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ABSTRACT

Context. Observations of quasars shining through foreground gedaxifer a way to probe the dust extinction curves of distant
galaxies. Interesting objects for this study are found liargg gravitational lensing systems, where the foregrowaldxies generate
multiple images.

Aims. The reddening law of lensing galaxies is investigated bghshg the colours of gravitationally-lensed quasars, ahdradful

of other quasars where a foreground galaxy is detected.

Methods. We compare the observed colours of quasars reported irténatlire, with spectral templates reddened Ifiecent extinc-
tion laws and dust properties. The data consists of 21 qugedaxy systems, with a total of 48 images. The galaxieschvhie both
early- and late-type, have redshifts in the inteal 0.04 — 1.51.

Results. We measure a ffierence in rest-framB — V between the quasar images we study, and quasars witholts@$oreground
galaxies. This dference in colour is indicative of significant dust extinatio the intervening galaxy. Good fits to standard extinction
laws were found for 22 of the images, corresponding to Heiint galaxies. Our fits imply a wide range of possible vafoes
the total-to-selective extinction rati®,. The distribution was found to be broad with a weighted mddBe-2.4 and a FWHM of
ARy=2.7 (o, ~ 1.1). Thus the bulk of the galaxies for which good reddenitsgydbuld be derived, have dust properties compatible
with the Milky Way value R, = 3.1).
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1. Introduction extinction when compared to the other, or the extinctiorvesr

. . . . . . must be similar along the two separate lines of sight. The po-
Measuring the reddening due to dust in galaxies, providesin (gniia| problem of this limitation is discussed in McGougfag
mation on dust_gral_ns in the m_terstellar medium. Itis |n|ad_d (2005) and Eliasdottir et al. (2006). If these conditians not
important for dimming corrections, when measuring cosmlo e theR, value derived will be a function of the extinctions
cal dlstancgs using Type la sup_ernovae,the most direcepbb along the two lines of sight, and theR, values (see Eq. 6
the expansion history of the Universe. in McGough et dl.[(2005)). In this paper, this restrictiorcis
_Itis often assumed that the wavelength dependence of @gmyented by studying the individual colours of background
tinction in distant gaIaX|es!s |(.Jlenfucal tothe qve_rag@mft/lﬂky quasar images in order to investigate the reddening by fore-
Way. However, there are indications that this is not alwds tground galaxies. This is possible because of the fairly fggno
case (e.g. Prévotetial. 1984; Calzetti eLal. 2000). Th@GBE neous spectral properties of quasars. The method is veitasim
of this work is to examine the reddening relations in galsigg the one used iDstman et 21/ (2006), where the focus was on
over a wide range of redshifts, to improve our understandfngﬁnding systems by matching the positions of quasars witgal
galaxy dust properties. ies. In this paper, the focus is on using systems found throug

For galaxies in which individual stars are resolved, dust eyravitational lensing.

tinction can be studied using the pair method. In this method
the galaxy extinction curve is determined by comparing the Studies of colours of Type la supernovae have also been
spectral energy distribution of reddened and non-reddstaed used to constrain the dust properties of their host galaxies
of the same spectral type and luminosity class (Massa et(@.g/{J0evezr 1983; Branch & Tammann 1992; Riess|et al/;1996
1983). For more distant galaxies, other methods must be usReindl et al. 2005; Guy et al. 2005). When the reddening cor-
such as comparing the galaxy colours with a dust-free modettion has been optimised to minimise the scatter of the Tgp
(although this is subject to large model dependencies) (sgernova Hubble diagram, a quitéfdrent wavelength depen-
e.g. Patil et al. 2007), determining thefdrential extinction of dence of the extinction curve, when compared to the Milky Way
multiply-imaged quasars (e.g. Falco etial. 1999), or meastias been derived (e.g. Astier etlal. 2006). It is unclear dret
ing the absolute extinction by foreground galaxies of quesahese findings indicate the presence of non-standard dus al
(Ostman et al. 2006). There are problems using the methodtteé line of sight to supernovae, or if they point to dfelient
differential extinction for multiply-imaged quasars. To obtai source of the brightness-colour relation, perhaps intritessu-
uniqueRy value, one of the images must have negligible dupernovae themselves. We aim to establish if the reddening la
derived using supernovae are applicable téedént astrophysi-
Send offprint requests to: L. Ostman cal scenarios, such as quasars shining through galaxies.
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In Sec[2, diferent parameterisations of dust attenuation are
discussed. The method for estimating the dust propertieseis
sented in Se¢]3. The results and a discussion of the resalts a

given in Sed . Finally, we summarise and conclude in[Sec. 5. 57 7
2. Dust extinction parameterisations 37 E
Extinction curves are often parameterised by the reddguang §
rameter called the total-to-selective extinction rdig which is 2F E
defined by
1 =
Ay E E
Ry & ——— 1 E E
YT EB-VY @ of i
whereAy is the V-band extinction an&(B — V) is the colour _1 e
excess, 0 2 4 6 8
/8 (um™)
E(B_V) = (B_V)obs_ (B_V)intr- (2)

; .+ Fig. 1. The CCM parameterisation of the Milky Way extinction
The observed colour is denoted bB £ V)ops and the intrin- . ;
sic colour by B — V). The reddening Sasrameter s a meaCurve (solid black line) for four dierentRy (0.5, 2, 3.1 and 4)
sure of the slope of the extinction curve, and is related e t}ynere the highest values & correspond to the flattest curves.
size of the dust grains. Large grains produce greyer eidingct Re algolS'[theWPtP’ee\/g'Lté\l\D/ﬂg(r:Iélli/la(r:al?llgts;[[?r?él[?gn(((jg;f&gwg?een)
with larger values oRy. The average value @&, in the Milk V=S iviite

g v g v Y with Ry = 3.1 and the starburst extinction law (dashed dotted

Way is 3.1, but the value varies within the intervak2Ry < 6 -
between dierent regions (see elg. Drdine 2003, and referend&d!oW) with the preferred value for starburst galaxigs= 4.05
(Calzetti et all 2000)A, is the extinction at wavelength and

