
We	
  present	
  R-­‐band	
  light	
  curves	
  for	
  doubly	
   lensed	
  quasars,	
  and	
  determine	
  the	
  :me	
  delay	
  between	
  the	
  lensed	
  images	
  using	
  4	
  fundamentally	
  different	
  
:me	
  delay	
  es:ma:on	
  techniques	
  in	
  order	
  to	
  minimize	
  the	
  bias	
  that	
  might	
  be	
  introduced	
  by	
  the	
  use	
  of	
  a	
  single	
  method.	
  We	
  are	
  at	
  present	
  focusing	
  on	
  
the	
  op:miza:on	
  of	
  the	
  slow	
  microlensing	
  modelling	
  and	
  the	
  error	
  determina:on	
  of	
  one	
  of	
  these	
  techniques,	
  the	
  Numerical	
  Model	
  Fit.	
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DATA	
  
We	
  joined	
  data	
  coming	
  from	
  4	
  telescopes,	
  taken	
  within	
  the	
  
framework	
  of	
  the	
  COSMOGRAIL	
  collabora:on:	
  
«  The	
  1.2-­‐m	
  Mercator	
  telescope,	
  La	
  Palma,	
  Canary	
  Islands,	
  Spain	
  
«  The	
  1.5-­‐m	
  AZT-­‐22	
  telescope,	
  Maidanak,	
  Uzbekistan	
  
«  The	
  2-­‐m	
  Himalayan	
  Chandra	
  Telescope,	
  Hanle,	
  India	
  
«  The	
  1.2-­‐m	
  Euler	
  Telescope,	
  La	
  Silla,	
  Chile	
  

DATA	
  REDUCTION	
  AND	
  TIME	
  DELAY	
  ANALYSIS	
  
All	
  data	
  has	
  been	
   reduced	
   in	
  a	
  homogeneous	
  way	
  as	
  described	
   in	
  
Tewes	
   et	
   al.	
   (2013b).	
   Photometry	
   of	
   the	
   sources	
   is	
   obtained	
  
through	
   simultaneous	
   deconvolu:on	
   using	
   the	
   MCS	
   algorithm	
  
(Magain	
  et	
  al.	
   1998).	
   Three	
  of	
   the	
  :me	
  delay	
  es:ma:on	
  methods	
  
are	
  described	
  in	
  Tewes	
  et	
  al.	
  (2013a).	
  They	
  include	
  a	
  dispersion-­‐like	
  
technique,	
  a	
  regression	
  difference	
  technique,	
  and	
  a	
  free	
  knot	
  spline	
  
technique.	
   The	
   fourth	
   method	
   is	
   the	
   Numerical	
   Model	
   Fit	
   as	
  
explained	
  and	
  applied	
  in	
  Eulaers	
  &	
  Magain	
  (2011).	
  
On	
  the	
  right,	
  you	
  see	
  the	
  result	
  of	
  the	
  simultaneous	
  deconvolu:on	
  
of	
   1109	
  R-­‐band	
  Mercator	
   images	
   of	
   SDSS	
   J1206+4332.	
  We	
   clearly	
  
iden:fy	
   the	
   lensed	
   images	
  A	
  and	
  B	
   separated	
  by	
  2.98	
  arcseconds,	
  
the	
  main	
  lensing	
  galaxy	
  G1	
  and	
  two	
  more	
  galaxies	
  G2	
  and	
  G3.	
  From	
  
the	
  light	
  curves	
  we	
  derive	
  a	
  final	
  :me	
  delay	
  of	
  ΔtAB	
  =	
  111.3	
  ±	
  3	
  days.	
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found 1.48. Note that our value is the result of the deconvolution and has not been corrected for the time
delay yet. We come back to this in the next section.

The light curves that have been obtained as described in Chapter 2 are shown in Figure 3.3. The 2007
and 2008 seasons include data from all three telescopes and show that they match and complement each
other well. We distinguish clear features of quasar variability over periods as short as two months, for
example in the 2006 season of the B curve. Visually, the light curves are compatible with a time delay
around � 100 days. Finally, we also observe an evolution of the flux ratio between the quasar images,
especially in the 2010 and 2011 season.

Figure 3.3: Light curves of SDSS J1206+4332 combining data from Mercator, Maidanak and HCT, and
spanning 7 observing seasons. Photometry is obtained from simultaneous deconvolution, and the 1σ
error bars are calculated as described in Chapter 2.

