therefore, it is natural to think that such an effect has some
celerating universeq,>0), whatever the sign adopted for implications on the dynamics of the Universs.
the curvature parameter. Indirectly, similar results have also Several aspects of brane world cosmologies have been
been obtained, independent of the SNe la analyses, by cor@xplored in the recent literature. For example, the issue re-
bining the latest galaxy clustering data with CMB measurelated to the cosmological constant problem has been ad-
ments[2]. dressed 9] as well as evolution of cosmological perturba-
To reconcile these observational results with theory, costions in the gauge-invariant formalisfiiO], cosmological
mologists have proposed more general models containing Bhase transitionfl1], inflationary solutiong12], baryogen-
negative-pressure dark component that would be responsib&sis[13], stochastic background of gravitational wayad],
for the present accelerated stage of the Universe. Although singularity, homogeneity, flatness and entropy problgtag
large number of pieces of observational evidence have cordmong othergsee[16] for a discussion on the different per-
sistently suggested a universe composed~@/3 of dark  Spectives of brane world modglsFrom the observational
energy, the exact nature of this new component is not welviewpoint, however, the present situation is somewhat con-
understood at present. Among the several candidates for dat#oversial. While the authors of Ref§l7,18 have shown
energy discussed in the recent literature, the simplest aridiat such models are in agreement with the most recent cos-
most theoretically appealing possibility is the vacuum energynological observation§for example, they found that a flat
or cosmological constant. Despite the serious problem thatniverse withQ,=0.3 andr.~1.4H;" is consistent with
arises when one considers a nonzero vacuum en@ly the currently SNe l&cosmic microwave backgrourCMB)
models with a relic cosmological constalt CDM) seem to  datd, the authors of Ref[19] have claimed that a larger
be our best description of the observed universe, being corsample of SNe la data can also be used to rule out these
sidered as a serious candidate for standard cosmology. models at least at theo2level. Recently, one of U0] used
On the other hand, motivated by particle physics considmeasurements of the angular size of highempact radio
erations, there has been growing interest in cosmologicatources to show that the best fit model for these data is a
slightly closed universe witlf) ,=0.06 and a crossover ra-
dius of the order of 0.94,*.

*Electronic address: deepak@ducos.ernet.in For the reasons presented earlier, the comparison between
"Electronic address: abha@ducos.ernet.in any alternative cosmology anlCDM models is very im-
*Electronic address: alcaniz@astro.washington.edu portant. In this concern, statistical properties of gravitational
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lenses may be an interesting tool because, as is well known, 1-Q,)\2

they provide restrictive limits on the vaccum energy contri- Q= for Q,<1 and Q,<1. (4
bution (see, for instancg21]). On the other hand, in brane

world models the distance to an object at a given redshsft In order to derive the constraints from lensing statistics in

smaller than the distance to the same object ®DM mod-  the next section we shall use the concept of angular diameter
els (assuming the same value 8f)). Therefore, we expect gistance,D(z). Such a quantity can be easily obtained in
that the constraints coming from lensing statistics will bethe following way: consider that photons are emitted by a
weaker for these models than for th&iCDM counterparts.  source with coordinate=r, at timet, and are received at

In this paper, we explore the implications of gravitation-time t, by an observer located at coordinate 0. The emit-
ally lensed quasistellar objectQSO39 for models based on  te radiation will follow null geodesics on which the dimen-
the framework of the brane-induced gravity of Dvetial.  gjonless comoving coordinatet and ¢ are constant. The

[5] that have been recently proposed in R¢68]. We re-  comoving distance of the source is defined by
strict our analysis to these scenarios because, as explained in

[6], due to a geometrical effect of the bulk gravity on the t, dt R, dR
brane, they present a “self-inflationary” solution witH r1=J W:f

fvrc’l (H is the Hubble parametgror equivalently, they !

undergo accelerated expansion at the late stages of the uni- From Egs.(1) and (5), it is possible to show that the

verse(in agreement with SNe la datdt is worth mentioning comoving distance.(z) can be written a&20
that this accelerated phase may be transitional which helps to 9 1(2) $20]