therein). The variations are rare and appear to be connettted : : el
dense molecular ga5 (Jenniskens & Greenbergl 1993). AmdyiS the visual extinction.
distant galaxies, the variation &, could be larger. For ex-
ample, Falco et al! (1999) derived values in the interval 4
Rv < 7.2 using the method of fferential extinction between spectroscopically. We only consider systems for which appa
images of gravitationally-lensed quasars. Measuremdritseo ent magnitudes have been measured in at least ff@reint fil-
meanRy from Type la supernova samples yield lower valuegrs, which are in the wavelength range of the redshiftedsgu
than the Milky Way average. Some examples Re ~ 1.8 spectral template. Given these restrictions, our sampleagar-
(Krisciunas et al. 2000y = 2.55 + 0.30 (Riess et al. 1996), galaxy systems consists of 21 foreground galaxies with al tot
Rv = 26+ 04 (Philipsetal.l 1999), R, = 1.09 (Tripp of 48 quasar images. Information about these pairs arel liste
1998), Ry = 2.5 (Altavillaetal.|2004),Ry = 1.75+ 0.27 Table[d. Most of these are found from strong lensing surveys.
(Nobili & Goobafl200F) ang@ = 1.77 + 0.16 corresponding to However, three of them comes from analysing the quasar spec-
Rv = 0.77+ 0.16 (Astier et al. 2006; Guy et al. 2007). Althoughtra (Wang et al. 2004) and an additional three are found from
parameterised as an interstellar extinction law, it is fdsshat  coordinate matchingdstman et al. 2006).
the brightness-colour relation observed in Type la sup@®@o  To test whether our sample of 21 quasars with foreground
could be intrinsic to the supernovae or related to circuliaste galaxies difers in the colours from the main bulk of quasars,
dust. we estimate the rest-franig— V colour, by K-correcting from
The extinction curve of galaxies is often described usireg thhe observed bands, for our set of quasars and compare iawith
parameterisations by either Cardelli et al. (1989) (CCM)pY reference set from release three of the Sloan Digital Skyeur
Fitzpatrick (1999). However, some galaxies, such as thelSm&DSS) [(Schneider etlal. 2005). Tafle 2 contains the esiinat
Magellanic Cloud (SMC), are not well described by these lawgalues ofB—V for our images, and FiguEé 2 shows the histogram
An alternative extinction law, valid for the SMC, was pre®eh of the two distributions. We find that our set is redder than th
by Prevot et al.[(1984). Starburst galaxies are believetgi® comparison set. The fiérence in mean rest-franie - V be-
a different extinction law again, which has been described lyeen the two sets is 0.7 magnitudes. There is also one quasar
Calzetti et al. [(2000) (CAB). All of these extinction lawsear WFI2033-4723, for which three out of its four images are gign
shown in Figuréll. cantly bluer than the reference set. The two distributidnest-
Since the extinction curves for the Small Magellanic Clougtame colours were compared using the Kolmogorov-Smirnov
and starburst galaxies lookiférent compared to the average ongest, yielding a negligible probability that thefiéirence is only
for the Milky Way, the extinction curve of the Milky Way may due to statistical fluctuations. We conclude that there rbest
not be representative of high-redshift galaxies. Yet, ioften quasars in our sample whose colours afecied by reddening
assumed that the Galactic laws can be applied to dust in othiethe intervening galaxy.
galaxies, e.g. when correcting the light from supernovabdst The quasar spectral template used, is a combination of the
galaxy extinction. In this paper, such an assumption isce#la  HST radio-quiet composite spectrum (Telfer €t al. 2002, the
SDSS median composite spectrum_(Vanden Berklet al.| 2001).
To simulate the fects of dust attenuation, the template spec-
trum is redshifted and reddened, byfdrent values oR, and
We have gathered data for a small number of quasars with foE§B—V). This enables synthetic colours to be estimated for dust-
ground galaxies, from the literature. We require that tha rereddened quasars. To determine the values of the dust pa@rame
shift of both the quasar and the galaxy have been determirthdt best describe the observed magnitudes, we comparéthe o

3. Fitting dust extinction properties
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Table 1. Information about the quasar-galaxy pairs in our sanglés the redshift of the quasar amglis the redshift of the galaxy.
The last two columns list what filters were used in our analgsid the references for the magnitudes.

Quasar Images P2 Zz  Galaxy type Filters Sourée
SDSS J131058.%910822.2 A 1.39 0.04 starforming ugriz 1
Q2234030 ABCD 1.69 0.04 Ilate F160W F205W F555W F675W F814W 2
SDSS J114719.8%22923.1 A 1.99 0.05 starburst ugriz 1
SDSS J084957.9510829.0 A 0.58 0.07 starburst ugriz 1
SDSS11556346 AB 289 0.18 early F160W F555W F814W K 2,3
MG1654+1346 A 1.74 0.25 elliptical F160W F555W F675W F814W 2
CXOCY J220132.8-320144 AB 3.90 0.32 spiral griKs 4
SDSS J09085028 AB 3.61 0.39 early F160W F555W F814W r i 2,5
SDSS J09240219 ABC 152 0.39 elliptical ugriF160W F555W F814W 2,6
CLASS B1152-199 AB 1.02 0.44 late F160W F555W F814W IRV 2,7
HE0435-1223 ABCD 169 045 SO F160W F555W F814Wigr 2,8
Q0142-100 AB 272 049 early F160W F555W F675W F814W 2
HE0230-2130 Al1A2BC 216 052 &~ B R I K F814W F555W 2,9
BRI0952-0115 AB 443 0.63 elliptical F160W F555W F675W Fé14 2
WF12033-4723 A1LA2BC 166 0.66 $hc F160W F555W F814W i 2,10
SDSS J10044112 ABCD 1.74 0.68 cluster of galaxies ugriz F160W F555W4%81 2,11
J10041229 AB 265 0.95 elliptical F160W F555W F814W I 2
MGO0414+0534 ALA2BC 264 096 early F160W F110W F205W F675W F814W 2
SDSS J012147.4002718.7 A 2.22 1.39 unknown ugriz 1
SDSS J145907.4902401.2 A 3.01 1.39 unknown ugriz 1
SDSS J144612.9935154.4 A 1.95 1.51 unknown ugriz 1

a 1:/Adelman-McCarthy & for the SDSS Collaborafion (2007)K3ch
Johnston et al, (2003), 6: Inada et al. (2003), 7: Toft 224100), 8| Wiso
Oguri et al. [(2004)

Table 2. Estimated rest-fram® — V colour for the diferent
gquasar images in our sample.

Quasar Images B-V

SDSS J131058.3910822.2 A 0.8

Q2237%030 ABCD 3.4,2.1,36,34
SDSS J084957.9510829.0 A 11
SDSS11556346 AB 1511
MG1654+1346 A 0.4

CXOCY J220132.8-320144 AB 1.7,1.8

SDSS J09085028 AB 0.7,0.5

SDSS J09240219 ABC 0.4,0.6,0.2
CLASS B1152-199 AB 18,17
HE0435-1223 ABCD 1.1,1.0,1.0,1.0
Q0142-100 AB 0.1,0.1
HE0230-2130 A1A2BC 04,0.2,0.3,0.8
BRI0952-0115 AB 0.7,0.8
WFI2033-4723 A1A2BC 04,-0.1,-0.3,-0.1
SDSS J10044112 ABCD 0.1,0.6,0.3,1.6
J1004-1229 AB 3.9,5.0
MGO0414+0534 A1A2BC 2.9,3.1,28,2.8
SDSS J012147.%49002718.7 A 1.0

SDSS J145907.19D02401.2 A 0.9

SDSS J144612.9935154.4 A 0.8

anek et al.! (2007), 3: Pindor et al. (2004), 4: Castartal. (2006), 5:
tzki et all (2002), 9: Wisotzki et al. (1999);Morgan et al. (2004), 11:

™35

30
3x10*

25

2x10* 20

reference quasars

1x10%

quasar images in our sample

Fig.2. A histogram over rest-fram8 — V for the quasars in
SDSS DR3 (solid line), and for the quasar images in our sam-
ple (dashed line).

errors. We select colours by maximising the sum @@¢rwhich
is defined by

[EGi - )
o2
ij

Qj = 3

bl

served colours with the synthetic colours foffdientRy and wherec; is the total error of the colour fierence, i.e. the er-

E(B - V). When choosing colours = i — j to compare among
all possible filter combinations, we want to use the coloum<o

rors of the observed magnitudes combined with the uncéytain
in the template colours. The sum o\@f runs overf — 1 colours

binations that have the greatest potential to separats chsed- wheref is the number of filters, and each filter must be used at
dening from those of no reddening. We select the combingtideast once. The colours chosen from maximising the sum over
that provide a large fierence between observed colour and ex3jj are used when calculating tiyé described below. For exam-

pected colour without dust extinctiok(i — j), and have small

ple, when observations are available in tlyei filter set, the six
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law used here consists of two parts. Rog 2700 A, we use a
linear fit to the SMC data in Prévot et al. (1984), and at longe
wavelengths we use the extinction law by Fitzpatrick (1999)

In addition to dust in the foreground galaxy, we have also
investigated the possibility of extinction in the host gglaf the
quasar.