3.1.2 Time Delay Measurement
Based on their lens modelling Oguri et al. (2005) predicted a time delay for SDSS J1206+4332 of
∆tAB = 92.6 or 104.4 days depending on the influence of the secondary galaxy G2. With only one
observing season Paraficz et al. (2009) found a time delay of ∆tAB = 116+4

−5 days.
Our time delay analysis is based on the light curves presented in Figure 3.3 and uses the four different

methods briefly explained in the last section of Chapter 2. As three of these techniques (dispersion,
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Figure 3.2: Result of the simultaneous deconvolution of 1109 R-band Mercator images of

SDSS J1206+4332. The pixel size is 0.��095 (i.e. half the pixel size of the Merope CCD camera at

the Mercator telescope), and the resolution is 2 pixels FWHM. In addition to the main lensing galaxy G1

between the lensed images A and B we clearly identify two more galaxies: G2 to the North of the system

and G3 to the East. North is up and East is left.
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Figure 3.8: Light curves of HS 2209+1914 combining data from Mercator, HCT, Euler and Maidanak

and spanning nearly 8 observing seasons. Photometry is obtained from simultaneous deconvolution, and

the 1σ error bars are calculated as described in Chapter 2.

3.2. HS 2209+1914 65

In order not to degrade our photometry by some bad exposures, we eliminated all images with a
seeing > 3�� or an ellipticity of the point sources > 0.3, as well as images with a too high sky level or
deviating normalization coefficient. Simultaneous deconvolution of all remaining 2242 images reveals a
faint ring-like structure (see Figure 3.7) that is very similar to the deconvolved Hubble Space Telescope
images shown in Chantry et al. (2010). A secondary galaxy to the west of the system is also visible.

! "! #" $" %" &# '# (# )# *$ "!$
Figure 3.7: The numerical background common to the simultaneous deconvolution of 2242 R-band
images of HS 2209+1914 reveals a faint ring-like structure that is very similar to the deconvolved Hubble
Space Telescope images shown in Chantry et al. (2010). A secondary galaxy to the west of the system is
also visible. However, the main lensing galaxy cannot be resolved given the compactness of the system.
North is up and East is left.

However, the main lensing galaxy cannot be resolved given the compactness of the system. Both the
image separation of only 1.��02 as the flux ratio after deconvolution of (FB/FA) = 0.82, are in agreement
with Chantry et al. (2010) who found 1.��04 and 0.79 ± 0.027 respectively, even if our flux ratio has not
been corrected for the time delay yet.

Applying the data reduction described in Chapter 2, we show the complete light curve in Figure
3.8. Euler and Mercator data complement each other well in the 2004 and 2005 seasons. The 2007
and 2008 seasons show a very good match between the data from the Mercator, Maidanak and HCT
telescopes. Even if we can observe brightness variations in the light curve of the order of up to 0.2 mag
over the years, clear features within a season are unfortunately absent, which complicates the time delay
measurement. However, the slight rise in magnitude at the end of 2009 in the B curve pins down the
order, the fluctuations in the B image preceding those observed in A.

3.2.2 Time Delay Measurement
No theoretical estimations or previous measurements of the time delay are available for this system. Our
analysis is based on the light curves shown in Figure 3.8 and makes use of the four techniques of which
we recalled the basic principles in the last section of Chapter 2. As we explained in more detail in the
previous section on SDSS J1206+4332, we first test the sensivity of the results to the initial guess of a

V. Chantry et al.: COSMOGRAIL: Accurate astrometry and models for 7 lensed quasars. VIII.

(g) HS 2209+1914

Fig. 1. continued.

Table 3. Measured shape parameters for the lensing galaxy.

Object PA (◦) e aeff (′′) beff (′′) Reff (′′)

(a) HE 0047-1756 113.8 ± 5.5 0.22 ± 0.02 1.02 ± 0.03 0.81 ± 0.02 0.91 ± 0.02
(b) RX J1131-1231 108.6 ± 2.4 0.25 ± 0.04 1.25 ± 0.06 0.97 ± 0.01 1.11 ± 0.03
(c) SDSS J1138+0314 122.7 ± 6.5 0.16 ± 0.02 0.93 ± 0.04 0.79 ± 0.03 0.86 ± 0.03
(d) SDSS J1155+6346 0.7 ± 3.4 0.15 ± 0.02 1.23 ± 0.02 1.06 ± 0.01 1.14 ± 0.01
(e) SDSS J1226-0006 45.2 ± 6.1 0.07 ± 0.02 0.72 ± 0.04 0.67 ± 0.02 0.69 ± 0.03
(f) WFI J2026-4536 60.8 ± 5.4 0.24 ± 0.03 0.72 ± 0.03 0.57 ± 0.02 0.64 ± 0.02
(g) HS 2209+1914 63.1 ± 3.25 0.05 ± 0.02 0.55 ± 0.01 0.52 ± 0.01 0.53 ± 0.01

