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Abstract. It is well known that the surface brightness of elliptical galaxies and of bulges of spiral galaxies is best fitted by
the Sersia " profile. It is thus interesting to explore the lensing properties of the Sersic model because of its wide range of
applicability. To this aim, we evaluate the lensing potential, the deflection angle, the time delay between the images and the
amplification for a circularly symmetric lens whose surface density is described by the Sersic profile. We estimate the same
guantities also adding a shear term to the deflection potential in order to study (at the lowest order) the impact of deviations
from radial symmetry or the contribution from other nearby lenses. Moreover, we investigate the systematic errors due to the
use of a de Vaucouleurs profile instead of the correct Sersic model also taking into account the presence of a dark halo.
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1. Introduction it possible to narrow the parameter space expressing some of
em as function of the remaining ones. On the other hand,

has been estimated that at least 80% of gravitational lenses
re elliptical galaxies (Turner et al. 1984; Fukugita & Turner

Elliptical galaxies present a striking regularity in their globql1
luminosity distributions in the sense that, within a wid%

ran%e dOI) SIzes, Ith?r s:_JrfaceTﬁrlggtn\e/ss prolflles %?T be %'91). Hence, it is important that statistical lensing studies,
sgrl \5“ y IS|mp elgi?gc |ons.f_ € de aut(:jou eursroriaw Sﬁt?lih as the number counts of lens systems, the distribution of
(de aucou’eurs - ) was Irst proposed as a qwte gen ge angular separations and of time delays, take into account
function to fit the light profile of.the elliptical galaxies and o he most correct model of elliptical galaxies in the analysis of
e available data. Up to now, this has not been done since

soon realized that the Sersit" profile, which generalizes thet ese studies have been concentrated on the dark halos rather
de Vaucouleurs law, is best suited to describe the surface brqu n on the luminous components of the galaxies. Therefore

ness distribution of these systems (Caon et al. 1993; Graharﬂé latter component is usually neglected or simply modeled

Colless 1997; Prugniel & Simien 1997). The regular propertig\ﬁth the spherical Hernquist profile (Hernquist 1990) which

of ellipticals have been the subject oftérent approaches, Con'a[%proximately reproduces the de Vaucouleurs law when pro-
t

cerning both photometric and spectroscopic parameters, res ed to the lens plane. The only remarkable exception is the

ing in interesting scaling relatio_ns. Some_ well k_nown exampl rk by Maoz & Rix (1993) where the lens is modeled using
are the fundamental plane relating tifeetive radiuse, the lu- -y 1745, directly, together with an isothermal dark halo. It

minosity intensityl, atre and the central velocity dispersiomn . . - ; .
. . : ) ! should be interesting to repeat their analysis using the more re-
(Djorgovski & Davis 1987; Dresseler et al. 1987); the photayic gergic profile and the scaling relations we have quoted

metric plane linking the three parameters of the Sersic pro B - : :
. . ove. As a first step, one has to study the lensing properties of
(Khosroshahi et al. 2000; Graham 2002) and the entropic platﬂ% model. This is trﬁ)e aim of the currgnt work g prop

(Marquez et al. 2001).

The regularity of elliptical galaxies is an attractive feature The paper is organized as follows. In Sect. 2, we determine
for cosmological applications of gravitational lensing since {fe lensing potential and the deflection angle for a circularly
makes it pOSSible to reduce the degeneracy among lens par@yﬁ]metric lens described by the Sersic model. We are thus able
eters and hence the Systematic uncertainty in the estimatéqjﬂrite the lens equations whose solutions are found in Sect. 3.
COSmo|ogica| quantities_ The time de|ay among the imagess’}ﬁction 4 is devoted to the evaluation of the amplification of
mu|t|p|y imaged guasars systems may be used as atool to dé{ﬁ_images, while thefkect of a shear term, due to deviations
mine the Hubble Constalh-to (Refsda' 1964) once a model forfrom circular Symmetry orto nearby |enseS, is inVeStigated in
the lens has been fitted to the observed images configurat@@ct. 5. A study of the systematic errors due to the use of a

flux and time delay ratios. The use of scaling relations mak@g Vaucouleurs profile mimicking the best-fit Sersic model to
the lens surface brightness is presented in Sect. 6. We summa-

e-mail:winny@na.infn.it rize and conclude in Sect. 7.
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2. Lensing potential and deflection angle where pFq{ay, ..., ap}, {b1, ..., by}, y) is the generalized hy-

. . pergeometric function(Gradshteyn & Ryzhik 1980) anc;
The surface mass density of a galaxy whose surface b”ghmaeﬁ C, are two integration constants that have to be fixed. Since

is fitted by the Sersic model may be written as (Sersic 1968)t:he lensing potential is defined modulo an additive constant

with no physical meaning, we can pat = 0. As regard<;,

} (1) we may impose the constraint that the potential is regular both
at zero and at infinity, i.e.:

in whichr i_s the mass-to-light ratide the Iuminpsity density ¥(X) > 0 X = 0, co.

