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Optical Observations of Lensed Quasars: Multiwavelength Correlations

and Interband Time Delays
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Abstract: The time delays between brightness variations in different optical bands have been measured for a large
number of Seyfert galaxies and low-redshift quasars. These time delays represent the travel time of light between different
emission regions of the source and can be used to test variability scenarios. Based on multiwavelength observations of the
lensed quasars: Q2237+0305, SBS1520+530, HE2149-2745, HE1104-1805 and UM673, we explore a variability
mechanism in the redshift range 1.4 <z<2.7. From cross-correlation analysis of the light curves of the quasars we find
that the brightness variations at longer wavelengths may follow the brightness variations at shorter wavelengths by a few
days. An independent analysis of the multiband light curves of nonlensed quasars from the same redshift interval confirms
the evidence of a time delay. A comparison of the observed time delays with the delays expected from a model of an
accretion disc irradiated by the central variable source shows that reprocessing might be the primary mechanism
responsible for the observed variability on the considered timescales.
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1. INTRODUCTION

Active galactic nuclei (AGN) are known to be variable
throughout the electromagnetic spectrum. The brightness
variations at the UV/optical wavelengths are often well-
correlated, sometimes with measurable time delays. This was
clearly shown in the first multiwavelength monitoring
observations of the Seyfert galaxies NGC4151 and
NGC5548 [1, 2]. The correlated variations in different bands
suggest a common mechanism of variability. One possible
explanation is that variations in the UV/optical continuum
are driven by reprocessing of the X-ray radiation from the
central part of the accretion disc [3]. In this case, the
variations at optical wavelengths would be expected to lag
behind the X-ray variations. The most recent simultaneous
X-ray/optical observations of the Seyfert galaxies and low-
redshift quasars confirm that reprocessing of the X-ray
radiation plays an important role in AGN variability (see [4-
7]). At the same time, the interband relations might be very
complex and sometimes can not be explained by the
reprocessing model alone. Other mechanisms, such as
accretion disc instabilities which can drive the X-ray
variations via Comptonisation, the presence of a weak blazar
component (see [8, 9]) or disc fluctuations drifting inward
[4] are also considered to explain the multiwavelength
correlations. Thus, the observed correlations between
different bands and interband time delays can give important
constraints on the origin of AGN variability. If reprocessing
is the primary mechanism responsible for the variability,
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then one would expect that variations at longer wavelengths
lag behind the variations at shorter wavelengths.

The first evidence of such a time delay was found by
Collier et al. for NGC7469 [10]. Later, similar time delays
between brightness variations in different optical bands were
measured for NGC4151 [11]. Sergeev et al. detected
interband delays between variations in the optical bands for
14 nearby Seyfert galaxies [12]. The correlations between
variations in the optical bands were studied in a sample of
quasars (0.2<z<2.8) from the MACHO database (see
[13]) and in a sample of low-redshift quasars (z<1),
optically monitored at the Wise Observatory (see [14, 15]).
Although the wavelength intervals between optical bands
were small, some of the quasars showed possible time
delays, with variations at bluer wavelengths leading the
variations at redder wavelengths. The multiwavelength
observations of lensed quasars can help us to explore
mechanisms of quasar variability at higher redshifts (z >1).
The brightness changes of images of the lensed quasars
occur as a result of intrinsic quasar variability, as well as due
to microlensing by the stars in the lensing galaxy. In the first
case, the light curves of the quasar images should be similar
to each other, apart from a magnitude offset and a lensing
time delay. The brightness changes due to microlensing
occur independently in each quasar image. Given that the
lensing time delay is known, it is possible to distinguish
between these two causes of brightness variations. Refsdal
showed that the time delay between quasar's intrinsic
variations in the images of the lensed system can give us an
estimate of the Hubble constant [16]. Hence, the main goal
of the ongoing monitoring observations of lensed quasars in
the optical/NIR bands is to measure lensing time delays.
Much less attention is paid to the analysis of the interband
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correlations and investigation of the origin of the quasar
variability. The first interband time delay in the lensed
quasar was detected between brightness variations in the g
and r-band light curves of Q0957+561 [17]. It was found to
be consistent with the delay expected from reprocessing in a
standard accretion disc irradiated by an X-ray source. The
new g and r-band observations confirm the existence of this
delay [18]. The evidence of a time delay between brightness
variations in the V and R bands has also been found in the
lensed quasar Q2237+0305 [19].