©
o0

o
o

4. Results and discussion

colour uncertainty

©
~

Of the 48 images, 26 yielded inconclusive results. The chi-
square of their fits was so high that, if they had beffacted
by dust following our extinction laws, there was only a 0.5%
probability that such a high chi-square value would be oiatzi
However, a poor fit does not automatically imply that there is

0.2

OOl v v v v L L Ly

i 2 3 4 a strange, unknown reddening law. It can also be the result of
z for example (1) underestimated observational errors h@ex-

_ o . tinction law having more degrees of freedom than the laws we
Fig. 3. Uncertainties in the template colours for g, u—r, u—i,  have assumed, (3) peculiar quasars that have an intrine@ sp
u-z9-r,9-i,g-zr—i,r-zi-z(fromblack to light grey) ym that difers significantly from the template, (4fects from
as a function of redshift other intervening objects that are unresolved in the avigilian-

ages, (5) microlensingfiects, or (6) changes in colour due to
possible colour combinations ame- g, u—r,u—i,g-r,g—i the time variability of the quasar. The significance of thitela

andr — i. We assume th&,, andQ,i have the largest values oftwo possibilities, when comparing quasar images, are sgsil
Qij. From the remaining four combinations; r,g-r,g—iand inlYonehara et all (2007).

r —i, we can only choose from-r, g—r, andr — i, because the The fit results for the remaining 22 images (corresponding
colouru-i can be constructed by combining the colours we hate 13 galaxies) are presented in Table 3. In Fidure 4, a few of
already pickedy — g andu — i. We then choose the filter combi-the confidence levels obtained from tpfitting of the quasar
nation, of the three remaining, with the larg€¥t to obtain the images are shown. The error intervals in Table 3 indicatd¢he

three colours to be used in the analysis. uncertainty. The errors are calculated with the assumpliah
For each quasar image, the best-fit dust extinction tise extinction law is valid for a positive colour excess, éod
determined by comparing the synthetic coloub&y, = all positive values oRy up to 6.0. Negative values &(B - V)
Xsyn Ry, E(B—V)], with the observed oneX,ps, and minimising are not expected for normal quasar$eeted by dust. However,
theyx? = ¥’[Rv, E(B - V)], which is defined to be an intrinsically blue quasar is best fitted with a negafiyB—V).
) . For small and negative values&f (< 0.7), the extinction laws
X = (Xsyn = Xobs) V™" (Xsyn = Xobs)- (4) have a peculiar behaviour (see e.g. the CCM parametensatio

V is the covariance matrix including the errors from the od¥ith Rv = 0.5 in Figurel1). The non-smooth function, and the
served and synthetic colours. The errors of the synthetimes N€gative values of the extinctidt /Av, are probably hard to ex-
account for both the intrinsic variability of quasars, ahel pos- Plain using a physical dust model. We chose however to censid
sible dust extinction in the host galaxy of the quasar. Ttezse @ll fits, down toRy = 0. For large (positive) values @, the
rors are calculated from a set of quasars with similar rétshi€xtinction becomes less wavelength-dependent, and inheso
(IAZ < 0.05), without any resolved foreground galaxies. Thedgore dficultto distinguish from the case of no extinction. When
were taken from the third data release of the Sloan Digitgl SK'€ colours of a quasar image in our analysis can be explained
Survey (Schneider et Al. 2005). Their colours wisreorrected Without dust, there is no limitation dRy, because there is iy
from the SDSS filters, to the filters used in the observations ¢ dependence in the extinction laws (B8 -V) =0.
sidered in this work. To avoid a large impact from colour out- The law which we refer to as the Prévot law, consists of two
liers, quasars with a colour fiéring by more than three stan-Parts. Fori < 2700 A, we use a linear fit to the SMC data in
dard deviations from the mean were excluded. About 12% of tReévot et all.[(1984), and fot > 2700 A, we use the parame-
quasars were rejected by this cut. In Figlre 3, the unceigain terisation of the Milky Way extinction by Fitzpatrick (1Sp9f
for the colours from the template are shown for the SDSS#iltelihe foreground galaxy, where the extinction occurs, istiedat
at different redshifts. As can be seen in the figure, all colou®w redshift, most of the filters used for observations wiltre-
involving the u band have very large errors for quasars witBpond to regions of the spectrum that affeeted by the second
zx 2.5.Itisalso az ~ 2.5 that the number of available comparipart of the extinction curve, which is identical to the Fack
son quasars falls drastically. The covariance matrix aistudes law (1 > 2700 A). If, on the other hand, the extinction redshift
the correlations between estimated magnitudediemint filters is high, the filters will correspond to regions of the spectthat
and consideration to the fact that the same filter can appege mare dfected by the first part of the extinction curve. This part has
than once in a set of colour comparisons. the relationA,/E(B-V) = a+bx+Ry. Itis therefore not possible
The quasar images were fitted with both the CCM law arid estimateRry from the observed colour, e.B.— V, because the
the Fitzpatrick law withR, and E(B — V) as free parameters.Ry dependenceis subtracted d8t;V = Ag—Ay = E(B-V)(a+
We also considered SMC like extinction, according to thevBt”~ bxg + Ry) — E(B-V)(a+bxy + Ry) = E(B-V)(bxg—bxy). This
law. The CCM law that we use is the improved version of this not the case for e.g. the Fitzpatrick or CCM law. For olgect
relation by Cardelli et al. (1989), where the extinction |d@ar which have high extinction redshifts, no preferred valudRpf
the wavelength range 14m™ < 1/4 < 3.3um™%, has been ex- can be determined for SMC-like extinction, using this pagam
changed for the curve provided by O’Donnell (1994). The/Bté terisation. The same problem occurs for the CAB law, where a
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Table 3. Best fits ofRy andE(B — V) together with the & uncertainties. Note that the lowest possible valuédphere is 0.1, since
Ry = 0 usually is not defined. Also note that for some redshiftsfdted combinations, there is n, dependence for the Prévot
law. The interval is then given as10- 6.0. z; is the redshift of the dust extinction, which4g for foreground extinction and,
for host extinctiond is the impact parameter expressed in kpc. When this was ilaaleq it is marked with a hyphen in the table.
When several laws arigr dust redshifts is either fitted for one image, they areistidl in the table below. The probability for each
to obtain a higheg? value than what was obtained for the fit is given in the lastiewi. We include all fits with a probability larger
than 0.5%. The dierent images are separated by a horizontal line.

