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Abstract. We aim to uncover the structure of the continuum and broad emission line (BEL) emit-
ting regions in the gravitationally lensed quasar SDSS J1004+4112 through unique microlensing
signatures. Analyzing 20 spectroscopic observations from 2003 to 2018, we study the striking
deformations of various BEL profiles and determine the sizes of their respective emitting regions.
We use the emission line cores as a baseline for no microlensing and then apply Bayesian meth-
ods to derive the sizes of the Lya, Si IV, C IV, C III], and Mg II emitting regions, as well as
of the underlying continuum-emitting sources. We find that the sizes of the emitting regions
for the BELs are a few light-days across, notably smaller than in typical lensed quasars. The
asymmetric distortions observed in the BELs suggest that the broad-line region lacks spherical
symmetry and is likely confined to a plane. The inferred continuum emitting region sizes are
larger than predictions based on standard thin-disk theory by a factor of ~ 4. We find that the
size-wavelength relation is in agreement with that of a geometrically thin and optically thick
accretion disk.
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1. Introduction

SDSS J1004+4112 is the first quasar known to be lensed by a foreground cluster
of galaxies and was discovered in the Sloan Digital Sky Survey (Inada et al. 2003).
The lensed quasar comprises four bright images at a source redshift of z4 =1.73. These
images are produced by a massive cluster at a lens redshift of z; = 0.68, and the maximum
separation angle is 14”.6 between components B and C. The system has been monitored
photometrically (Fohlmeister et al. 2007, 2008; Fian et al. 2016; Mutioz et al. 2022),
and the time-delays for three of the quasar images (A, B, and C) were measured by
Fohlmeister et al. (2007, 2008). A recent study by Mufioz et al. (2022) found a time
delay of 2458.47 +1.02 days between the trailing image D and the leading image C,
which is the longest delay ever measured for a gravitationally lensed quasar.

Optical microlensing, induced by stars in the cluster halo or nearby satellites, is a rec-
ognized phenomenon in the lens system SDSS J1004+4112. This effect has been used to
estimate the size of the continuum-emitting source in the lensed quasar (Fohlmeister et al.
2008; Fian et al. 2016). Alongside the differential brightness variation of the images in
photometric passbands, microlensing effects have also been identified in the spectral lines
(Richards et al. 2004; Lamer et al. 2006; Gémez-Alvarez et al. 2006; Motta et al. 2012;
Popovié et al. 2020; Fian et al. 2018, 2021). Spectroscopic analyses of the individual com-
ponents have unveiled significant differences in the emission line profiles. Particularly,
component A displays an enhanced blue wing in various high-ionization lines relative
to the other components, which has been interpreted as an indication of microlens-
ing in image A. Recent research by Hutsemékers et al. (2023) has demonstrated that
the distortion of the C IV emission line profile in SDSS J1004+4112 can be explained
using simple broad-line region (BLR) models. Our study expands upon this by exten-
sively analyzing existing spectroscopic data, including additional observational epochs
and a wider range of spectral lines compared to Hutsemékers et al. (2023). Moreover, we
undertake a comprehensive global analysis encompassing line cores, line wings, and the
adjacent continuum, deepening our insight into the diverse light-emitting regions within
the quasar.

2. Observations and Data Analysis

We have assembled a set of rest-frame UV spectra for the images A, B, C, and D of
the gravitationally lensed quasar SDSS J1004+4-4112. Our dataset consists of 20 published
spectra, spanning a 15-year period from February 2003 to February 2018. These spectra
cover a range of typical high- and low-ionization lines found in quasars, including Lyc,
Si IV, C 1V, C III], and Mg II. In Figure 1, we show the average of these line profiles for
each lensed image observed in at least two different epochs. We also include one, two,
and three-sigma intervals to highlight the variability in the line wings and other emission
species. We observe significant variability in the blue wings of Si IV, C IV, and C III} in
image A, as well as in the red wing of Ly« and the shelf-like feature at ~ A1610 (blueward
of He II).

FEmission line cores arise from large, spatially extended regions that are not signifi-
cantly affected by microlensing and intrinsic variability (Guerras et al. 2013; Fian et al.
2018). Measuring core flux ratios between lensed images provides a robust method for
establishing a microlensing-free reference point. To remove the continuum from each
image and emission line, we apply a linear fit to both sides of the emission line’s
continuum and subtract it from the spectrum. The core fluxes are then defined by a
narrow interval centered on the peak of the line. Our inferred core flux ratios align
well with infrared flux ratios reported by Ross et al. (2009) and show consistency with
radio flux ratios observed by Jackson (2020), Hartley et al. (2021), and McKean et al.
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Figure 1. Average (black) spectra of the Lya, Si IV, C IV, and C III] emission lines (from
top to bottom). The one, two, and three sigma intervals for the images A, B, C, and D (left to
right) are depicted in dark blue, blue, and light blue, respectively.

