A quasar under a microlensing caustic
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Using observations of the high magnification event seen in image C of quasar Q2237+0305 during 1999 we have obtained constraints on the structure of the quasar’s central engine. Data
taken with the Apache Point Observatory 3.5 mts telescope in the g’ and the r’ bands shows a
smaller amplitude of the event in the r’ filter. We compare these observations and those presented by the OGLE team with synthetic source plane microlensing magnification patterns in
order to obtain constraints on the size of the accretion disk regions contributing to each band. We
p
p
obtain for the Gaussian width 1.20 × 1015 M/0.1M cm . σg0 . 7.96 × 1015 M/0.1M cm,
where M is the mean microlensing mass, and a ratio σr0 /σg0 = 1.25+0.45
−0.15 . With the limits on
the velocity of the lensing galaxy from Gil-Merino et al. (2005)[2] as our only prior, we obtain
p
p
0.60 × 1015 M/0.1M cm . σg0 . 1.57 × 1015 M/0.1M cm and a ratio σr0 /σg0 = 1.45+0.90
−0.25
(all values at 68 percent confidence). Additionally, from our microlensing simulations we find
that, during the chromatic microlensing event observed, the continuum emitting region of the
quasar crossed a caustic at ≥ 72 percent confidence. This contribution is based on the research
presented in Anguita et al. (2008)[1].
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1. Introduction

2. Data
In addition to the OGLE dataset1 for this event (21/04/99 to 26/12/99), we obtained g’ and
r’-band data (from 17/05/99 to 08/01/00) of the quasar images, with the 3.5 mts telescope at the
Apache Point Observatory (APO).
Using a modified GALFIT [5] version we fitted for the parameters that define the system: The
lensing galaxy was parameterized with a de Vaucouleurs profile for the bulge and an exponential
profile for the disk, whereas the quasar images where parameterized as point sources. We obtained
light curves in both bands for the event of interest (see Fig. 1).
The APO g’ light curve is a close match to the OGLE V light curve whereas the APO r’ light
curve shows a different profile. Therefore when we construct the APO g’-r’ color curve for the
microlensing event, we can see that it is not flat but shows some variation: in particular, we can
observe that there is a blue peak very near the magnification peak.
Chromaticity in a microlensing event has indeed been predicted[12]. From thermal accretion
disk models we know that the emission in the central regions is bluer than in the outer regions [9].
So if the caustic size scales are comparable to the accretion disk scales, as in Q2237+0305, then
some chromatic microlensing can be observed.

3. Microlensing Simulations
In order to compare the observed light curves with simulations, we use source plane magnification patterns created specifically for images C and B of the quasar using inverse ray shooting
1 http://bulge.princeton.edu/∼ogle/ogle2/huchra.html
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Q2237+0305 is one of the best studied gravitationally lensed quasars. It was discovered by
the Center for Astrophysics (CfA) redshift survey [3]. The system shows a barred spiral galaxy at
redshift zl =0.039, as the main gravitational lens, and four images of a quasar at redshift zs =1.69 at
a distance of ∼1” from the center of the lensing galaxy.
Q2237+0305 is the ideal laboratory for quasar microlensing studies. As the quasar images
are very close to the core of the lensing galaxy, the microlensing optical depth is high. Additionally, the fact that the quasar is ∼10 times farther away from us than the lensing galaxy makes
the projected velocity of the microlenses in the source plane large, thus, having a relatively short
timescale of caustic events (i.e. months to years). Moreover, the expected time-delay between the
different quasar images is of the order of days [6] and therefore easy to distinguish microlensing
from intrinsic variability.
For these reasons this quasar has been monitored for almost 2 decades by different surveys.
The most comprehensive set of photometric data for Q2237+0305 is that of the Optical Gravitational Lensing Experiment (OGLE) [15, 10] which shows densely sampled light curves for the four
quasar images from 1997 to the present day. We study the 1999 high magnification event seen in
image C of the OGLE light curves using microlensing simulations. For this we have used a flat
cosmology with Ωm = 0.3 and H0 = 70 km s−1 M pc−1 .
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[11]. The parameters required for creating this patterns are the optical depth parameter (κ) and the
external shear (γ) which arise both from the “macro”-lens model of the system. In out case we used
the values for κ and γ obtained by the model presented in Schmidt et al. (1998)[8]. Even though
the κ parameter can be separated into compactly distributed matter or stars (κ? ) and smoothly distributed matter (κc ) we assumed the fraction κκ? to be 1.0 as the quasar images are seen within the
central kpc of the lensing galaxy.
The quasar magnification depends on the size (or region) of the source that is being magnified.
In order to have a sample of the different possibilities of source sizes to be studied, we convolve
the raw magnification patterns with different profile sizes. Microlensing fluctuations are relatively
insensitive to the source shape, so it is of little consequence the model we choose for the accretion
disk [4]. For simplicity have chosen a Gaussian profile for which the extent of the source is defined
by the variance σ . The full width at half maximum (FWHM) is defined as 2.35σ .
We vary the FWHM of a Gaussian profile from 0.01 ER to 0.60 ER for quasar image B and
from 0.01 ER to 1.08 ER for quasar image C (the additional magnification patterns for image C are
used for the color curve fitting explained in the next section).
For a specific convolved pattern we extract light curves, by defining tracks (path of the source
in the source plane magnification pattern) with a starting point, direction and velocity. The values
are then scaled with the magnification values obtain from the model presented in Schmidt et al.
(1998) [8] for each image and converted into magnitudes.