Quasar Image z4 d (kpc) Ry E(B-V) Law Prob
SDSS J131058.1310822.2 A 0.04 15.0 3.5(1.4-6.00 0.3(0.2-0.9) CCM 96 %
SDSS J131058.1310822.2 A 0.04 15.0 3.5(1.8-6.0) 0.3(0.2-0.4) Fitzpatric 94 %
SDSS J131058.14310822.2 A 0.04 15.0 3.5(1.8-6.0) 0.3(0.2-0.4) SMC 95 %
SDSS J131058.1310822.2 A 1.39 15.0 0.1(0.1-2.5) 0.1(0.1-0.2) Host CCM 12%
SDSS J131058.1310822.2 A 1.39 15.0 1.1(0.3-2.2) 0.1(0.0-0.2) HostFitripa 46 %
SDSS J131058.1310822.2 A 1.39 15.0 0.1(0.1-6.0) 0.1(0.1-0.2) Host SMC 20 %
Q223#030 A 0.04 0.7 0.1(0.1-0.2) 0.7(0.5-0.9) Fitzpatrick 1%
Q2237030 A 0.04 0.7 0.1(0.1-0.2) 0.7 (0.5-0.8) SMC 2%
Q2234030 C 0.04 0.6 0.1(0.1-0.2) 1.2(0.9-1.4) CCM 11%
Q2237030 C 0.04 0.6 0.2 (0.1-0.6) 0.8(0.6-1.0) Fitzpatrick 4%
Q2237%#030 C 0.04 0.6 0.2(0.1-0.6) 0.8(0.6-1.0) SMC 4%
Q223#030 D 0.04 0.7 0.3(0.1-0.6) 0.7(0.5-0.9) CCM 56 %
Q2237030 D 0.04 0.7 0.9(0.6-1.3) 0.5(0.3-0.7) Fitzpatrick 23 %
Q2237%030 D 0.04 0.7 0.9(0.6-1.3) 0.5(0.3-0.7) SMC 23 %
SDSS J114719.8§%22923.1 A 0.05 - 0.1(0.1-3.0) 0.2(0.1-0.4) CCM 22 %
SDSS J114719.8%22923.1 A 0.05 - 0.3(0.1-1.6) 0.2(0.0-0.3) Fitzpatrick %5
SDSS J114719.8%22923.1 A 0.05 - 1.0(0.1-5.4) 0.2(0.1-0.4) SMC 6 %
SDSS J114719.8%22923.1 A 1.99 - 0.1(0.1-3.3) 0.0(0.0-0.1) Host CCM 5%
SDSS J114719.8%22923.1 A 1.99 - 0.6 (0.4-2.4) 0.0(0.0-0.1) Host Fitzmktri 18 %
SDSS J114719.8%22923.1 A 1.99 - 25(0.1-6.0) 0.1(0.0-0.1) Host SMC 14 %
SDSS J084957.9510829.0 A 0.07 20.0 2.3(0.9-3.6) 0.5(0.4-0.7) CCM 67 %
SDSS J084957.9510829.0 A 0.07 20.0 2.2(1.2-3.2) 0.5(0.4-0.7) Fitzpatric 88 %
SDSS J084957.9510829.0 A 0.07 20.0 2.2(0.9-3.5) 0.6(0.4-0.7) SMC 62 %
SDSS J084957.9510829.0 A 0.58 20.0 0.1(0.1-6.0) 0.3(0.2-0.4) Host SMC 2%
SDSS11556346 B 2.89 0.6 6.0(0.1-6.0) 0.1(0.0-0.2) Host CCM 1%
MG1654+1346 A 0.25 11.3  0.1(0.1-0.5) 0.2(0.0-0.3) SMC 1%
CXOCY J220132.8-320144 A 0.32 - 2.2(1.5-31) 0.8(0.7-1.00 CCM 1%
CXOCY J220132.8-320144 A 0.32 - 2.4(1.8-3.3) 0.8(0.6-1.0) Fitzpatrick 1%
CXOCY J220132.8-320144 A 0.32 - 25(1.9-35) 0.8(0.6-1.0) SMC 1%
CXOCY J220132.8-320144 A 3.90 - 0.6 (0.1-3.0) 0.1(0.1-0.2) Host CCM 3%
CXOCY J220132.8-320144 A 3.90 - 1.1(0.2-2.3) 0.1 (0.0-0.Hlost Fitzpatrick 25 %
CXOCY J220132.8-320144 A 3.90 - 6.0 (0.1-6.0) 0.2(0.2-0.2) Host SMC 8 %
CXOCY J220132.8-320144 B 0.32 - 2.2(1.4-32) 0.8(0.6-09) CCM 1%
CXOCY J220132.8-320144 B 3.90 - 0.1(0.1-3.7) 0.1 (0.1-0.3) Host CCM 8 %
CXOCY J220132.8-320144 B 3.90 - 1.4 (0.4-3.0) 0.1 (0.0-0.Host Fitzpatrick 26 %
CXOCY J220132.8-320144 B 3.90 - 6.0 (0.1-6.0) 0.2(0.1-0.2) Host SMC 4%
SDSS J09085028 A 3.61 10.5 2.2(0.1-3.00 0.2(0.1-0.3) Host CCM 82 %
SDSS J09085028 A 3.61 10.5 2.9(2.5-3.2) 0.3(0.2-0.3) Host Fitzp#tric81 %
SDSS J09085028 B 0.39 34 2.3(1.1-45) 0.6(0.4-0.8) CCM 92 %
SDSS J09085028 B 0.39 34 2.8(1.8-4.3) 0.5(0.3-0.7) Fitzpatrick 92 %
SDSS J09085028 B 0.39 3.4 2.8(1.8-4.4) 0.5(0.3-0.7) SMC 91 %
SDSS J09085028 B 3.61 34 0.2(0.1-4.1) 0.1(0.1-0.4) Host CCM 45 %
SDSS J09085028 B 3.61 3.4 0.6 (0.2-3.4) 0.0(0.0-0.3) Host Fitzpatrick2 %
SDSS J09085028 B 3.61 34 0.1(0.1-6.0) 0.1(0.1-0.2) Host SMC 96 %
Q0142-100 A 0.49 10.9 6.0 (2.5-6.0) 0.1(0.0-0.2) CCM 15%
Q0142-100 A 0.49 10.9 6.0 (2.7-6.0) 0.1 (0.0-0.2) Fitzp#tri 15 %
Q0142-100 A 0.49 10.9 6.0 (2.5-6.0) 0.1(0.0-0.2) SMC 14 %
Q0142-100 A 2.72 10.9 6.0 (0.1-6.0) 0.1(0.0-0.2) HostCCM %61
Q0142-100 A 2.72 10.9 6.0(1.7-6.0) 0.1(0.0-0.1) Host Fitdpk 48 %
Q0142-100 A 2.72 10.9 0.1(0.1-6.0) 0.0(0.0-0.1) Host SMC 2%
Q0142-100 B 0.49 2.2 - 0.0 (0.0-0.1) all 21 %
BRI0952-0115 A 0.63 4.3 0.1(0.1-3.4) 0.2(0.1-0.3) CCM 18 %
BRI0952-0115 A 0.63 43 0.5(0.2-2.0) 0.2(0.1-0.4) Fitzioat 33%
BRI0952-0115 A 0.63 4.3 0.1(0.1-1.6) 0.4 (0.1-0.6) SMC 35%
BRI0952-0115 A 4.43 43 4.2(0.1-5.4) 0.1(0.0-0.4) Host CCM 26 %
BRI0952-0115 A 4.43 4.3 4.0(1.0-5.7) 0.1(0.0-0.3) Hostpdtrick 27 %
BRI0952-0115 A 4.43 43 0.1(0.1-6.0) 0.0(0.0-0.0) Host SMC 6 %
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Quasar Image z4 d (kpc) Ry E(B-V) Law Prob
BRI0952-0115 B 0.63 24 0.1(0.1-3.7) 0.2(0.1-0.3) CCM 33%
BRI0952-0115 B 0.63 24 0.5(0.2-2.1) 0.2(0.1-0.4) Fitrpht 65 %
BRI0952-0115 B 0.63 2.4 0.1(0.1-2.7) 0.4 (0.1-0.6) SMC 42 %
BRI0952-0115 B 4.43 24 4.1(0.1-5.4) 0.1(0.0-0.4) Host CCM 53 %
BRI0952-0115 B 4.43 2.4 3.8(0.9-5.7) 0.1(0.0-0.3) Hostpatrick 55 %
BRI0952-0115 B 4.43 2.4 0.1(0.1-6.0) 0.0(0.0-0.0) Host SMC 9%
MG0414+0534 Al 0.96 9.7 15(1.4-1.6) 1.7(1.5-1.8) Fitzpatrick 16 %
MG0414+0534 Al 0.96 9.7 1.3(1.2-1.5) 1.8(1.7-2.0) SMC 58 %
MG0414+0534 A2 0.96 9.5 1.5(1.5-1.7) 1.9(1.8-2.1) Fitzpatrick 3%
MG0414+0534 A2 0.96 9.5 1.4(1.3-1.5) 2.1(1.9-2.3) SMC 18 %
MG0414+0534 B 0.96 105 15(1.3-1.6) 1.6(1.4-1.7) Fitzpatrick 19%
MG0414+0534 B 0.96 10.5 1.2(1.1-1.5) 1.8(1.6-1.9) SMC 57 %
MG0414+0534 C 0.96 7.3 1.4(1.3-1.5) 15(1.4-1.7) Fitzpatrick 6 %
MG0414+0534 C 0.96 7.3 1.2(1.1-1.4) 1.8(1.6-1.9) SMC 64 %
SDSS J012147.43002718.7 A 1.39 - 0.1(0.1-3.8) 0.1(0.1-0.2) CCM 58 %
SDSS J012147.4302718.7 A 1.39 - 2.0(1.1-3.2) 0.2(0.1-0.2) Fitzpatrick 9%0
SDSS J145907.1902401.2 A 1.39 - 0.1(0.1-3.8) 0.1(0.1-0.2) CCM 3%
SDSS J145907.1902401.2 A 1.39 - 2.2(0.2-5.9) 0.2(0.0-0.4) Fitzpatrick 5%
SDSS J145907.1902401.2 A 1.39 - 0.1(0.1-6.0) 0.2(0.1-0.2) SMC 2%
SDSS J145907.14902401.2 A 3.01 - 0.3(0.3-0.8) 0.0(0.0-0.0) Host Fitzktri 5 %
SDSS J145907.1902401.2 A 3.01 - 3.0(0.1-6.0) 0.1(0.1-0.1) Host SMC 12 %
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Fig. 4. Confidence levels for some of the quasar images that couldtbe by dust extinction in the intervening galaxy using the
Fitzpatrick extinction law. The levels correspond @ fbr one parameter (black line) and 68% (dark blue region)20# (pale
blue) for two parameters.