at the dfective radiuge andb(n) a constant defined such that

the luminosity withinr, is half the total luminosity. It is pos- This condition allows us to choose the constentn such a

sible to show thab(n) may be found by solving the following way that the final expression for the lensing potential turns out

equation (see, e.g., Mazure & Capelato 2002): to be:

I'(2n,b) = I'(2n)/2 (2)  Y(x) = Yex®

1/n
S(r) =T Ieexp{—b(n) [(rL) _1

n 2F2[{2n, 2n}, {1+ 2n, 1 + 2n}, —bX] ®)
2F2[{2n,2n}, {1+ 2n,1+ 2n}, -b]
wherel'(a, 2) is the incompletd™ function andl'(a) the actual ;i Ve the value of the potential far = re e x = 1

r function_. _ _ given by?:
Adopting a rectangular coordinate system in the lens plane o2
centred on the lens galaxy and witky (x2) oriented alongits , _ €Tg
. o . = —«ke 2F2[{2n, 2n}, {1+ 2n, 1 + 2n}, —b].
main axesy is simply (& + x2)Y/2. We will assume that the Vo= 5 ke 2 2{2n, 2n), {1 +2n, 1+ 2n}, -] ©)
surface density is circularly symmetric so that all the lensingiven the circular symmetry of the model, the deflection angle
quantities will depend only on. While useful in the compu- || pe purely radial and has an amplitudegiven by dy/dr.

tations, this approximation is not a serious limitation to oYfsjng the new variabla and diferentiating, we get:
analysis since the results for the circular case may be imme-

diately generalized to flattened models by means of numerigdX) = efeb "€’ " [[(1+ 2n) — 2n['(2n, bX)]
) X : _ i r'(2n,b
!ntegr:_atlon (Schramm 1990; Keet_on_ 2001) Mo_reover, we will = 2Nrekeb X T(2n) |1 - (2n,bx)
investigate later the impact of deviations from circular symme- r'(2n)

try by adding a shear term to the lensing potential. However, . . _ :
we stress that the results for the circularly symmetric modf’é\/mg used the relatioR(1 + 2n) = 2nl'(2n). Using Eq. (2),

allow us to obtain a picture of the main properties of the Ser%\?’ce may finally write the following expression for the deflec-

model as a lens. on angle:
It is convenient to introduce a new dimensionless variabl n I'(2n, bx)
defined as: @) = 20e X [1 " T@n) (10)
1/n . Lo
. (L) _ 3) in which:
fe e = a(l = I'e) = Ne keb™2"€PT(20). (11)

The lensing potentiat(r) may be found by solving the follow-

ing equation (Schneider et al. 1992): Note that we are assuming that the distances in the lens plane

are measured in arcsec so thahas the dimension of arcsec

V2u(r) = 2«(r) (4) and the lensing potential of arcge&quation (10) should be
obtained also directly since, for a circularly symmetric model,
where «(r) = ZX/Zcit is the convergence wittEcit = itis (Schneider et al. 1992; Keeton 2001):
c?Ds/47GD\Djs the critical density for lensing an®s, D, 2 (")
Dis are the angular diameter distances between observer a(\g = _f = Jrdre’
source, observer and lens and lens and source, respectively. ' Jo Zerit
Using the above change of variable, Eq. (4) becomes: = 2N kX2 fx XL exp[b(x — 1)]dx’
o 0
x2(1-n) 37‘? + Xl—Zn% = 2n%r2 exp [-b (x — 1)] (5) ~ 2 X [1 _ r(2n, bx)} ’ (12)
I'(2n)
in which: _
which is the same as Eq. (10). Note that the agreement between
Ke = E (6) the results for from the two diferent procedures is an indi-
Zerit rect check that our choice of the two integration constants
Equation (5) may be easily solved using Mathematicapack- 1 \yg yse here the same notation for the generalized hypergeometric
age. We obtains: function as in theMathematicapackage.
& 2 By using Eq. (9), it is possible to eliminate the denominator in
w(X) = Ke7X2n2F2[{2n» 2n}, {1+ 2n,1+ 2n}, -bx] Eqg. (8). However, we prefer to write the deflection potential as in

Eqg. (8) so that the exponentis the only model parameter entering
—Nke® b 2201+ 2n) InX+ ¢ IN X + Gy, (7) the scaled deflection potentia)e.
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Fig. 1. The scaled deflection anglg a. vs. the dimensionless radius

r/re for three values of the exponenbf the Sersic profile, i.en = 3 Fig. 2. The characteristic deflection angigvs. the lens redshifi for

(long dashed)n = 4 (solid),n = 5 (short dashed). three values of the exponentof the Sersic profile, i.en = 3 (long
dashed)n = 4 (solid),n = 5 (short dashed).