In the present study, we analyse observational data of a
sample of lensed quasars monitored in two or more optical
bands with the aim of measuring possible interband time
delays. To make our analysis more complete, we also
explore the interband correlations in nonlensed quasars from
the MACHO database, covering the same redshift range as
the lensed quasars. Finally, we compare observed time
delays with the delays expected from reprocessing in the
standard accretion disc.

2. MODEL PREDICTIONS:
TION DISC

IRRADIATED ACCRE-

In order to estimate expected interband time delays, we
consider a model which accounts both for intrinsic emission
from the disc and reprocessing of the X-ray emission,
namely the standard accretion disc of Shakura and Sunyaev
[20] irradiated by a central variable source of X-ray
radiation. The source irradiates the outer region of the
accretion disc producing UV/optical continuum variability.
As a result of irradiation the structure of the disc is modified,
so that the resulting temperature profile is determined both
by the viscous dissipation and irradiation

1/4

3GMM 1-A
MM A=) by | (1)

TiR)= 87Ro o

where the first and second terms describe the temperature
due to viscous T, and irradiative heating T, ., respectively

[21]. M is the black hole mass; M is the mass accretion
rate at radius R; A is the albedo of the disc surface; F(R)
is the incident flux of the X-ray source on to the disc at
radius R. The relation between flux F and radius depends
on the model used to describe the source of irradiation. The
models discussed include those that lead to a similar

dependance of T, and 7,  on radius. For examples,

Berkley et al. [22] considered irradiation by a central point
source of luminosity L, located at height H, above the

disc. In their model T, (R) « (L H )" R™* for R>>H,

irr

The same relation was discussed in [23] for a central
spherical source of radius H, .

The radiation from the central source propagates radially
outward and arrives at radius R of the disc after time
T=R/c. The temperature T(R) increases at this radius.
The peak of the resulting radiation distribution corresponds
to the particular peak wavelength A~hc/4kT(R).

Substituting expressions for T and A in Eq. (1), we obtain
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the time lag t(A) between the flare of the central X-ray
source and the response flux variations at wavelength A
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Assuming that the incident X-ray flux is absorbed by the
disc producing flux changes of amplitude F(A) at

wavelengths A and given that the mass of black hole and
accretion rate are measured, one can estimate the lag. This
time lag is also related to the distance to AGN and can give
the estimate of the Hubble constatnt [24]. Thus, Collier [24]
considered a general temperature profile of the disc

T=T,(R/R,)”™ (where T, is the temperature at radius
R,). Assuming this temperature profile we can compute the

continuum flux at frequency v and corresponding transfer
function for reprocessing of the X-ray emission into the
optical range. The continuum flux can be calculated as
follows (see [24, 25])

4R, cosi sn LGOI =gy
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where B, is the Plank function; D is the luminosity
distance; i is the inclination angle of the disc; I (a) is a

numerical function (for the standard accretion disc
1,(3/4)=1.93). The disc transfer function depends on the

time lag © between variations of the X-ray source at height
H, above the disc and response of the accretion disc to
these variations at point with polar coordinates ( R,0). For

R>>H, , the transfer function can be defined as follows
(see [22])
T, 61:—— 1+sinicos0))d<, 4
p@a=[ 2B o oL ) (4)

where 6 is the delta function that specifies the range of time
lags for which a ring of the accretion disc of radius R will
be illuminated by the instantaneous flare of the X-ray source.
The centroid time lag of the transfer function

<T>= frwv(r,k)dr/fwv(r,k)dr is equivalent to the
centroid of the cross-correlation function used to measure the
size of the reprocessing region.