—_ 5
Rt R(t)R(t) ©

reconcile the description of an accelerating universe with the 1 1 dx
requirements of string or M-theori¢22] (see alsg23] for a r(z)=———0 |Qk|1/2J —, (6
discussion on this topjc RoHo| Q|12 X' X2f(€Q;,X)

This paper is organized as follows. In Sec. Il we present i .
the basic field equations and distance formulas relevant fophere the SUbSCf_'FiD_ denotes pr_esenF day q_uant|t|e_s’,
our analysis. We then proceed to analyze the constraints frorif R(1)/Ro=(1+2) "~ is a convenient integration variable
lensing statistics on these models in Sec. IlI. In Sec. IV ouNd the function#{(r) is defined by one of the following

main conclusions are presented. forms: F(r)=sinh¢), r, and sin(), respectively, for open,
flat and closed geometries. The dimensionless function

II. THE MODEL: BASIC EQUATIONS AND DISTANCE f(€2;.x) is given by

FORMULAS f(QJ 1X):[Qkx_2+(\/ﬂ_rc+ W)Z]l/% (7)
The Friedmann equation for the kind of models we are
considering i§8,17) wherej stands form, r. andk.
The angular diameter distance to a light source=at,

P K andt=t,; and observed at=0 andt=t, is defined as the
>t —to—| = H2+ , (1) ratio of the source diameter to its angular diameter, i.e.,
3M5,  4rZ 2rc R(1)?
¢
wherep is the energy density of the cosmic fluld=0,=1 is Da=5=R(tyr,. (8)

the spatial curvatureM, is the Planck mass and,

= M§|/2M§ is the crossover scale defining the gravitationalin the general case, the angular diameter distance,

interaction among particles located on the brakk; (s the D, (z, ,zs) =R,r(z.,zs)/(1+zs), between two objects, for

5-dimensional reduced Planck massFor simplicity, example, a lens a, and a sourcégalaxy) at zg, reads

throughout this paper we consider that the cosmic fluid is

dominated by nonrelativistic mattésee[ 8] for exact expres- H ! ]’[IQ |1/2fxll' dx
k

sions for a general fluid componentn this case, from the D s(z,29)

- 12 ;o2
above equation we find that the normalization condition is (1+29)[Qy xs x°F(Q;.,%)
given by 9
Q+[ /Qr +./Q, +Qm]2: 1 (2) I1l. CONSTRAINTS FROM LENSING STATISTICS
Cc Cc

) In this paper we work with a sample of 867> 1) high
where{),, and() are, respectively, the matter and curvature|yminosity optical quasars which include 5 lensed quasars.

density parameter@efined in the usual wayand These data are taken from optical lens surveys such as the
_— Hubble Space Telescop@iST) Snapshot survey24], the
QO =14 Hg, (3 crampton survey25], the Yee survey26], Surdej survey

[27], the NOT Surve)[28] and the FKS surve}29]. Since
is the density parameter associated with the crossover raditise lens surveys and quasar catalogs usually use V magni-
r.. For a flat universe, the normalization condition becomegudes, we transfornm,, to B-band magnitude by usinB
[17] —V=0.2 as suggested by Bahcatlal.[30].
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The differential probabilityd~ of a beam having a lensing
event in traversinglz is [32,31

DoDis\? 1 dt
—_* 3 -
dT F (l+ZL) ( RODOS R dZLdZL, (10)
where
cdt H,* a1
dz.  (1+z)f(Q;.x)’
and
. 167 4
T d il | a+ ;+1 . (12)

Do, Dpos and D g are, respectively, the angular diameter

distances from the observer to the lens, from the observer tt%
the source and between the lens and the source. For simplic-

ity we use the singular isothermal mod&IS) for the lens

mass distribution. The Schechter luminosity function is
adopted and lens parameters for E/SO galaxies are taken

from Loveday, Peterson, Efstathiou, and Madd{33]
(LPEM), ie., ¢,=3.2-0.1%10 3Mpc 3, a=0.2,
=4,v, =205.3 km/s andF* =0.010. It is worth mentioning
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FIG. 1. The normalized optical depth/F*) as a function of
source redshiftzg) for some selected values 6t . In all
curves, the value of the matter density parameter has been fixed
(2,=0.3).