Z)

andc; in Eq. (7) is indeed correct. It is interesting to observe , . _ .
that only the exponemtof the Sersic profile determines the pedualitative explanation for this behaviour. Equation (11) seems

o
haviour with the dimensionless radixsf the scaled deflection {0 SUggestre «« nb™"T'(n). Actually, the dependence at onn

anglea/ae, while the dfective radiuge, the luminosity den- is much more complicated sincealso determineb through

sity I atro and the mass-to-light ratf enter only as scaling E9- (2), whilere is linked ton andz given the way we have
factors. As an example, Fig. 1 show)/ae for three values chosen the Sersic parameters. These considerations prevent us

ofn. from giving any (at least) qualitative interpretation of Fig. 2.

This plot shows two interesting qualitative features. First,
we note that/a, quickly decreases with/re with the larger 3. The lens equation
values ofn going to zero faster. This is an expected result sin . . .
it simply reflects the fact that the surface mass density of t(@:c?ge i?/glr% qf a light ray deflected by the galaxy lensing
Sersic model is exponentially decreasing witlt. On the other 9 y:
hand, we also observe that the shape/af; is almost indepen- At(r,6) = h™rig

dent onn for values ofr/re > 1 as is apparent from Fig. 1. We 1, 1,
have checked that the plots for larger values afe more and X |57 = 1MsC0S O~ bs) + 515 — Y1, 6) (13)
more similar ag increases, the only fierence being the height
of the peak. where (, 6) is the image positionr{, 6s) the unknown source
The scaling parameter, is a function of the Sersic modelPosition and(r, 6) the lensing potential and we have defined:

parameters), re andle and of the mass-to-light rati@ for a D/D-\ (1

. . 1Ds) (1+2)
given cosmological model and leng)(and source%) red- 7100= Dr N (14)

shifts. We observe that, « Y as is expected since the higher

the lens mass, the higher the bending of light in a given péccording to the Fermat principle, the images lie at the min-
sition in the lens plane. To qualitatively study the dependeni€ea of At, so that the lens equations may be simply obtained
of ae on the other model parameters and the lens redshift, i3 minimizingAt. Inserting Eq. (8) into Eq. (13) andféren-
important to consider lens systems that are as realistic as g&4ing, we get.

sible. In Appendix A we give a detailed description of how we (2, bx)
choose the Sersic parameters for the lens galaxy taking dlsof'sCOS @ — 6s) — 2aeX™" [1— W]
into account its redshift. To evaluaég, we have to compute
the critical densityZ.i. To this aim, we need to fix the cos-rssin (@ — 6s) = 0. (16)
mological parameters and the lens and source redshifts to es- ) i i o

timate the angular diameter distand@s D;, Dis. We adopt !Equatlon (16) has two immediate solutlons._The firstis _O,

the flatACDM model with @m, Qa, h) = (0.3,0.7,0.72), with 1€ _the source and tht_e Ien; are pe_rfectly_allgneq. In this case,
h = Ho/100 km s MpcL. The source redshits is fixed as _the image is just the Einstein ring Wlth radnu_s_obta!ned s_olv-

k x 7 in whichk ~ 3.7 is the median value ak/z among ing Eqg. (15) forrs = 0. We plot in Fig. 3 the Einstein radius as

the observed lens systetn&igure 2 shows the characteristi@ function of the lens redshift for three valuesiaind = 10.
deflection anglere as a function of the lens redshift for thredVOte that thee depends significantly onfor lenses with red-
values ofn and = 10. The increase afe with z simply re- sh!ft approximately in the range.@0.6). This is just the red-
flects the lowering of the critical density because of the highgift range of the most of the observed lens systems (see, e.g.,
value of the distances ratls/D)Dys. Figure 2 also shows thatKochanek et al. 2002) thus suggesting that the use of the correct

the lowem is, the higher isre. However, it is dificult to give a value ofnis quite important, i.e. using the de Vaucouleurs pro-
file instead of the Sersic model may lead to serious systematic

3 See the CASTLES web page (Kochanek et al. 2002). errors. We turn back to this problem in Sect. 6.

=0, (15)
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Fig. 3. The Einstein radiusg vs. the lens redshift for three values
of the exponent of the Sersic profile, i.ea = 3 (long dashedyy = 4
(solid), n = 5 (short dashed). ro
0.25
The second solution is obtained by imposing 8ir @s) = ~

0, i.e.0 = 6s + mr (with m = 0,1). In this case, we get two \\\02
images symmetrically disposed with respect to the lens centre.
The radial coordinate; of the first image (i.e., the one with = ~ _
0 = 05) is obtained by solving Eq. (15) with cas€ 65) = 1, s .
while the second has a distangdrom the lens centre obtained
by solving Eg. (15) with cos(— 6s) = —1. In Fig. 4, we plot;
andr as function of the source radial position for th&eiient
values ofh used. The Sersic parameters and the cosmological
background are fixed as usual, while we have adoperl) =
(0.31,1.72), as for the real lens PG 114830 (Weymann et al. Fig. 4. The radial coordinates; andr; of the first top pane) and
1980; Impey et al. 1996). second pottom panélimage vs. th source positiag for three values
Note that we get two images which is an even numb(—,qf,the exponenh of the Sersic profile, =3 (I(_)ng dashedn =4
while one could invoke the theorem on the odd number of irf£0lid).n = 5 (short dashed), with the mass-to-light ralfle= 10.
ages (Schneider et al. 1992; Straumann 1998) to suspect that
(at least) a third image should appear. However, the theorem is At 12 (days )
not violated since it only holds if the mass distribution and its T N P T s
first derivative have no singularities. This is not the case for the ‘ ' ' ‘ '
Sersic model. Whil&(r) in Eq. (1) is regular, its first derivative  3_ <
is singular in the origin and hence the above theorem does not
apply.
An important observable in lens systems is the time delay
between the two images of a distant source. This may be simply
evaluated as:

Atyo = At(r]_, 91) - At(rz, 92). (17)

Using Eqg. (13), we may quickly compute the time delay be-

tween the two images formed by a circularly symmetric Sersic ) ) _

lens. This is plotted in Fig. 5 as function of the source radial cp'9: >- Time delay between the two images of a distant source as a
; . unction of the source position for three values of the exponembf

ordinaters for a system with, z) p (0.31,1.72) and‘_Y’ - 10'. the Sersic profile, i.en = 3 (long dashed)y = 4 (solid),n = 5 (short

Note that the time delay scales with the mass-to-light ratio 8Sshed).

2 since it is proportional to the square of the image positions

and the latter (as the Einstein radius) scales linearly With

Figure 5 shows that the first image always arrives first, being

less delayed by the bending of light due to the lens. On the other

hand, the time delay is quite short when compared to the valugsThe amplification of the images

usually measured, the lowest beir@0 d. However, drawing

any conclusion by this comparison is not possible since ofibe bending of light due to gravitational lensing changes the

should also take care of the observational problems relatedstdid angle subtended by a source on the sky and leads to an

the measure of short time delays. amplification of the images with respect to the undeflected
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case. The image amplification is simply the inverse of the Al
Jacobian of the lens mapping. It is:

A %) = g = (L= va) (- wz) v (18)

in which yi; = d%y/dx0x;. For a circularly symmetric lens,
this reduces to (Schneider et al. 1992):

a do\*
Ar) = [(1— ?)(1— E)] _

a 1 da -1 - o _\ —_—

= (- 1- x| - 19 b T e e =
[( rexn)( nrex dx)] (19) 0.05 0.075 0.125 0.15 0.175 0.2 r S

Inserting Eq. (10) into Eq. (19), with some simple algebra, we
finally get:
AKX =[1-p)A+p+g)]™* (20) A,

having defined:

206 [, T(@nbY
p(x) = r_e X2 [1— W} , (21)
400 = 2% 2 by, (22)

nre T(2n)

The amplification of the two images is shown in Fig. 6 where *
the Sersic model parameters, the cosmological background an
the lens and source redshifts have been fixed as for Fig. 4.
This plot shows that, while the first image is always am-
plified and conserves the same orientation as the source ('Ha.

: " . . 6. The amplification of the firsttop pane) and secondhttom
it has positive parity), the second image always has negat[')\é%ne) image as a function of the source distance from the lens centre

parity and could also be deamplified (i.e., the magnif!cation]@r n = 3 (long dashed)y = 4 (solid),n = 5 (short dashed).
lower than 1). Therefore, we conclude that for certain values
of n andrg a circular Sersic model is unable to produce two
observable images and hence its lensifigat is actually null. 1arge (i.e., if the eccentricitg = 1 — b/ais not too diferent
It is interesting to study the critical curves of this modefrom 1), the dfect of flattening may be taken into account (to
These are defined as the loci of the points in the lens plane sitft® lowest order) adding a shear term to the lensing potential
that the amplification becomes (formally) infinite, while theiwhich is now:
projection on the source plane gives the caustics. Equation (20) 1,
shows thatA diverges either if - p = 0 orif 1+ p+q=0. ¥ = ¥endr) = 51" C0S (2 - 26,) (23)
The first condition individuates the tangential critical curves

which, the model being circularly symmetric, will be a circld” WhiCh ‘p'e”s@ Is given .by Eq. (8), whiley is the shear in-
with radius given by the solution of the equation-1p = O. tensity andg, its orientation angle. A shear term could also

Inserting Eq. (21) into this condition, it is easy to show thEgpimicthe contribu_tionto the Ien_sing potent_ial of nearby lenses
the only tangential critical curve is just the Einstein ring. The' of the cluster (if any) to which the main lens galaxy be-

corresponding caustic is thus the poigt= 0. On the other longs. Adding the shear term to the lensing potential obviously

hand, the condition & p+ q = O determines the radius of thechanges the lens equations. Some simple algebra allows us to

radial critical curve. However, using Egs. (21) and (22), th](g]a”y obtain:
relation reduces to an equation which has no solutions. Thus, rs sin @ — 6s)