5. Parametric modeling

Our goals are twofold. First, we aim to provide simple models
and prospective time delays for the lensed quasars monitored by
COSMOGRAIL. Second, we aim to test whether simple smooth
lens models are able to reproduce the mas relative astrometry
of quadruply imaged quasars in 3 systems without measured
time delays. Our strategy consists of using the LENSMODEL
software package v1.99o (Keeton 2001) to model the mass dis-
tribution of our seven systems. For a chosen model of the mass
distribution, the code minimizes a χ2 defined as the square of the
difference between observable quantities and their “model coun-
terparts”, weighted by the observational errors on these quanti-
ties. Two different lens models are considered. First, an isother-
mal profile, which is the standard mass distribution used to
model gravitational lenses (Kassiola & Kovner 1993), and sec-
ond, a de Vaucouleurs profile, for which we assume that the light
perfectly traces the mass in the inner regions of lensing galax-
ies. These two models should provide a good approximation

of the extreme slopes of the mass distribution at the location
of the lensed images and the expected time delays (Kochanek
2002; Kochanek & Schechter 2004). In addition, the study of the
galaxy-galaxy lensing sample from the Sloan Lens ACS6 Survey
(SLACS, Bolton et al. 2006) revealed that the massive ellipti-
cal lensing galaxies are nearly kinematically indistinguishable
from isothermal ellipsoids (see e.g. Koopmans et al. 2009b).
This supports the use of an isothermal gravitational potential
as a fiducial model to test the ability of smooth lens mod-
els to reproduce quadruply imaged quasars with mas accuracy.
Since lensing galaxies are never isolated, we model the effect
of the environment using an external shear term characterized
by an amplitude γ and a position angle θγ (pointing towards the
mass at the origin of the shear). All the models are computed
for a flat universe with the following cosmological parameters:
H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7.

6 ACS stands for Advanced Camera for Surveys.
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The	
   numerical	
   background	
   common	
   to	
   the	
  
simultaneous	
  deconvolu:on	
  of	
  2242	
  R-­‐band	
  
images	
  of	
  HS	
  2209+1914	
  reveals	
  a	
  faint	
  ring-­‐
like	
   structure	
   that	
   is	
   very	
   similar	
   to	
   the	
  
deconvolved	
   Hubble	
   Space	
   Telescope	
  
images	
   shown	
   in	
   Chantry	
   et	
   al.	
   (2010).	
  
However,	
  the	
  main	
  lensing	
  galaxy	
  cannot	
  be	
  
resolved	
  on	
  ground	
  based	
  images	
  given	
  the	
  
compactness	
   of	
   the	
   system	
   with	
   an	
   image	
  
separa:on	
  of	
  1.02	
  arcseconds.	
  	
  
The	
   :me	
   delay	
   analysis	
   of	
   the	
   light	
   curves	
  
shown	
   on	
   the	
   leg	
   converge	
   towards	
   an	
  
es:ma:on	
  of	
  ΔtBA	
  =	
  20	
  ±	
  5	
  days.	
  

The	
  Numerical	
  Model	
  Fit…	
  
This	
  method,	
   as	
   it	
   was	
   presented	
   in	
   Eulaers	
   &	
  Magain	
   (2011)	
  
constructs	
  a	
  numerical	
  model	
  for	
  the	
  quasar	
  variability,	
  together	
  
with	
   a	
   linear	
   microlensing	
   trend,	
   for	
   a	
   given	
   :me	
   delay.	
   The	
  
op:mal	
   :me	
   delay	
   is	
   the	
   one	
   that	
   minimizes	
   the	
   difference	
  
between	
  the	
  data	
  and	
  this	
  numerical	
  model.	
  To	
  determine	
  the	
  
error	
  on	
  the	
  :me	
  delay,	
  we	
  first	
  check	
  that	
  our	
  residuals	
   (data	
  