e

optical depth for lensing. For example, z=3.0 the value
of 7/F* for Qrcz 0.1 is down from the standard value by a

factor of ~1.10. This decrease of the optical depth as the

that, although the recent galaxy surveys have increased coMalue of{}, is increasedat a fixedzs and(})) occurs be-

siderably our knowledge of the galaxy luminosity function,

cause, at high redshift, say>2.5, the distance between two

they do not classify the galaxies by their morphological typeredshifts(e.g.,zo andzg) is smaller for higher values cﬂ!rc.

[34]. In this work we restrict ourselves to the LPEM param-

In order to obtain the correct lensing probability we have

eters because they have been derived in a highly correlatggade two corrections to the optical depth, namely, magnifi-
manner and they also take into account the morphologicalation bias and selection function. Magnification bias,

distribution of the E/SO galaxigS85].
The differential optical depth of lensing in traversidg,
with angular separation betweehand ¢+ d¢ is given by

DOLDLS)
RODOS

DOS

D
a+1+—) LS
Y

-39 13

where ¢=A 6/87(v, /c)?, with the velocity dispersiomw,
corresponding to the characteristic luminosity in the

2r

dz d¢

21 dt
R, dz

) (¥/2)(a+ 1+ (41y))

d¢dzL=F*(1+zL)3(

viI2
X

r

4

D d
oood ? 42 (13)
LS

B(m,z), is considered in order to take into account the in-
crease in the apparent brightness of a quasar due to lensing
which, in turn, increases the expected number of lenses in
flux limited sample. The bias factor for a quasar at redshift
with apparent magnitude is given by[31,2]]

B(m,z)=M3B(m,z,My,My), (15
where
5 M M= 2 dNg lJ'MszdNQ
(m,z,M{,M,)= dm v, V3 dm
X[m+2.5logM),z]. (16)

Schechter luminosity function. The total optical depth is ob-In the above equatiofidNg(m,z)/dm] is the measure of

tained by integratingl~ along the line of sight fronz=0
(zp) to zg. One obtains

*

F 3p3
T(ZS):%[DOS(]-—'—ZL)] RO' (14)

number of quasars with magnitudes in the intervai,rf
+dm) at redshiftz. Since we are modeling the lens by a SIS
profile, My=2, we adopiM ,=10" in the numerical compu-
tation.

We use Kochanek’s “best mode[21] for the quasar lu-
minosity function:

Figure 1 shows the normalized optical depth as a function of

the source redshiftzg) for Q,=0.3 and values oiQrc

=0.1, 0.2 and 0.3. For comparison, the standard prediction

(©Q, =0) is also displayed. Note that, at higher redshits (
>2.5), an increase imrc at fixed Q,, tends to reduce the

dN — =
G (M.2) (1072 M4 10 m) L (1)

where
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FIG. 2. Confidence regions in the pla(mn—ﬂrc arising from
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FIG. 3. (a) Predicted number of lensed quasars as a function of

lensing statistics. Solid lines indicate contours of constant likeli-{}_for a fixed value of the matter density paramet@= 0.3) and

hood at 68% and 95.4%.

my+(z—1) for z<1,
m={ m, for 1<z<3, (18)
m,—0.7z—3) for z>3,

and we assumea=1.07£0.07, b=0.27=0.07 and m,
=18.92+0.16 at B magnitudg21].

The magnitude corrected probability,, for a given qua-
sari atz; and apparent magnitudg; to be lensed is

pi=7(z)B(m;,z). (19

Due to selection effects the survey can only detect lenses

with magnifications larger than a certain magnitude. It

can be shown that the corrected lensing probability and im
age separation distribution function for a single source a

redshiftzg are[21,36]

, d(A0)p.(AHB(M,z,M:(A6H),M,)
Pi (m,Z)=|Oif

B(m,z,Mg,M,)
(20)

and
Ph=Pa(80) L

where
1 (z d?7

PlAO)="05 ], dzdan) 94 @2

and
Mi=Mg(f+1)/(f—1) with f=10"42m) (23

image separation #<4. (b) Contour for five lensed quasars in the
parametric spac@mfﬂrc. The shadowed horizontal region corre-
sponds to the observed ranfg,=0.3+0.1[38].

rected probabilities, we folloyj21] and divide our sample
into two parts, namely, the ground based surveys and the
HST survey.