As can be seen from Eq. (3) the model of the accretion
disc with the temperature profile 7 « R™* predicts that
f, <A™ . This is much bluer than is typically observed in

AGN spectra and can be a result of contamination from the
stars and hot dust in the torus. The disc spectrum can be
separated from contaminants by taking a difference spectra
between the brightest and faintest states of the disc:

Af, = f™ — f™ [24]. The observed difference spectra has
been shown to exhlblt a Af, «x A™” dependence.

The model spectra of the faint and bright states are
defined by Eq. (3), where the temperature of the disc at

radius R, is 7," and T,* during the faintest and the



186 The Open Astronomy Journal, 2010, Volume 3

brightest states, respectively. Correspondingly, Eq. (4) can

0B, oT
vaTsz(Tz)‘Bv(Tl) and

X
T, =T, (R/R)™, T,=T,"(R/R))™. Thus, for the
difference spectrum, the relationship between the time lag =
and continuum fluxes £ and f™", that can be measured
from observations, is expressed as

(<T<A>>)2_f;"“*‘(/\>( A )3( D )zcosr'(l‘gm)z, )

d ~ 40.13y (10*A) \Mpe l-¢

be  rewritten  with

where g = f™"/ f™,

Hence, based on quasar light curves observed at rest-
frame wavelengths A, and A,, and estimates of the black

hole mass and accretion rate, one can calculate a time delay,
At =1(A,)-1(4,) (using Eq. (2) and (5)), between the A
and A, -band brightness variations, that can be expected
from the model given by Eq. (1).

3. CROSS-CORRELATION METHOD

In order to measure interband delays we perform a cross-
correlation analysis of the multiband quasar light curves. The
cross-correlation function is calculated using a modification
of the CCF method (cross-correlation function method)
proposed in [26, 27]. The CCF method is based on a linear
interpolation in one of time series. In the method, each
observed point in the time series A(z,) is correlated with an

interpolated point shifted by time lag ¢, + T in the time series
B(t,) (where A(#,) and B(t,) are the quasar magnitudes at
time ¢). Thus, if there are N observations, the cross-

correlation function is calculated at each lag © for N pairs
of points. The ends of the both time series are extended by a
constant level equal to the last points. In order to decrease
interpolation errors we, following Oknyanskij [28], use a
special restriction on the interpolated data: only those
interpolated points that are separated from the nearest
observed points by no more than some fixed value Az are

used for calculation of the cross-correlation coefficients. The
corresponding cross-correlation function is calculated as
follows:

(A, - A)X(B, - B)

O,0p

MCCF(t)= % E (6)

o
where M is the number of data pairs (A;,B;) contributing
to the calculation of the cross-correlation function; o, , oy
and A,B are the standard deviations and the means of time
series A(¢;) and B(t,), respectively. In the method, only the
data pairs for which t-Ar  <Ar, <t+Af, (Where
At =It;— 1,1 is the time shift between the 7, point of the A
time series and the #; point of the B time series) are used

for calculation of the MCCF function. Thus, the number of
data pairs M is different for each time lag = and depends
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on the value of A, . The value of Ar__ is chosen so as to

provide a compromise between the desire to decrease the
interpolation errors and to find a sufficient number of data
pairs to reliably calculate the cross-correlation function at a
given lag.