we conclude that the circular Sersic model has no radial criti¢al y sin (2 - 20,)’ (24)
curve.
[P(6) - QO)]r2 + R(H) = 0 (25)
5. The effect of the shear . ,
having defined:
We have considered the case of a circularly symmetric model, )
but we are aware that real elliptical galaxies are often flatten®) = [1 +7ycos(d - 297)] Sir? (6 — 6s), (26)
systems. If the deviations from circular symmetry are not too . .
y ymmetry Q(6) = ycos ¢ — 65) sin (0 — 65) sin (20 - 20,), 27)
4 Note, however, that bulges of spiral galaxies are typically rounder
than elliptical galaxies and hence the circular case we have studied.is, 5 . I'(2n, bx)
not completely unrealistic. 9{@) = 2l ey” sift (20 - 26) [1 T | (28)
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) ) Fig. 8. Same as Fig. 7 but fal = 7/3. Note that, for graphics-related
Fig. 7. Zero-level contour plot of the left-hand side of Eq. (25) for groblems, the sharp edges in the plot are not real the actual ones being
source on axis, i.&s = 0, as a function of the radial source coordiyngre smoothed. Note that the contours (in particular the lower ones)
naters (in arcsec) and the image angular coordirtag rad) exclud- o gifferent values of are almost superimposed.
ing the region giving rise to negative Results are shown for models

with n = 3 (long dashed) = 4 (solid),n = 5 (short dashed).

coordinatesr( 6). Actually, Eq. (19) does not hold anymore
To find the image positions, we can thus solve Eq. (25) with rend we have to use Eq. (18) to estim&ie, x2). As a con-
spect tod for given values of the source coordinatesds) and sequence, the critical curves are changed too. Figure 9 shows
of the shear parameterg ¢,) and then use Eq. (24) to find thethat now we get two critical curves. The external curve is the
corresponding value of the radial coordinate, excluding thosagential critical curve which is now deformed into an ellipse
solutions of Eq. (25) which give rise to negativéithout loss instead of a circle as in the case without shear. Moreover, a sec-
of generality, hereinafter, we will assumig = 0. Moreover, ond critical curvé appears inside the first corresponding to the
we fix y = 0.11 as determined by Holder & Schechter (2003ndial curve which was absent in the circularly symmetric case.
through a set of numerical simulationghe Sersic model pa-
rameters, the background cosmological model and the redshifts
of lens and source are fixed as in Sects. 3 and 4. Because ogh8ystematic errors
breaking of radial symmetry due to the shear term, the solu- ) o ]
tions of the lens equations now depend not only on the radigVen if the Sersic profile is well known to be a better fit to
but also on the angular coordinate of the source. In Fig. 7 ¥ Surface brightness of elliptical galaxies (Caon et al. 1993;
show the contour plot at the zero level of the left-hand sidé’aham & Colless 1997; Prugniel & Simien 1997), it is cus-
of Eq. (25) as a function ofs and ¢ assuming the source istomary in Ie_n_smg studies to use the deVau_couIeU_f‘sIaW to
on-axis, i.efs = 0, and excluding the regions which give ris@wodel_the visible component of th_e lens. It is thus _|mportant to
to negativer. For a givenrs, the solution of Eq. (25) may bemves_tlgate the systematic errors mtrqduced by this procgdure.
graphically found as the intersection points of the vertical ling® this end, we proceed as follows. First, we fix the Sersic pa-
rs = const with the plotted curves. Two images are formed ré@meters as described in the Appendix, arbitrarily fixing the
ducing to only one (the Einstein ring) i = 0 (not shown in 1€ns redshifz = 0.31. As a second step, we generate a sim-
the plot). When the source isfaxis, the number of images isulated set of surface brightness _measu_rements using realistic
two or four according to the source position, as may be argu@/der bars. Th_ese data are then fitted with the de Vaucouleurs
looking at Fig. 8 which refers to the cage= /3. profile to obtain the values aof andl. that best reproduce the

The presence of shear also changes the amplification aQhserved surface brightness. This procedure ensures that the
easy to understand observing that, because of the broken @f-vaucouleurs parameters are reasonably chosen and the pro
cular symmetryA will now be a function of both the polarJeCted mass dlstrlbutl_on of _the lens gal_axy is well represented
both by the true Sersic profile and the fitted" law.

5 The valuey = 0.11 refers to real quadruply imaged systems
(Holder & Schechter 2003), while here we do not know in advance® Note that the inner critical curve in the upper left plot in Fig. 9 is
what is the number of images. The systematic error we are makiogated with respect to the other plots. It is important to stress that this
using this value does noffact our main results. is only an artifact of the numerical solution.
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Fig. 10. The systematic error in the estimate of the mass-to-light ratio
0.1 01 T as a function of the exponentof the correct Sersic model describ-
< 0 < 0 ing the lens.
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In the previous discussion, we have assumed that the lens
0 0