In order to constrain the parametdis, andQrC we per-

form a maximum-likelihood analysis with the likelihood
function given by[21] (see alsd37] for an alternative analy-
sis based on the Fisher matrix approach

Ny N

c=IT a-p)1I pipi. (24)
i=1 k=1

K:hereNL is the number of multiple-imaged lensed quasars,
u is the number of unlensed quasars, agdndpy, are the
probability of quasalk to be lensed and the configuration
probability defined, respectively, by EqR0) and (21).

Figure 2 shows contours of constant likelihood (68% and
95.4%) in the parameter spaég —{,. The maximum

value of the likelihood function is located & ,=0 and
Qrc=0.03. At the XIr level, our analysis requires),,
<0.94 andQ,cgo.19. Such a result means that a large class
of these particular scenarios of brane world cosmology stud-
ied here are compatible with the current gravitational lensing
data at this confidence level. In Fig(aB the expected num-
ber of lensed quasars, =Xp/ (the summation is over a
given quasar sampleis displayed as a function cﬂrc with

the matter density parameter fixed(yf,=0.3 (as indicated

by clustering estimatel88]). The horizontal dashed line in-
dicatesn, =5, that is the number of lensed quasars in our
sample. By this analysis, one findsC:O.OS, a value that is
very close to that obtained by Deffayet al. [17] (€,

=0.12) using SNe la and CMB data and also with the same

Equation(21) defines the configuration probability, i.e., the fixed value for the matter density parameter. In Figp)3ve

probability that the lensed quasaiis lensed with the ob-

show the contour for five lensed quasars in the parametric

served image separation. To obtain selection function corspaceQm—Qrc. The shadowed horizontal region corre-

083511-4



BRANE WORLD COSMOLOGIES AND STATISTICA . .. PHYSICAL REVIEW D 66, 083511 (2002

sponds to the observed ran§k,=0.3+0.1 [38]. We ob- IV. CONCLUSION

serve that the higher the value 8f,, the higher the contri-
bution onrc that is required to fit these data.

At this point it is interesting to estimate the value rQf
(the crossover distance between 4-dimensional
5-dimensional gravitiesfrom our estimates oﬂrc. In this
case, an elementary combination of our best mrc(

=0.03) with Eq.(3) provides

The recent observational evidences for a presently accel-
erated stage of the Universe have stimulated renewed interest
for alternative cosmologies. In general, such models contain

andn unknown negative-pressure dark component that explains
the SNe la results and reconciles the inflationary flatness
prediction (0t=1) with the dynamical estimates of the
quantity of matter in the Univers&X,,=0.3+0.1). In this
paper we have focused our attention on another dark energy
candidate, one arising from gravitatioabkageinto extra

~ -1
fe=2.8H,", 25 dimensiong 6,8]. We have shown that some particular sce-
_ narios based on this large scale modification of gravity are in
while at the 1r level (1, <0.19), we have agreement with the current gravitational lensing data for val-
ues of 1,,<0.93 (lo). If one fixesQ,, to be =0.3, the
re= 1.14—|gl. (26) predicted number of lensed quasars requﬁecs: 0.08. This

is a slightly open universe with a crossover radius of the
The former value is considerably larger than that found inorder ofrczl.76-|gl.
Refs.[17,20, i.e.,r;=1.4H_,* andr,=0.94H_ ! in analyses
involving SNe la+ CMB and angular size of high-sources ACKNOWLEDGMENTS
data, respectively. However, it is worth mentioning that the  ha authors are very grateful to Lee Homer, Carlos J.

estimate off . obtained in Ref[17] refers to a flat model in A p Martins and C. Deffayet for helpful discussions and a
which the value of the matter density parameter was fixed iRyjical reading of the manuscript. J.S.A. is supported by the

Q,,=0.3. As we have seen, by fixing this value fay,, the
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