preferred value oRy cannot be determined for any extinctiorFigure2). Furthermore, we have taken the possibility of éus
redshift, because the extinction law provides coloursdinain- tinction within the host into account, in the calculationthé
dependent oRy. This is because the parameterisation we usedevariance matrix.
A/E(B-V) = a+bx+cx?+dx3+Ry, and thuB-V = Ag-Ay is In Figure[3, observed colours are plotted together with the
not dependent oRy. This should be remembered when studyinest synthetic dust colours for each of the quasar imagas, th
the fitted values in Tab[g 3. could be fitted by dust (i.e. the images in Table 3). In the fig-
We note that even though we have considered both interveme, comparison is made with the synthetic magnitude at the
ing and host extinction, only host extinction cannot expliie longest wavelength arbitrarily adjusted to match the olzser
difference inB — V that we see, when comparing the colourons. However, this was not the case in the actual fitting pro
of our quasars with quasars without intervening galaxieg (scedure, which involves only fferences in magnitudes. In all of
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Fig.5. Comparison of the measured magnitudes (black signs) watliitted magnitudes (light blue solid line) for the imageg tha
could be fitted using the dust laws. The dark blue dotted losvs the expected magnitudes without dust. Note that somastonly
one line is visible when the best fit is with little or no extilon. The ground-based measurements are marked with glas wihile
the HST observations are marked with triangles. All maglégiare normalised so that the magnitude at the longesteveytélis
zero.
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these cases, the fitted magnitudes agree very well with eéder
values.

4.1. The badly fitted quasar images

In Figure[®, we show how well the best extinction law agrees o
with observed magnitudes for each of the quasar images that
could not be fitted with regular dust extinction.

A possible explanation for the fiiculty in fitting some of
the quasar images with the reddened template is that in some
cases, observations of the same image ffedint filters were JE . £
made at dierent times. If the object is variable, and has changed 0 2 4 6
significantly between the times of observations for thféedént R
filter sets (e.g. HST and ground-based), this could leadrm er _. e o
neous obs(er\glled colours, 8vhich cannot t)>e correctly fittecuisy.d 19- 7- The co-added probability distributions for the fits with in-
One possible example is SDSS J188412 where the ground- lervening dust following the Fitzpatrick extinction laveighted
based and HST observations appear to be shifted with resgdt¢h€ Probability of the fit. The dotted line shows the added
to each other (see Figuf 6). Therefore, in the cases whereRjgPability when using the well fitted quasar images in Téble
have enough data points, we separate the HST and ground-b the solid line wh_e_n also the objects in Tdlle 4 are '”‘d“d?
observations to see if this will provide a good fit. There arfN€ added probabilities for the subset of early-type galaxi
11 quasar images that have observations in a minimum of fddashed line), late-type galaxies (dash-dot) and staybtas
different filters, which are either ground-based or space-bas@iming galaxies (dash-dot-dot-dot) are also includednftg-

When applying our analysis to these data, we find that two Bf¢:
the images of HE0230-2130 can be described by dust extimctio

The best-fit value§ are provided in Table 4. ) we found a most probable value Bf of 2.4, with a FWHM of
_ When calculating the errors of the synthetic colours, we d8-7_ This value is slightly lower than the Galactic value of,3
fined colour outliers as quasars with a coloufefing by more t well within the range due to the large spread of fitted slu
than three standard deviations from the mean. This led to tﬁ‘ﬁ:igure[B, the best-fit values &, are plotted as a function of
exclusion of 12% of the quasars in our reference set. Thus ygshift andE(B - V). There are no clear trends in the depen-
would expect about 2.5 of our 21 quasars to be colour outlieffnce with these parametersRn
if our sample is as homogeneous as the SDSS sample. Some ofry, test the possibility of a dependence of galaxy type for
the badly-fitted quasar data could correspond to so-caedp R, e divide Figur€l into three plots, one for early-type gala
liar quasars, diering significantly from the template in one Ofies, one for late-type galaxies, and one for starbstetforming
severalfilters. . o galaxies. These are shown in Figlte 7. The plot for the lgte-t

If a deviation is observed in only one filter, it could be exgalaxies have less features than the one for all galaxi¢shéu
plained by a strong absorption or emission feature, whicéds most probabléry remains similar. The plots for the early-type
shifted into the wavelength region of the filter of obsermnti galaxies and the starburst galaxies are moffexint. However,
Some badly-fitted images, such as SDSS J14463D38154.4, these are constructed using only four and three imagesseesp

have colours that agree well with synthetic dust coloursrptively. It would be interesting to repeat the same study farger
from one band (see Figuré 6). For these, we make the assum@mber of galaxies in the future.
tion that the dlverglng magnltude is erroneous and redo the fi We note that since a |arge part of the ga|axies studied are

without. Because observations in at least four filters a][GiTEd, |ensing ga|axiesl the Samp|e will not necessar"y be r@m’tes
there is Only one case of interest, SDSS J1446120388154.4. tive of the universal ga|axy popu|ati0n, because Strom@"‘@

The best-fit values for this system, when removingtheand surveys are morefcient in finding massive galaxies.
magnitude are provided in Taljle 4.