B o B v e a0 0¥ soroT o 0T oz O redshift is known, which is not always the case. Figure 3 shows
X1 X1 that the wayg scales witlg; depends om too. Henceforth, we
Fig. 9. Critical curves in the lens plane( x,) for the Sersic model should correctly write:
modified by the addition of a shear term. The plots refer to2 (top

left), 3 (top right), 4 (bottom lef}, 5 (bottom righ). Distances in the o rgbs
i dv = )
lens plane are measured in arcsec. \Y rg\’(n — 4. re lo T = 10)
As a first application, we consider the estimate of the robs
mass-to-light ratio. It is quite easy to show that: Tsersic= rSersiqn, re, le, T = 10)
b
rgs

(29) with rd (rEe™9 the Einstein radius evaluated for the
de Vaucouleurs (Sersic) model. Combining the previous two

with resthe observed value of the Einstein ringlote thatwe relations, we get:
have fixedY = 10 in the denominator in Eq. (29) just to make Sersi
the numerical computation easier. Let us suppose now that whev - re™™ N re, le, T = 10) )
have seen an Einstein ring and we have been able to meas(sesic rg'(n=4,re,le, T = 10)
the lens surface brightness. Then, we can fit this profile using. ,

both the Sersic and de Vaucouleurs law so that we know thaiS depends only onif we knowz (as assumed above), oth-
three parametersi(fe, le) and may evaluat¥ using Eq. (29). erwise |_t is a function of botlz, andn. _Thls suggests_ that the
Using the de Vaucouleurs law with= 4 instead of the correct "€SUlts in Fig. 10 should be read with some caution. Let us
Sersic profile leads to affiérent estimate of. Figure 10 shows SONsider, for instance, the case= 3. From Fig. 10 we get
log (Tav/Ysersid as a function of the exponentof the Sersic TS%\{S/i;YSerg{f < 1. On the other hand, Fig. 3 also shows that
model used to generate the simulated data, beiRg(Tsersd r < rg’ for values of the lens redshift lower than about 0.2.

E
the value obtained modeling the lens with the de VaucouIeL’€?§ a result, we conclude that,f were not known, we should

(Sersic) law. We only include in the plot those models that a ﬁ unable to say whether the systematic error is due to having
well fitted by both profiles. chosen an incorrect lens model or a wrong redshift. Actually,

The results are quite interesting showing that the mass-{ge situation is still more involved since the way we have fixed
light ratio is underestimated if < 4 or overestimated i > 4 '€ S€rsic parameters also implictely depends;oive thus

by a factor which may be as high as 10 (excluding values-of stress the r_1eed t_o repeat this analysis_using real galgxies to
2 orn > 5 that are less realistic). However, Fig. 10 should nmoroughly |nvest|gafce t_he systematics md_uced by using the
be considered as a definitive proof against the de Vaucouleﬁ? Vaucouleurs prof!Ie instead of the Sersic one. This is out-
model instead of the Sersic one. Actually, this result has bedf® the scope of this paper, but will be the subject of future
obtained using simulated observations of lens galaxies whyge™- ) i )
parameters have been chosen with a procedure that could alsgi¢@l lénsing galaxies are usually modeled adding a dark
be revised. It should be interesting to repeat this analysis f§/0 t0 the visible component. If the Einstein radius has been
real lens systems also comparing the estimated mass-to-ligigasured somehow (e.g., by directly observing an Einstein ring

ratios with those predicted by models of stellar evolution.  ©f Tom the image separation), then it is possible to get an esti-
mate of the projected mass of the dark halo inside the Einstein

7 Actually, it is not so easy to observe an Einstein ring, but we maing as:
qualitatively estimateg from the image separation in multiply imaged
quasars. M(rg) = ar et — Myis(re) (31)

T =
re(n, re, le, T = 10)

(30)
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Fig. 12. Same as Fig. 11, but wifh= -2 for the halo model.
Fig. 11.The systematic error in the estimate of the projected dark halo

mass inside the Einstein radius as a function of the exponentof

the correct Sersic profile using the softened power law model withe de Vaucouleurs (Sersic) profile. As is apparent from Fig. 11,

B = 1for the halo. the halo projected mass for the cgise- 1 may be seriously
overestimated (underestimatedhik 4 (n > 4). Considering

with Myis(re) the projected mass of the visible component es§ly models withn in the range (35) which is more realistic,

mated from the Sersic (or de Vaucouleurs) model as: f[he error could be up to a fa_ctor 1.0 so that it is worthwhile to
§ investigate more carefully this topic using real lens systems.
E . . .
Muyis(re) = Znanilef x2N-1gb0=1) gy (32) On the other hand, the error is Iow_er |f_ the halo is mod-
0 eled as a Plummer sphere as is shown in Fig. 12. However, the

. Plummer model is less suited to describe galaxy haloes so that
— 1/n
with X = (Te/re) ™. We may suppose than,(te, le) have been ;i i vworthwhile to spend further work on this topic.