In our calculations, the time lag values range from -100
to 100 days with a step of 0.1 days. The interpolation
interval Ar__ is chosen equal to 10 days and is compared

with the average sampling of the light curves during a season
of observations. In order to calculate the uncertainties in time
delay estimates we use the Flux Randomisation and Random
Subset Selection method described in [29]. The method tests
two principal sources of error: flux uncertainties and
uncertainties associated with the influence of the individual
data points. To test the influence of the flux uncertainties, we
take the real measurement A(z,), and then modify the flux

by random Gaussian deviates based on the measured error
o,. (flux randomisation). The individual points in the light

curves may be the result of spurious flux measurements and
can considerably affect the cross-correlation analysis. Their
influence is tested by a random removal of data points from
the original data (random subset selection).

4. TIME DELAY MEASUREMENTS

4.1. Analysis of the Multicolour Light Curves of Lensed
Quasars

In this section we analyse the published multicolor light
curves of the lensed quasars Q2237+0305, SBS1520+530,
HE2149-2745, HE1104-1805 and UM673 (see also [30]).

Q2237+0305. The quadruple lensed quasar Q2237+0305
discovered by Huchra et al. [31] has been extensively
monitored by many groups (see [32-38]). Regular
observations of Q2237+0305 started soon after the detection
of the first microlensing event [39]. Since the first detection,
it has been confirmed by many observations that the
brightness variations seen in the light curves of the four
images of the lensed quasar are mainly due to microlensing
by stars in the lensing galaxy. Due to very short lensing time
delays (of the order of a day) (see for example, [40-42]), the
quasar's intrinsic variations should show up almost
simultaneously in all images. However, similar and
simultaneous brightness variations in the quasar images are a
rather rare phenomenon for this system. From the historical
light curves, we find only two time intervals with a similar
behaviour of the light curves of Q2237+0305.

The first evidence of the intrinsic variability was reported
in [32]. During the 1994 observational season, an increase in
brightness of about 0.6 mmag day™ was detected in all four
images of Q2237+0305. In 2003, the quasar's intrinsic
variations were observed by the OGLE and Maidanak
collaborations in the V and R bands, respectively. The
corresponding light curves were used to investigate the
possibility of measuring the lensing time delays between the
images of Q2237+0305 [19, 43]. The analysis of the
interband correlations, based on the V and R-band light
curves of images A and C, showed the evidence of a time
delay (9 and 16 days, respectively) between variations in
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these two bands with variations in the V band leading the
variations in the R band [19].

In the present study, we analyse the OGLE V-band and
the Maidanak R-band light curves [43]. As the light curves
for the fainter B and D images of the system are
characterized by larger photometric uncertainties, we
consider the light curves of the brightest A and C images,
m,~17.1 and 18.1 mag, respectively. We search for a time

delay between brightness variations in the V and R bands
using the method of cross-correlation analysis described in
Section 3. The resulting cross-correlation functions,
calculated between the VV and R-band light curves of images
A and C, are shown by the thick black and thin black lines in
Fig. (1), respectively. The peak of the cross-correlation
function, calculated between the light curves of image A,

occurs at the time delay of 7%“=5.1"; days with a
correlation coefficient of 0.98. The peak of the cross-
correlation function between the light curves of image C
corresponds to the time delay of t3=5.2"7; days with a
correlation coefficient of 0.95. The local centroids of the
cross-correlation functions calculated for the points near the
main peak are T"=5.6%, and TI"=5.1%7 days,
respectively. Here and further on in the paper, the errors
quoted correspond to the 95 per cent confidence intervals.

SBS1520+530. The double lensed system SBS1520+530
[44] was monitored at the Nordic Optical Telescope (NOT)
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in the R band from 1999 to 2001 [45], and at Maidanak
Observatory in the V and R bands between April 2003 and
August 2004 [46]. The light curves of the quasar images
obtained during these monitoring campaigns showed the
presence of brightness variations intrinsic to the quasar.
These light curves were used to estimate the lensing time
delay in images of SBS1520+530 (see [45, 46]).