4.3. Specific systems

4.2. Global results ,
Several of the quasar-galaxy systems that we study, havé mul

To understand how the fitted values B§ are distributed, we ple images. Because the multiple images have the same-intrin
assume that all quasars afféeated by dust extinction in the in- sic colours, the dierence in colour between the images should
tervening galaxy, following the Fitzpatrick law. For eaahmage, be explained by dust extinction, or possibly by microlegsin

we calculate a probability distribution fd®y, by locating the time-variability efects. In this section, we compare fits for dif-
maximumy? probability for eactR,, whenE(B-V) is set free. ferent images of the same quasar. We also compare with other
The maximum of the distribution will have the same value, atust property estimates of the same object from the litegatn

the probability for the Fitzpatrick law, in Tablé 3. The peddil- |Ostman et &l (2006), some of the objects here were invéstiga
ity distributions for all images that could be fitted with tere with a similar method, that has now been improved. The most
then added together. In this way, we take into account the pasportant improvement is that, while i@stman et al.[ (2006),
sibility of non-Gaussian distributions, and the result mighted we compared all magnitudes with the value in thieand in the

by the probability of the fit. We exclude images for which ots fi expression for thg?, we here optimise the choice of colours
are consistent with almost no extinction becauseRhelepen- to maximise the probability of detecting a potential dugtrex
dence is weak then. The result is presented in Figure 7, whergon (see Sectioil 3). Another improvement is that we inclihee

is evident that the inclusion of the objects in Table 4, dogs nobservational errors, in addition to the template errorthé co-
affect the shape of the curve significantly. Using the larger sgtariance matrix. Some of the systems that we have studiesl hav
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Fig.6. Comparison of the measured magnitudes (black signs) wéHitted magnitudes (light blue solid line) for the images
that were badly fitted using the dust laws. The dark blue dditee shows the expected magnitudes for no extinction. e
sometimes only one line is visible when the best fit is witthdibr no extinction. The ground-based measurements arescharith
plus signs while the HST observations are marked with ttesmghll magnitudes are normalised so that the magnitudeedbhngest
wavelength is zero.
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Table 4. Additional best fits olRy andE(B - V) together with the & uncertainties for quasar images which are likely to be dust
extincted. The first three quasar images are badly descwhed using both HST and ground-based images, but are pessifit
with dust when using only the ground-based measuremengdaBhimage is one where thidband magnitude seems to be deviant
from the other magnitudes and we have made a fit without it.

Quasar Image 74 d (kpc) Ry E(B-V) Law Prob Comment
HE0230-2130 A2 0.52 6.1 3.2(1.5-54) 0.2(0.1-0.2) CCM 13 % rougd
HE0230-2130 A2 0.52 6.1 3.4(1.8-6.0) 0.2(0.1-0.2) Fitrpkt 12 % ground
HE0230-2130 A2 0.52 6.1 4.0(1.6-6.0) 0.2(0.1-0.3) SMC 15 % rougd
HE0230-2130 A2 2.16 6.1 0.1(0.1-3.0) 0.1(0.1-0.1) HostCCM 1% ground
HE0230-2130 A2 2.16 6.1 1.7(0.4-2.8) 0.1(0.0-0.1) Hostpstrick 4% ground
HE0230-2130 A2 2.16 6.1 6.0(0.1-6.0) 0.1(0.1-0.1) HostSMC 4% ground
HE0230-2130 B 0.52 8.0 2.6(0.5-42) 0.3(0.2-0.3) CCM 1% ugrmb
HE0230-2130 B 0.52 8.0 2.9(0.7-5.7) 0.3(0.1-0.3) Fitaphtr 1% ground
HE0230-2130 B 0.52 8.0 3.7(1.4-6.0) 0.3(0.2-0.3) SMC 1% ugd
HE0230-2130 B 2.16 8.0 6.0(0.1-6.0) 0.1(0.1-0.1) HostSMC % 1 ground
SDSS J144612.98935154.4 A 151 - 2.0(0.1-20) 0.2(0.1-0.3) CCM 26 % nou
SDSS J144612.98935154.4 A 151 - 2.0(1.4-2.0) 0.2(0.1-0.2) Fitzpatrick 982 nou
SDSS J144612.9835154.4 A 1.95 - 1.1(0.9-1.5) 0.1(0.1-0.1) Host Fitzuktri 9 % nou
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Fig. 8. The fitted values oRy with the 1o- errorbars for all images that could be fitted using the Fitzgaparameterisation of dust
in an intervening galaxy. The first panel sho®(sas a function of dust redshift and the second as a functioalofic excess. In the
first panel, the results from theftirent images of the same quasar will be plotted on top of et since they all have the same
redshift. In the second panel, the results dfetent images will be plotted in flerent places along the x axis sine@B — V) differs

at least slightly between the images. The fitted values whiste a larger probability than 10% (see Tdble 3) are plotiiéu stars
and dark blue solid errorbars while the less reliable onéh,avsmaller probability than 10%, are plotted with plussignd dotted
light blue errorbars. The most probable valudpffound when co-adding the probability distributions for thie (see Figurgl?7) is
indicated with a dotted line &, = 2.4.

also been investigated using thédiential method by other au- Q2237+030 There are four images of this quasar, three of them
thors (Falco et al. 1999; Eliasdottir etlal. 2006; ToftleP800). can be fitted with dust extinction in the intervening galaaly,
When we state their preferred valuesyfin the text below fol- with unrealistically low values oRy and anE(B — V) between
lowed by an interval within parenthesis, this is the err¢eimal 0.5 and 1.2, depending upon which image is studied and the pa-
of Ry provided in that paper. rameterisation that is used. The extremely low preferrédes

of Ry for image A and C, are ficult to justify physically due

. to the strange appearance of the extinction laws forfRgwe.g.

SDSS q131058.13+010822.2 This quasa_r-galaxy syste_m WaSsee the CCM parameterisation wiRg = 0.5 in Figurel). Image
found iniOstman et &l.| (2006), by matching the coordinates ¢f has a largeR, value, with a higher chi-square probability.

quasars with those of galaxies. The colours of the quasar inghage B, which has one deviating band, could not be fitted by
cate that it is most likely fiected by dust extinction. In that pa-q,st extinction.

per, it was found to hav®, = 3.4(17 — 5.7) using the CCM o ) )

parameterisation, arid, = 3.4(24 — 4.7) using the Fitzpatrick The extinction properties of this system have been measured
parameterisation. This agrees well with what was found is tHPY Falco et al.[(1999), using theffiérential method. They ob-
analysis, where the preferred valueRyfwas 3.5. tained a high value dRy of 5.29(447-6.11), which is inconsis-

According to the New York University Value-Added Galaxy}ent with our result. Eliasdéttir etlal. (2006) used theedech-

Catalog [(Blanton et al. 2005), the foreground galaxy is & std!due and derived values 8 between 2.9 and 3.1, with errors
forming galaxy atz = 0.04. Fitting the quasar colours withOf the order of 1.5. In our analysis, values below 1.3, were ob

starburst-like extinction according to the CAB law, we finokest tained.
fit E(B-V) of 0.3 (0.2-0.4), where thg? provides a probability
of 99%.