measured fitting the Sersic law to the lens surface brightness
profile and thafr has been estimated from a stellar evolution
synthesis code so that Eq. (31) may be used to directly obt@inConclusions

the projected mass of the dark halo. . . . - .
: . : . imple analytical calculations show that elliptical galaxies
To investigate the systematic errors induced by the use e o .
o : form 80% of the gravitational lenses. Hence, it is very interest-
de Vaucouleurs profile instead of the correct Sersic one, we fllrnst to investigate their lensing properties taking into account
have to choose a dark halo model. We adopt the softened power 9 9 prop 9

law sphere (see Keeton 2001 and references therein) whmoe(.jEIS which are as _realistic as poss_ible. The Se?é‘kpro_— .
. L ﬁ)lsé is well known to fit the surface brightness of both ellipti-
projected surface density is:

cal galaxies and bulges of lenticular and spiral galaxies. In this
D28 Tt 2\t paper we have studied its lensing properties assuming circular
= m =Zo (1 + r_2) (33) symmetry of the surface mass distribution.
Under this hypothesis, we have derived analytical expres-
which represents a flat core with scale radand central sur- sions for the lensing potential, the deflection angle and the im-
face densityy, and then a power law decline with expongnt age amplification. Solving the lens equations, we have found
defined such that the mass grows/asymptotically. The core that a circularly symmetric Sersic lens produces two images of
radius can be zero # > 0. As illustrative cases, we considethe source that are merged in the Einstein ring i 0, i.e. the
the two models witl8 = 1 (i.e., a softened isothermal modelsource and the lens centre are perfectly aligned. One of the two
andg = -2 (i.e., a Plummer model). To fix the halo parametersnages may be deamplified and hence, for some choicg of
we first deproject both the halo and the Sersic profile (BinneySersic lens does not produce two observable images, an ef-
& Tremaine 1987; Mazure & Capelato 2002), then estimate tfect that must be taken into account in statistical studies such
total mass of the visible component and fix the halo virial masss lens number counts. No radial critical curve is formed by a
Myir, SO that 90% of the total galaxy mass is represented by ticularly symmetric Sersic lens, while the tangential critical
halo itself. The value of the core radiggs then obtained by curve is the Einstein ring.
scaling that of the Milky Way as = suw (Myir/MMWY)Y3 It is Adding a shear term to the lensing potential allows us a
then straightforward to evaluaky as function ofM,;; ands. first-order investigation of the impact of deviations from cir-
We use Eq. (31) to estimate the projected mass of the datkar symmetry and to take into account the contribution of
halo using for the lens visible component the Sersic model mearby lenses. We have solved the lens equations in this case
the corresponding fitted de Vaucouleurs model assurifing assuming, without loss of generality, that the shear is on-axis.
10 for both profiles. The Einstein ring is obtained by solvinBue to the breaking of radial symmetry, the number and posi-
Eq. (15) withrs = 0 and adding the halo contribution to thdions of the images formed depend now bothrgandds and
lensing potential. In Figs. 11 and 12, we plot Idd,/Msersio  not only onrg as in the symmetric case. We have found that an
as a function of the exponentof the correct Sersic model, inon-axis source gives rise to two images, while two or four im-
which Mgy (Msersid is the value of the projected mass of theges may appear as the source moves away from the lens axis
dark halo obtained after the visible component has been fit bie presence of shear also changes the amplification of the

(r)
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images and the shape of the critical curves. The tangential créird quadruple) in order to investigate if constili. models
cal curve is deformed into an ellipse, while an inner radial critare viable solutions or whether a dark matter component has to
cal curve appears. The size of both curves depends on the Sdisimvoked to reproduce the observable lensing quantities (im-
model parameters and decreases with the expanent ages positions and flux ratios). Since the Sersic model parame-
Our results suggest that a Sersic lens can produce up to faass {, re, |¢) may be directly measured from detailed photome-
images of a distant source if a shear term is added to the pg; the only unknown lens quantity is the mass-to-light ratio
tential. This is in agreement with the recent result by Kochanakd hence we can study eventual correlations ambagd the
(2003) who was able to fit constad/ L models to two quadru- photometric parameters. On the other hand, we can assume that
ple QSOs, namely RX J0910551 (Bade et al. 1997; Burudlensing galaxies obey the same scaling relations (such as the
et al. 1998) and PG 11880 (Weymann et al. 1980; Impeyphotometric plane and the fundamental plane) as the low red-
et al. 1996), using the de Vaucouleurs profile, that is to sayshift systems. If we model the lens as the sum of a luminous
Sersic lens witm = 4. However, a direct comparison is noSersic component and a dark halo, we can reduce the degener-
possible. To fit RX J091#0551, one has to use two lensingacy among model parameters excluding those solutions which
galaxies modeled with the de Vaucouleurs profile, taking altsad to Sersic parameters not allowed by the quoted scaling re-
into account the presence of the cluster which the lenses beltatgppns. Moreover, if the time delays among the images were
to. A similar situation also holds for PG 114880 where a sin- measured, this approach should reduce the systematic error in
gle de Vaucouleurs lens is unable to fit the image configuratithe determination of the Hubble constant through the time de-
and the contribution of a nearby cluster is strongly required iy method (Refsdal 1964). On the other hand, statistics of
reproduce the observable quantities. gravitational lensing, such as lens number counts and distri-
The Sersic profile has been shown to be a better fit botion of image angular separation, are known to be power-
the surface brightness distribution of elliptical lensing galaxidsl tools to discriminate among fierent cosmological models.
than the de Vaucouleurs law. Nonetheless, the de Vaucouleline modeling of the lenses plays a key role in this kind of anal-
model is usually used in lensing studies. We have thus invgsis and it is thus very important to use realistic lens models.
tigated the systematic errors induced by this procedure. Thise Sersic lens we have studied may thus be a first step towards
analysis has shown that the mass-to-light rationay be se- areanalysis of the available data in order to better investigate if
riously under — or overestimated (dependingmeing lower it is possible to reconcile them with constanifL models, and
or larger than 4) when considering constdfitL models. On if the constraints on the cosmological parameters are changed
the other hand, if a dark halo is added to the visible compondmytthe use of more realistic models of elliptical galaxies. These
of the lens galaxy, the use of a de Vaucouleurs model instepgestions will be addressed in a series of forthcoming papers.
of the correct Sersic one leads to a wrong estimate of the PRO;