In order to explore the interband correlations, we analyse
the Maidanak V and R-band light curves of images A
(m,~18.5 mag) and B (m,~19.4 mag) of SBS1520+530

presented in [46]. The lensed system SBS1520+530 is also
found to exhibit slow long-term microlensing variations
superimposed on the quasar variations [46, 47]. The
microlensing variations, which are also wavelength-
dependent, can be an additional source of noise which might
lead to a bias in interband time delay estimates. The analysis
of the difference between the light curves of the quasar
images after correction for lensing time delay and magnitude
offset showed, that within statistical uncertainty, the two
quasar light curves were identical during the Maidanak
observations [46]. This indicates that the microlensing
component of brightness variations in the analysed light
curves is small. Thus, we do not expect that microlensing
will seriously bias the time delay estimate.

The resulting cross-correlation functions are shown in
Fig. (1). The cross-correlation function between the R and
V-band light curves of image A (shown by the thick black
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Fig. (1). Upper left panel: cross-correlation functions calculated between the V and R-band light curves of images A (thick black line) and C
(thin black line) of the lensed quasar Q2237+0305. Upper right panel: cross-correlation functions calculated between the V and R-band light
curves of images A (thick black line) and B (thin black line) of the lensed quasar SBS1520+530. Bottom left panel: cross-correlation func-
tions between the V and i-band light curves of image A of the lensed quasar HE2149-2745 (thick black line) and between the B and R-band
light curves of image A of the lensed quasar HE1104-1805 (thin black line). Bottom right panel: cross-correlation functions between the V
and I-band light curves of images A (thick black line) and B (thin black line) of the lensed quasar UM673. The vertical dashed lines corre-

spond to zero time delay.
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line), has a very broad peak with a maximum at the time
delay 7%“=4.4"% days and a correlation coefficient of

0.87. The peak of the cross-correlation function, calculated
between the light curves of image B (shown by the thin

black line), occurs at the time delay of =3“=6.1%;> days
with a correlation coefficient of 0.66. The local centroids of
the cross-correlation functions are t{"=2.3"] and

Ty"=2.8"%7 days for the image A and B light curves,
respectively.

HE2149-2745. The double lensed quasar HE2149-2745
[48] was monitored with the 1.5-m Danish Telescope (ESO-
La Silla) in the V and Gunn i bands between October 1998
and December 2000. During the observations, the quasar
showed slow long-term intrinsic brightness variations that
gave a lensing time delay of 10312 days [49]. External
microlensing variations were not reliably detected during
time interval covered by the observations [47, 49].

In this study, we analyse the V and i-band light curves of
image A of HE2149-2745 (m, ~ 17 mag). The B image light

curves are noisier and can not be used for our analysis. The
resulting cross-correlation function, shown by the thick black
line in Fig. (1), has a very broad peak with several local
maxima. The maximum correlation coefficient of 0.93

corresponds to a time delay of 78“=4.0"% days. The
centroid time delay is 73" =2.5"} days.

HE1104-1805. The double lensed quasar HE1104-1805
[50] was extensively monitored both spectroscopically and
optically with the aim of measuring lensing time delay and
studying microlensing in the system [51-55]. Poindexter et
al. [55] presented the results of multicolour observations of
the quasar monitored with the 1.3-m SMARTS telescope
between December 2003 and May 2006. These data were
used to improve the time delay between quasar images,
previously measured in [53, 54]. The difference light curves
showed the presence of significant microlensing variations in
one of the quasar images on the timescale of the lensing time
delay (~ 150 days). These microlensing variations may lead
to additional uncertainties in the interband time delay
analysis.