We note that the colours of the object have been shown to
vary with time (Moreau et al. 2005) and therefore there mast b
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an dfect, in addition to or instead of dust extinctiorffezting Ry = 0.9(0.7 — 1.2), for the image we will refer to as image A.
the colours, for example microlensing. This would explaimyw However, we did not manage to fit this image with intervening
we derive best-fit values fdR, that are unrealistically low, and extinction here, and we have thereforeRowith which to com-
why completely diferent values have been obtained using othpare. Instead we found that it could be described by extingti
data sets. the host galaxy with aRy of approximately 2.3-2.8. Image B,
however, can be reproduced by assuming that there is dist eit

, . inthe intervening galaxy or in the host galaxy.
SDSS J114719.89+522923.1 This case of a quasar shin-

ing through a galaxy, was discovered @gtman et &l. (2006).
However, noRy could be determined. Konig etial. (2006) havgpss  J0924+0219 There are three images of SDSS
since detected absorption features from the intervenitxga j0924-0219. The colours within these images cannot be

in the quasar spectrum strengthening the assumption teat fifted by the extinction laws used in our analysis.
colours of this quasar ardgfacted by dust absorption in the in-

tervening galaxy. In this paper, we found that the coloues ar
best-fitted by dust in the intervening galaxy, with a IBw. CLASS B1152+199 Using the diferential method, both
According to the New York University Value-Added GalaxyToft et al. (2000) and Eliasdottir etlal. (2006) have meedRy .

Catalog [(Blanton et al. 2005), the foreground galaxy is & stahey obtained?y = 1.3 - 2.1 andRy = 2.1(20 - 2.2), respec-
burst galaxy ax = 0.05. We find that Galactic-like dust describesively. In our analysis, we have not managed to find a good fit to
the observed colours better than typical dust in starbustxg the observed magnitudes for any of the two images.
ies. Using the CAB law for starburst extinction, we find a kst
value of E(B — V) of 0.2, with ay? probability of 12%.

HEO0435-1223 There are four images of this quasar. None of

. ) these images have measured colours that could be fitted using
SDSS J084957.97+510829.0 This quasar with a foreground g, extinction laws.

galaxy was discovered I®stman et al. (2006). It was found to
have a measured value Bf, of 1.7(0.7 — 2.9) using the CCM

parameterisation, and ofZ15 - 2.9) using the Fitzpatrick pa- Q0142-100 Using the diferential method, Falco etlal. (1999)

rameterisation. This agrees well with our preferred vahfd8,  and Eliasdbttir et all (2006) have measuRgdfor this system.

for this system, of approximately 2.2-2.3. They obtained 31(211 - 4.11) andRy = 4.7(4.0 — 5.4), re-
According to the New York University Value-Added Galaxyspectively. We find that there is little extinction in thisssgm,

Catalog (Blanton et al. 2005), the foreground galaxy is & stazausing unreliabl®, determinations.

burst galaxy az = 0.07. We found that the observed colours

of the quasar were reproduced morfeetively using the

Fitzpatrick extinction curve, than using an extinctionvaithat HE0230-2130 None of the four images of HE0230-2130 could

should be valid for starburst galaxies. However, the fit withe reproduced by taking into account theets of dust, using

starburst-like extinction according to the CAB law was alsboth the HST, and the ground-based observations. Howdver, i

good. The best fit witlE(B — V) = 0.5 provided ay? proba- we use only the ground-based observations, some of the 8nage

bility of 44%. can be explained by dust, in particular image A2. This is one

of few images for which we measure a higl&r, than for the

. . . Milky Way, 3.2 for the CCM parameterisation and 3.4 for the
SDSS1155+6346 This quasar has two images. For one 'mag?itzpatrick parameterisation.

we were unable to explain the measured colours by dust ex-
tinction, and for the other image, there is only a small proba

bility that the best-fit dust scenario is the true explamatid BR|0952-0115 [Falco et al.[(1999) fitted a value ofi®(210—

the colours. The magnitudes of image B could be fairly well 10) forR,, using the dferential method. With intervening ex-
described by dust, if the observational errors were latgeage tinction, we found lower values &%,.

A, on the other hand, has a deviating K band magnitude. This
is one case where one could suspect problems with the ground-
based observations. It would be interesting to observetiject \wWFi2033-4723 There are four images of this quasar. None of

further to investigate if the deviation is a result of the@ta- these images have colours that could be reproduced well by ou
tions, or if it is an interesting feature in the spectrum. extinction laws.

MG1654+1346 The colours of MG16541346 could be ex-
plained by SMC-like dust in the intervening galaxy, with alo
Rv. However, the ? of the fit is high.

SDSS J1004+4112 There are four images of this quasar. The
observations could not be fit by assuming dust extinctiomfgr

of the images. The ground-based observations appear twfoll

a smooth curve, but the HST observations appear to be more

CXOCY J220132.8-320144 There are two images of CXOCY Scattered. However, using only the ground-based obsensti

J220132.8-320144, both of which could be explained by dust,We Were unable to obtain a good fit, using the extinction laws
particular at the host galaxy with low valuesk. used in this paper.

SDSS J0903+5028 This object was studied W@stman et 2l. J1004+1229 There are two images of this quasar. We were un-
(2006), using a dierent data set. The CCM parameterisatioable to reproduce the colours of either image, using our dust
gaveRy = 0(0 - 0.7), and the Fitzpatrick parameterisatiorextinction laws.
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MG0414+0534 This is an interesting case of a quasar that {garameterisation and 1.8 for the Fitzpatrick parametioish
heavily reddened. There have been claims both that the rade within the & uncertainty of our fit.
dening is caused by dust in the lens galaxy, and in the host

galaxy! Lawrence et al. (1995) reason that the most “kemearspss J145907.19+002401.2 This object was also studied by

is dust extinction in the lens galaxy. They argue that (1) t S )
observed spectrum can be well-explained by dust at intervipstman et &l..(2006). In that paper, the CCM parameterisatio

ing redshiftg, while extinction in the host galaxy is unable t royided arRy value of 0(0-0.7), and the Fitzpatrick parameter-
re%roduce the spectrum for Galactic extir?ctionyand barety fisation, arRy value of 18(0.4-3.5). These results are consistent

SMC-like extinction; (2) the separation between the ligatihs with the values derived in this paper.

for the diferent images at the host is too small to explain the

difference in colours between the images; in contrast, a S@DSS J144612.98+035154.4 In [Ostman et dl. [(2006), the
aration at the lensing galaxy would be able to reproduce te&M parameterisation gaw, = 0(0— 0.7) and the Fitzpatrick

colour diference better; and (3) two of the reddest quasars tipairameterisatioRy = 1.3(10 - 1.6). In this paper, we found no
are known, MG 04140534 and MG 11310456, both have dust model that could explain the colours in a satisfactaay.w
an intervening galaxy, and it is unlikely that both have @for However, if we ignore the band magnitude, the colours could
ground galaxy, and that the foreground galaxy is not respage fitted by intervening dust with &R, of 2.0.