jected mass of the dark halo inside the Einstein ring. ThescéknowledgementsWe thank an anonymous referee for having sug-

id . Id hat th f de V. | gﬁsted us to investigate the systematics discussed in Sect. 6 and for the
considerations could suggest that the use of de Vaucoulelys nents that have helped to improve the presentation.

profile to model galaxies that are best fitted by the Sersic law

must be avoided. Actually, these results should be treated wjth dix A: Choosing the |
great caution since they have been obtained using simulafiRpendix A: Choosing the lens parameters

galaxies whose model parameters have been fixed with a pret us now explain the way we choose the Sersic parameters in
cedure that is by no means unique. In particular, as descrigéler to have a lens system at redshiftvhich is as realistic

in detail in the Appendix, we have used the photometric plagg possible. To this aim, let us first consider the Milky Way. Its
(Khosroshahi et al. 2000; Graham 2002) to relate the Sersic pgiple component may be modeled as the sum of a bulge with
rametersig, re, le). Actually, this relation has been determinegbtg| massMpuige and an exponential disk with scalelendiat
from galaxies belonging to the Virgo and Fornax clusters, whilghd |ocal surface densi®(Ry) = Z,, in whichRy = 8.5 kpc is

we have extended it to higher redshift galaxies the validity ge Sun distance to the galactic centre. We set:

which is still to be proven. Henceforth, afidirent prescription 0 5
to fix the model parameters could be implemented and a dMouge = 1.3 % 10°° Mo, T = 54 M, pc®,

tailed study of how thisfiects the results is needed. Howevewe now build a galaxy with total intrinsic luminosity given as:

the procedure we have adopted leads to Sersic parameters de- (Mb |
ulge

scribing galaxies which look quite reasonable so that we awy, = —2.5log
+

confident that our main results are trustworthy. Actually, the
best strategy is to resort to a careful study of real lens systewith M; the galaxy total absolute magnitude aNtisx =
in order to check whether theéfects we have reported are in-ZnRﬁ o exp (Ro/Ry) the total mass of the Milky Wéydisk.
deed true, or a consequence of how we have chosen the moget— :

parameters. Having chosen the Milky Way as reference for the lens mass scal-

The analvtical exoressions of the lensing potential and in]g is not completely justified since our Galaxy is a spiral one, while
y P gp \8e are considering elliptical galaxies as lenses. However, this does not

the d_eﬂeCt'on angle he_re Obta'neq for a circularly Symmt:“triﬁ“troduce any systematic error in the results since what we really need
Sersic lens may be easily generalized to the flattened case {0l realistic value for the mass of a galaxy. To this aim, we could take
lowing the procedure described, e.g., in Keeton (2001). The Eg-reference any galaxy provided that the mass of fisréint com-
sulting potential, deflection angle, and amplification may th%nents are well measured. We have thus chosen the Milky Way as
be used to try to fit the observed lens systems (both doubdéerence only because its mass has been better determined.

Mdisk‘r) (A1)
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The apparent total magnitude of this galaxy at redshifs photometric plane cdicients. One might also resort to a dif-

then: ferent procedure, not using Eq. (A.4). For instance, one could
Dy (2) follow the first two steps of our procedure, then fix botindlg
Hiot(z) = Myt + 25+ 5 Iog[l\;—pc +K(z) (A.2) and finally evaluate, solving Eq. (A.3). However, following

this prescription, we find that the higher the lens redshift, the
with K(2) the K-correction (estimated by interpolating the vallargerre, in complete disagreement with what we observe (and
ues reported for elliptical galaxies in Poggianti 1997) &énd with common sense). This is not the case for our prescription.
the luminosity distance that, for the flaACDM model, is: A detailed and quantitative study of how the results are af-
fected by the procedure adopted to fix the model parameters
dz is nonetheless needed and will be performed in a forthcoming

VOA + Qm(1 + 2')3. paper.

On the other handy is related to the three Sersic parameters

D@ = Hio(1+z)fO
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