We analyse the better-sampled B and R-band light curves
of image A of HE1104-1805 (m,~ 16.5 mag). The resulting

cross-correlation function is shown by the thin black line in
Fig. (1). We find that the peak of the cross-correlation

function occurs at the time delay of 75 =-3.1";% days with
a correlation coefficient of 0.97. The corresponding centroid
time delay is 7™ =-4.3"), days. In our analysis, the sign of

the delay depends on which of the two light curves is chosen
for interpolation. Usually, it is the better-sampled light
curve. The observed points from the real light curve are then
correlated with the points from the interpolated light curve,
shifted by a time lag. Thus, the sign of the time delay
between the interpolated R-band and observed B-band light
curves is negative and vice versa, between the interpolated
B-band and observed R-band light curves it is positive. The
sign "-" here means that the brightness variations in the R-
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band light curve, chosen for interpolation, follow the
brightness variations in the B-band light curve.

UM673 (Q0142-100). The double lensed quasar UM673
[56] was monitored with the 1.5-m telescope at Maidanak
Observatory in the V, R and | bands between August 2003
and November 2005. During the observations, the quasar
showed intrinsic brightness variations seen in both images of
UMG673 [57].

Here, we analyse the V and I-band light curves of images
A and B, m,~16.2 and 18.3 mag, respectively. The

resulting cross-correlation functions are shown in Fig. (1).
The peak of the cross-correlation function, calculated
between the V and I-band light curves of image A (shown by
the thick black line), occurs at the time delay of

™*=1.2%, days. The corresponding correlation

coefficient is 0.98. The peak of the cross-correlation function
between the light curves of image B (shown by the thin

black line) occurs at the time delay of 75“=2.9%7 days

with a correlation coefficient of 0.94. The local centroids of
the cross-correlation functions are " =1.0%; and

" =2.171% days, respectively.

In Table 1 we summarize our measurements as well as
the previously measured interband time delay in Q0957+561
[17]. In all cases, we find that the brightness variations at
longer wavelengths may follow the brightness variations at
shorter wavelengths by a few days. In Table 1 we also pre-
sent the time delays <" that might be expected from a model
of a standard accretion disc irradiated by the central variable
source of X-ray radiation (see Eq. 2 and 5). The predicted
delays are estimated for the light curves of the A images of
the lensed quasars. Since the interband time delays are con-
nected with the physics of the quasar, these delays are ex-
pected to be the same in other images. The possible
differences might be due to the microlensing variations su-
perimposed on the quasar’s intrinsic variations, and also due
to extinction by the dust in the lensing galaxy (see [58]). In
the case of double lensed quasars, image A, which is usually
further away from the lensing galaxy, is likely to be less
affected by microlensing and dust extinction.

The variability characteristics of the light curves of the A
images (amplitudes, maximum and minimum fluxes) are
listed in Table 2. In order to determine the quasar’s intrinsic
fluxes we divide the observed fluxes by an image
magnification factor. The magnifications of the images in the
lensed systems Q2237+0305 and HE11041805 were calcu-
lated using parameters of the macrolens models, local con-
vergence x and shear y, published in [41, 52]. In order to
estimate the magnification of image A for the lensed systems
SBS1520+530, HE2149-2745 and UMG673, we adopt the
likely values for local parameters (x=0.46, and y=0.54) (see
[59]). We note, that the actual magnification of an image is a
sum of macrolens magnification and magnification due to
microlensing by the stars of the lensing galaxy. For the most
of the lensed quasars in our sample, we can assume that there
are absent or very small microlensing variations in image A.
However, magnification due to microlensing might be
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Table1l. Interband Time Delays (in the Observer Rest Fre},me) Obtained from the Cross-Correlation Analysis of the Lensed
(%asar Light Curves Compared with the Delays ¢ Expected from Reprocessing in the Standard Accretion Disc. The
t  Time Delays were Calculated Using Eq. 2 and 5
Object z Bands  rPeak T rmodel (Fq_ 5) My M rmodel (B 2)
(days)  (days) (days) (days)
Q09574561 [17] 1.41 qr
ADB 4.]J_r{j'_“f 3.445%:3 3.4 0.82 88
Q2237+0305 1.69 VR
A 51705 5.6705 1.1 0.04 = 0.25 1.4+47
C 5273 51701 2.3
SB51520+530 1.86 VR
A 4.4f§'_'51 E.ngjg 0.8 0.04 1.4
B 61122 28737
HE2149-2745 2.03 Vi
A 401350 25753 1.0 0.49 12.8
HE1104-1805 2.32 BR
A :3.11“3'_"-1, Sf‘; 1 3.3 0.07 3.8
UM673 2.72 VI
A 1. .4_11“‘4 O.Sﬂf 10.7 0.71 0.5
B 20137 31758