minus	
   model)	
   are	
   compa:ble	
   with	
   a	
   normalized	
   Gaussian	
  
distribu:on.	
   Then	
   we	
   add	
   normally	
   distributed	
   random	
   errors	
  
with	
  the	
  appropriate	
  standard	
  devia:on	
  to	
  the	
  numerical	
  model	
  
light	
  curve	
  and	
  redetermine	
  the	
  :me	
  delay.	
  The	
  mean	
  value	
  of	
  
the	
  :me	
  delay	
  distribu:on	
  that	
  we	
  obtain	
  ager	
  1000	
  execu:ons	
  
is	
   considered	
   to	
   be	
   the	
   final	
   :me	
   delay,	
   and	
   its	
   dispersion	
  
represents	
  the	
  1σ	
  error	
  bar.	
  

…	
  revisited	
  
We	
  are	
  currently	
  adap:ng	
  some	
  aspects	
  of	
  the	
  NMF	
  without	
  touching	
  the	
  core	
  of	
  the	
  method.	
  Details	
  
and	
  results	
  of	
  these	
  improvements	
  will	
  be	
  presented	
  in	
  Eulaers	
  et	
  al.	
  (2013b),	
  and	
  include	
  the	
  following	
  
points:	
  
«  The	
  linear	
  trend	
  for	
  slow	
  microlensing	
  has	
  been	
  replaced	
  by	
  a	
  4th	
  order	
  polynomial:	
  tests	
  on	
  5	
  doubly	
  

lensed	
   quasars	
   (SDSS	
   J1206+4332,	
   HS	
   2209+1914,	
   SDSS	
   J1650+4251,	
   SDSS	
   J0903+5028,	
   SDSS	
  
J1155+6346)	
  have	
  shown	
  that	
  :	
  	
  
«  the	
  microlensing	
  model	
  remains	
  close	
  to	
  linear	
  in	
  spite	
  of	
  more	
  freedom	
  
«  the	
  :me	
  delay	
  is	
  not	
  influenced	
  by	
  this	
  higher	
  order	
  microlensing	
  model	
  
«  only	
  the	
  results	
  on	
  SDSS	
  J0903+5028	
  are	
  dependent	
  on	
  the	
  order	
  for	
  the	
  microlensing	
  model	
  

«  Tests	
  on	
  systema:c	
  errors	
  of	
  the	
  method	
  on	
  the	
  :me	
  delay	
  have	
  shown	
  that	
  they	
  remain	
  marginal.	
  
«  On	
  top	
  of	
  the	
  white	
  noise	
  added	
  to	
  the	
  model	
  light	
  curve,	
  we	
  add	
  red	
  noise	
  if	
  sta:s:c	
  tests	
  on	
  the	
  

residuals	
  show	
  its	
  necessity.	
  This	
  red	
  noise	
  is	
  generated	
  by	
  a	
  Markov	
  chain,	
  of	
  which	
  the	
  parameters	
  
are	
  itera:vely	
  adjusted.	
  Tests	
  on	
  the	
  above	
  men:oned	
  objects	
  are	
  ongoing.	
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The	
   :me	
   delay	
   determina:on	
   of	
   this	
   doubly	
  
lensed	
   quasar	
   is	
   not	
   straighiorward	
   in	
   spite	
   of	
  
clear	
   photometric	
   variability	
   in	
   the	
   more	
   than	
   4	
  
years	
   of	
  Maidanak	
   and	
  Mercator	
   data.	
   The	
   poor	
  
sampling	
  during	
  some	
  of	
  the	
  seasons	
  can	
  par:ally	
  
be	
   blamed	
   for	
   this	
   difficulty,	
   but	
   microlensing	
  
probably	
   complicates	
   the	
   case.	
   The	
   choice	
   of	
   a	
  
non-­‐linear	
   slow	
   microlensing	
   model	
   in	
   the	
   NMF	
  
makes	
  the	
  :me	
  delay	
  shig	
  for	
  11	
  days.	
  On	
  top	
  of	
  
that,	
   the	
   other	
   three	
   :me	
   delay	
   es:ma:on	
  
methods	
   each	
   yield	
   a	
   different	
   result	
   in	
   a	
   range	
  
from	
  ΔtAB	
  =	
  90	
  -­‐	
  130	
  days.	
  
=>	
  needs	
  further	
  invesDgaDon	
  