4. Fitting the Data
The process of fitting our data is done in two steps: first we only use the densely sampled
OGLE light curve, then we add the contraints of the APO color curve.
3
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Figure 1: Top panel: OGLE V (black), APO g’ (green) and APO r’ (red) light curves for the event. Bottom
Panel: APO g’-r’ color curve. The dashed straight line is shown to guide the eye.
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As the quasar might vary intrinsically, we need to account for this variation. For this, and due
to the fact that the time delay between the different images is negligible, we use the difference between OGLE light curves for images C and B. Simulated light curves for each image are extracted
using tracks over microlensing patterns created independently for each image and convolved with a
Gaussian profile with the same size. By repeated light curve extraction with variation of the parameters, the best fit to these are obtained from the comparison with the OGLE C-B difference light
curve. What is actually fitted are the parameters that define the track from which both light curves
are obtained. This track is constrained to have identical direction and velocity (taking into consideration that the shear direction between images C and D is approximately perpendicular [14]) in
both the patterns C and B, but the starting point can be different among the different patterns.
As the FWHM of each one of the convolved patterns is very small in comparision to the side
length of the patterns (of the order of several hundreds) and because it is relatively easy to find
good fits due to the huge parameter space that such patterns give, we determine a high number of
fits for each one of the convolved patterns. We fit 10,000 tracks with random starting parameters
distributed uniformly for patterns convolved with the various source sizes up to 0.60 ER .
When this minimization is finished we have a track library containing 300,000 tracks with
fitted parameters, a source size value and a χ 2 attached to each one of them.
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Figure 2: Example track for a 0.05 ER (10 pixel) FWHM g’-band source size and a source ratio σr00 =1.48.
g
In the top panels the fitted track (blue) is shown in a 1ER × 1ER section of the microlensing patterns. In the
middle panel we plot the fitted difference light curve (blue line) and the observed OGLE difference light
curve. In the lower panel the best-fitting color curve (yellow line) and the APO g’-r’ color curve are shown.
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5. Statistics
Each one of our tracks is a fit to the light and color curves and therefore has a χ 2 value attached
to it. We infer information from the whole ensemble of models: the track library. Using standard
approach for ensemble analysis [7], we assign a likelihood estimator to each track and calculate
probability distribution histograms for all the parameters of interest. From this distributions, we
can obtain the best-fitting value for each parameter and confidence regions.
There is a degeneracy between the size of the source and the tranverse velocity of it in the
microlensing pattern. This is produced because a larger source size smears down steep magnification events, thus making the magnification event appear broader. A slower speed also produces a
broader magnification event because it takes more time for the source to cross the magnification
region. To cope with this degeneracy we use a prior on the tranverse velocity:
Gil-Merino et al. (2005) (from now on G-M05) found an upper limit of 625 km
s (90 percent
confidence) on the effective transverse velocity of the lensing galaxy in Q2237+0305[2]. We use
their probability distribution for the velocity obtained with the largest source size value in a further
analysis step where we factor it into our own probability distributions by importance sampling. In
other words, we scale the probability of finding a track based on the G-M05 prior, and then reobtain
the best-fitting value for each parameter and confidence regions.