significant in the images of Q2237+0305. The time delays
(see Eq. 5) calculated based on the properties of images A
and C (fluxes and macrolens magnifications) differ by about
one day. This is probably related to the presence of addi-
tional magnification caused by stars close to the line of sight
of the images. In the model we also adopt the disc inclination

angle i = 45°. The luminosity distances are computed assum-
ing the Hubble constant Ho = 75 km s Mpc deceleration
parameter go =0.5 and cosmological constant equal to zero.
In the last two columns of Table 1 we present the product of

the black hole mass M, in 109M@ and accretion rate Mas a

fraction of the Eddington accretion rate, and time delays """
calculated from Eq. 2. For the lensed quasars SBS1520+530,

Table2. Amplitudes of Variations, and Maximum and
Minimum fluxes (mJy) Estimated From the Image A
Quasar Light Curves

Object Bands  Am Tmax Jmin
(mag) (mJy) (mJy)

Q223740305 V 0.18 0.39 0.33
R 0.12 0.29 0.25

SBS515204-530 V 0.08 0.13 0.12
R 0.06 0.10 0.09

HE2149-2745 V 0.15 0.13 0.12
i 0.12 0.07 0.06

HE1104-1805 B 0.27 0.42 0.33
R 0.29 0.24 0.18

UMG67T3 v 0.20 1.19 0.99
I 0.15 0.93 0.81

HE2149-2745, HE1104-1805 and UM673 we use the lower
limits (calculated with correction for lensing magnifications)
of black hole masses and accretion rates published in [60]. In

order to calculate z™* “for the lensed quasar Q2237+0305

we adopt the black hole mass estimate given in [61] and M~
0.1.

4.2 Analysis of the Multicolour Light Curves of Non-
lensed Quasars

In order to complete our analysis of the interband time
delays in the lensed quasars, we also analyse the light curves
of nonlensed quasars from the MACHO database [62]. The
MACHO Project monitored the Magellanic Clouds with the
aim of detecting microlensing events (see [63]). The col-
lected photometric data include the 7.5-year V and R-band
light curves of 12 known quasars and AGN as well as the
light curves of 47 new quasars discovered during the project.
The quasars cover the redshift interval 0.2 <z< 2.8. The
average sampling of the light curves of 2-10 days is good
enough to detect delays on the order of a day. For the time
delay analysis we select the better-sampled light curves of 10
quasars in the redshift interval 1 <z< 2.3 so that, the ana-
lysed rest-frame wavelengths are nearly the same for the
lensed and nonlensed quasars. We also assume that the lumi-
nosity range of the MACHO quasars covers the luminosity
range of the lensed quasars. The MACHO quasars and their
redshifts and absolute magnitudes M, are presented in Table
3. The magnitude measurements with photometric errors of
more than 5 per cent are excluded from analysis. The results
of the cross-correlation analysis are presented in Fig. (2), and
in the fourth and fifth columns of Table 3. The correlation
coefficients corresponding to the peak of the cross-
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Fig. (2). Cross-correlation functions between the V and R-band quasar light curves. The sign of the delay corresponding to the peak of the
cross-correlation function depends on which of the two light curves is chosen for interpolation. In all cases, the peak time delay is consistent
with the R-band variations following the VV-band variations. The vertical dashed lines correspond to zero time delay.