sible for the extremely red colours. However, for the case of

MG 1131+0456,Kochanek et al. (2000) concluded that dust E .

not responsible for the red colour, at either redshift. They = Summary and conclusions

posed instead that stellar emission from the host galaxydco The reddening of quasars by foreground galaxies has beesrinv
explain the red colours. Tonry & Kochanek (1999) suggeslt_ ﬂ]q’?gated_ At our disposal, we have had 21 quasar-galaxy mgste
the red colours of MG04140534 are caused by dust extinctiofyith a total of 48 quasar images. By looking at the rest-frame
in the host. Their arguments are that (1) the visible arc ef thg _ v, we conclude that the foreground galaxy, close to the line
host galaxy is bluer than the quasar images and that thecextigf sight, must &ect the quasar colours. Using redshifted red-
tion must be uniform over a large region, because theretlis litdened quasar templates, we fit f&y and E(B — V) using the
difference in extinction between quasar images, and no nota@leasured colours.
difference in colour along the arc; and (2) that the colour and Of the data that we consider, 22 images could be fitted
surface brightness of the lens galaxy agrees well with that opy dust extinction. Assuming dust extinction in the inteivy
passively-evolving early-type galaxy on the Fundament@h® galaxy following the Fitzpatrick law, we find a most probaBle
(Keeton et al. 1998). value of 2.4. This value is lower than the Galactic mean vafue
When fitting for dust extinction, we found that the colourg 1. However, the FWHM of our distribution &%, was deter-
of the quasar could be explained by presence of dust in tise lehined to be 2.7 and thus the Galactic mean value is within the
galaxy, but not by dust in the host galaxy alone. Allimagesgarange of the spread. We note that our sample will not be repre-
reasonably similar values &y, indicating that the foreground sentative of the universal galaxy population because theritya
galaxy has a homogeneous dust content. Since there are stigfour quasars were observed by strong lensing surveyshwhic
claims of dust extinction in the host galaxy, we decided t@meare particularly &icient in finding massive galaxies. The large
sure the likelihood of dust extinction in both galaxies. Weel  spread in values indicates that the dust content can vanjfisig
for dust extinction at both redshifts with orfi® for each red- cantly between dierent galaxies. However, we found no strong
shift, a value ofE(B - V) for the host extinction, andB(B-V)  correlation between the valuesR§ and redshift, colour excess
value for each line of sight through the foreground galaxg. Wor galaxy type. In the future, when a larger dataset with gape
found that the best fit was given by no extinction in the hogfuality is available, a similar analysis could be of considie
galaxy [E(B - V) = 0], and severe extinction in the foregrounghenefit to, for example, the use of extinction-correctedesup
galaxy Ry = 1.5, andE(B-V) = 1.6,1.9,1.5, 1.5for the difer-  novae as distance indicators. It would not be surprisingcifra
ent sight lines through the galaxy]. Marginalising oB - V)  relation was found, because metallicity and elemental dboce
for the host galaxy, we find that the is almost as good for ratios are expected tdfact dust properties, and both quantities
small extinctionsE(B — V) < 0.3 as for the best fit which had evolve with redshift and galaxy type. Furthermore, theeeatr
E(B-V) = 0. For higher values d&(B - V), however, th&”is  |east two major mechanisms that create dust grains, thesfirst
much worse (see the first panel of Figlife 9). From our analysig AGB stars (e.d. Mathis 1990) and the second in core-cedlap
it appears that the bulk of the extinction occurs in the W#amng  supernovae (e.g. Bank & Clayton 2003), which could give rise
galaxy, but we cannot exclude an additional small extimctio  to different types of dust.
the host. The uncertainties in the determination of the amount of dust
The bestfit for the intervening galaxyiy ~ 1.5, regardless are large, when taking into account thefelient possible dust
of whether we include extinction in the host or not. In theoset models. This fact may be of importance for flux anomaliesgduse

panel of Figur¢d, there is a marginalisation o®rin the in-  as a probe of cold dark matter substructlire (Kochanek & Dalal
tervening galaxy, showing how th& changes for dferentR,. 2004).

Falco et al.(1999) found a similar valueRy, 1.47(132-1.62). Another interesting observation is that when several image
Eliasdottir et al.|(2006) found values ranging betweehdhd of the same quasar could be fitted by dust, the preferred salue
3.8, depending on the images that they compared. of Ry were similar. This could indicate th&; has little spread

within individual galaxies, but that it varies between géds.

SDSS J012147.73+002718.7 The best-fit values foRy from A caveat, however, is that for many of our quasars one or sev-

Ost + 41.1(20086) for thi t 3.3 for the ccfal of the images could not be fitted by the standard reddenin
stman etal.L( ) for this quasar system ( orthe cﬁaﬁws we tried, potentially challenging the conclusion ofrfume-

! They used the wrong lensing redshift, but according to oahyais Nneous dust properties within individual lensing galaxigdess
with colour comparisons the claim is still valid for the cect redshift. the colour outliers can be attributed to somethingedent from
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MG0414+0534 .

dust. In total, there were seven quasars in our sample tlaat Icalzetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ, 5882
several images, one or several of which could be fitted wiit.duCardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ, 3285

Three of those quasars had similar valueRgffor all images,
regardless of extinction law, two quasars had at least oagém

Castander, F. J., Treister, E., Maza, J., & Gawiser, E. 2808, 652, 955
Draine, B. T. 2003, ARA&A, 41, 241
Eliasdottir,A., Hjorth, J., Toft, S., Burud, I., & Paraficz, D. 2006, ApJ&6,

that could not be reproduced by assuming the presence qof dust43

one quasar had images where Bevalues did not agree with
each other, and one quasar was consistent with experienain
dust extinction.

Several systems were found with low valuesRyf compa-

Falco, E. E., Impey, C. D., Kochanek, C. S., et al. 1999, Ag3, 617
itzpatrick, E. L. 1999, PASP, 111, 63
uy, J., Astier, P., Baumont, S., et al. 2007, A&A, 466, 11
Guy, J., Astier, P., Nobili, S., Regnault, N., & Pain, R. 208&A, 443, 781
Inada, N., Becker, R. H., Burles, S., et al. 2003, AJ, 126, 666

rable to what has been measured from global fits, using Typeitaveer, M. 1983, Astrophysics, 18, 328

supernova data. However, the distributiorRygffor our fits sug-
gests that a large fraction of the galaxies considered asthidy

are compatible with Milky Way dust. Due to the limited numbegochanek.

of objects in our study, as well as the possibility of sel@tef-

Jenniskens, P. & Greenberg, J. M. 1993, A&A, 274, 439

Johnston, D. E., Richards, G. T., Frieman, J. A., et al. 2803126, 2281
Keeton, C. R., Kochanek, C. S., & Falco, E. E. 1998, ApJ, 569, 5

C., Falco, E., Impey, C., et al 2007,
httpy/www.cfa.harvard.ediaastleg

fects and analysis bias, no strong conclusion can be drawm asochanek, C. S. & Dalal, N. 2004, ApJ, 610, 69

whether the extinction properties in foreground galaxasng
the line of sight to quasars,ft&r or not from extinction in host
galaxies of Type la supernovae.
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