6. Results and Discussion
As described in the previous section we obtain limits on the parameters of interest from two
sets of probability distributions. The first is obtained without using any prior, and the second one
includes the G-M05 prior on the transverse velocity of the lensing galaxy. For each probability
distribution of a particular parameter we select the 68 percent confidence levels. The distribution,
the best-fitting values (or the average of the 68 percent confidence region where no single bestfitting solution is found) and the 68 percent confidence limits for the g’ source size and the r’/g’
source ratio are shown in Fig. 3.
The average Gaussian width we obtain on the OGLE V/APO
q g’ source size without setting
+5.9
+3.4
M
−2
15
the velocity prior is σg0 = 8.1−6.0 × 10 RE or 4.6−3.4 × 10
0.1M cm. When we impose the
velocity constraints of G-M05 we obtain an OGLE V/APO g’ source size with a Gaussian width of
5
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In a second step, we include the chromatic information included in the APO observations. As
shown in Fig. 1 the OGLE V light curve and the APO g’ light curve are very similar. Thus, we
assume that they come from a region of the accretion disk of very similar size. Therefore, the only
parameter that defines our dataset that we need to compare to the simulations is the size of the
r’-band emitting region of the accretion disk. In particular, as we use the color curve for the event,
the parameter of interest is the ratio between the r’ and the g’ region source sizes.
The parameter allowed to vary is therefore the ratio between the source sizes while the rest
remain fixed to the values obtained with the OGLE light curve fitting. In this step we use the
full set of convolved patterns created for image C, interpolating between them in order to obtain
a continuous distribution for the source ratio parameter. The χ 2 obtained due to this fit is used to
update the χ 2 values of each track in our track library.
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+0.24
−2
15
σg0 = 2.34+0.43
−1.28 × 10 RE which is equivalent to 1.33−0.73 × 10
limit tighter by a factor of five compared to the previous result.

q

M
0.1M

cm. This makes the upper

The source size ratio between the r’- and g’-band emitting regions of the quasar is σr0 /σg0 =
without, and σr0 /σg0 = 1.45+0.90
−0.25 with the G-M05 prior. Both source size ratio distributions are similar and in agreement with what would be expected from a Shakura-Sunyaev [9]
thermal model (∼ 1.5 see Anguita et al 2008 [1]).

1.25+0.45
−0.15

By having probabilities attached to each track in our library we can study the nature of the
event: whether it was produced by a direct interaccion of the source with a caustic, or indirect
magnification by passing outside a cusp. We compute the location of the caustics for each of the
magnification patterns using the analytical method from Witt (1990)[13].
For each track we determine whether either the center, the center±σg0 or the center±σr0 of the
source touches a caustic at any time. Our analysis shows that tracks that cross a caustic are favored
(see Table 1). The source, regardless of the extent, crossed a caustic with a 75 percent and 72
percent of confidence without and with the G-M05 prior, respectively (i.e. the center of the source
touched a caustic).
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Figure 3: Probability histograms for g’ or V source size and r’/g’ source size ratio, respectively. The dotted
line shows the best-fitting values (or average of the 68 percent confidence region if no single best-fitting
value is found). The error bars describe the 68 percent confidence limits.
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Table 1: Probabilites of the image C high magnification event being produced by the source crossing a
caustic and of the g’ and r’-band region touching a caustic. The table shows the obtained values for the
probability both using and not using the G-M05 velocity prior.

No Prior
cross
g’
r’
0.75 0.92 0.97

With G-M05 Prior
cross
g’
r’
0.72 0.89 0.94

By coupling the OGLE V light curves and APO g’ and r’ light curves for the high magnification
event seen in image C of Q2237+0305 during the year 1999 to source plane microlensing simulations we have been able to obtain limits on the size of regions of the quasar’s central engine emitting
p
15 M/0.1M cm and σ 0 /σ 0 = 1.25+0.45 .
in these bands: Gaussian width σg0 = 4.6+3.4
g
r
−3.4 × 10
−0.15
Because of the degeneracy between source size and transverse velocity we use a prior on the
velocity obtained from the work of Gil-Merino et al. (2005) [2] obtaining: Gaussian width σg0 =
p
15 M/0.1M cm and σ 0 /σ 0 = 1.45+0.90 . Both values for the ratio between the
1.33+0.24
×
10
r
g
−0.73
−0.25
source sizes are close to the ratio obtained for a face-on [9] accretion disk (f∼1.5). An independent
solution for breaking this degeneracy would be the use of multiband observations with more than
one high magnification microlensing event.
Regarding the nature of this event, we show that it was probably produced by the source
directly interacting with a caustic as we obtain probabilities of 97 percent and 94 percent that the
r’-band emitting region touches a caustic without and with the G-M05 prior, respectively, and of
75 percent and 72 percent that the source center (regardless of size) crossed a caustic without and
with the G-M05 prior, respectively.
A comprehensive description of this study is presented in Anguita et al. (2008)[1]
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