Table 3.
Accretion Disc

MACHO Quasars. Results of Cross-Correlation Analysis Compared with Predictions from Reprocessing in the Standard

MACHO ID z My rpeak reent  pmax ymodel(F 5)
(days)  (days) (days)
5.4892.1971 1.58 -26.73 2370% 24770 0.984 2.4
6.6572.268 1.81 -27.22 22730 2572% 0944 2.3
9.5239.505 1.30 -25.48 1.6727 17773 0.947 1.5
13.6808.521 1.64 -26.26 19725 2085 0.950 1.9
22.5595.1333  1.15 -25.77 087:% 15728 0.945 1.3
25.3712.72 217 -27.20 27735 28732 0.956 3.2
53.3970.140 2.04 -27.14 35750 26753 0.969 2.8
59.6398.185 1.64 -25.95 24732 15755 0.983 1.8
206.16653.987  1.05 -2457 1375% 13759 0973 0.7
207.16310.1050 1.47 -25.80 22772 23F3% 0971 1.5

correlation function, rm a[neodegiven in the sixth column of
Table 3. The time delays ¢ expected from the reprocess-
ing model (the last column of Table 3) are calculated using
the observed minimum and maximum fluxes estimated from
the V and R-band quasar light curves (see Table 4).

SUMMARY

In this study, we search for possible interband time de-
lays in a sample of lensed quasars optically monitored in one
or more bands. From cross-correlation analysis of the quasar
light curves we find that the brightness variations at longer

wavelengths may follow the brightness variations at shorter
wavelengths in the observer rest frame by a few days (see
Table 1). An independent analysis of multiwavelength light
curves of nonlensed quasars in the same redshift interval
confirms the evidence of a time delay, although the 95 per
cent confidence intervals are large and the detected time de-
lays need further confirmation.

In order to compare the observed delays with the delays
that might be expected from reprocessing in the accretion
disc, we consider a model of the standard accretion disc irra-
diated by the central variable source of X-ray radiation. This
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Table4. Amplitudes of Variations, and Maximum and
Minimum fluxes (mJy) Estimated from the Image A
Quasar Light Curves
Object Bands Am Sinax Jmnin

(mag) (mlJy) (mJy)
0.45 0.47 0.31
0.40 0.42 0.20
0.25 0.54 0.43
0.18 0.43 0.37
0.30 0.21 0.16
0.26 0.20 0.15
0.34 0.28 0.20
0.25 0.24 0.10
0.46 0.33 0.22
0.42 0.28 0.19
0.25 0.46 0.37
0.20 0.41 0.34
0.25 0.47 0.37
0.22 0.40 0.33
0.62 0.23 0.13
0.50 0.20 0.12
0.45 0.14 0.10
0.30 0.12 0.09
0.23 0.22 0.18
0.16 0.19 0.17

5.4802.1971

6.6572.268

9.5239.505

13.6808.521

53.3970.140

59.6398.185

206.16653.987

207.16310.1050

W W<I LIS <STI<SI<STLST<ST <

model accounts for both intrinsic emission from the accre-
tion disc and reprocessing of the X-ray emission. Our com-
parison of the time delays with the model predictions shows
that the observed time delays are rather consistent with the
scenario where reprocessing of the X-rays is the primary
mechanism of quasar variability, at least on the timescales
investigated by us. We also find (mainly from analysis of the
MACHO sample of quasars) that the interband delays are
longer for the higher luminosity quasars. This result is in
agreement with the lag-luminosity relationship found for
nearby Seyfert galaxies [12].

In our study we explore the interband time delays in the
quasars from the redshift range 1.0 <z< 2.7. These delays
help us to understand the mechanisms of variability. The
interband time delays can also be used to study the structure
of the emission region of the quasars. As the interband de-
lays are wavelength-dependent as ¢ o A" (with & =4/3 for the
standard accretion disc), the new multiwavelength broad-
band observations of quasars and AGN can also help us to
place constraints on accretion disc models.
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