(2021). Microlensing, which is sensitive to the source size (where smaller regions experi-
ence higher magnifications), offers valuable insights into the structure and kinematics of
quasar accretion disks. Quantifying the microlensing impact on the continuum requires
disentangling it from macro-lensing magnification effects (stemming from the smooth
lensing potential) and extinction. We correct for these effects by assessing the differences
between the continuum adjacent to emission lines, (m; —mp)eont, and the magni-
tude differences of emission line cores, (m; —mp)eore, between the images x (where
x=A,C, D) relative to image B, Apicont = (My — MB)eont — (Mz — MB)core. IMage B
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Figure 2. Continuum-emitting region sizes derived from microlensing, plotted against wave-
length. The dashed black line shows the best fit to the data (5~ 1.9). The red dotted line
represents a fit with a fixed theoretical power-law index of 8 =4/3.

is chosen as the reference as it is less affected by microlensing variability compared
to image A (Hutsemékers et al. 2023). Additionally, it benefits from a more extensive
set of observational epochs compared to images C and D. To determine the sizes of
BEL-emitting regions, we normalize the continuum-subtracted spectra for all images
and epochs to match the emission line core. We then assess the microlensing in the line
wings (Afiwing = (Mg — MB)wing — (My — MB)core) on either side of the emission line

peak, corresponding to a velocity range of 3000 — 10000 km s~ 1.

3. Methods and Results

Given the observed differential microlensing in the wings and adjacent continua of vari-
ous emission lines between lensed images, we can deduce the size of their emission regions.
We employed a statistical approach, treating each microlensing measurement as a single
epoch. All available epochs were used to calculate the joint microlensing probability to
derive an average size estimate, as detailed in Guerras et al. (2013) and Fian et al. (2018,
2021). Inferring differential microlensing from the spectroscopic data of lensed quasars is
complex due to time-delayed intrinsic flux variations between images. Deformations in
the BELs caused by intrinsic variability can resemble microlensing, leading to potential
inaccuracies in source size measurements. For the lensed quasar SDSS J1004+4112, this
issue is particularly pronounced for images C and D, which have long time delays (~ 6.7
years) relative to other images in the system. To ensure accurate interpretation, our focus
will be on the magnitude differences between images A and B, given their short time lag
(~44 days), as these differences can most likely be attributed to microlensing.

Figure 2 illustrates the microlensing-based continuum sizes as a function of wave-
length. To fit our size spectrum, we utilized the power-law index 8 — representing the
disk’s temperature profile — as an adjustable parameter, achieving the most optimal
fit at S~ 1.9. The inferred sizes and the physical model are consistent with the slope
expected for an optically thick and geometrically thin accretion disk model (5=4/3).
While numerous microlensing studies have found sizes significantly larger than predicted
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Figure 3. Probability density functions of the half-light radius R/, for the blue and red wings
of Lya, SiIV, C IV, C III], and Mg IT (left to right). The vertical dashed lines denote the

expected emission region size.

by existing accretion disk theories, corroborating our results (~ 4 larger than theoretical
predictions), they often report flatter size-wavelength relationships (Blackburne et al.
2011; Jiménez-Vicente et al. 2014). To affirm the accuracy of our results, we compared
the r-band continuum size derived from our spectroscopic data with that acquired from
14.5 years of photometric monitoring data (Munoz et al. 2022). The outcomes from the
two distinct datasets align well, with Ry, = 7.1J_rg:$ lt-days for the spectroscopic data,
and Ry/p = 5.3:%:? lt-days for the photometric observations (Forés-Toribio et al. submit-
ted). In Figure 3, we display the probability density functions for the regions emitting
the broad wings of Ly«, Si IV, C IV, C III], and Mg II. Intriguingly, we find that the
sizes of the regions emitting the BELs are often very small, occasionally even smaller
than the sizes associated with the optical continuum-emitting region. These results dif-
fer significantly (by an order of magnitude) from the BLR size estimates reported in
Guerras et al. (2013), and they also contrast with the average BLR sizes determined
for a sample of lensed quasars in prior studies (Fian et al. 2018, 2021). However, our
inferred half-light radius for the C IV BLR is in agreement with the recent measurement
by Hutsemékers et al. (2023) (R, /2 =2.87%9 lt-days), lending credence to the reliability
of our findings.

4. Conclusions

SDSS J1004+4-4112 stands out as an extensively studied lensed quasar, with abundant
photometric monitoring data and spectroscopic observations available. Although recog-
nized early as a lensed quasar with BEL deformation, understanding the line distortions
and inter-component differences remained incomplete. With 20 spectroscopic observa-
tions, we thoroughly analyzed the Ly, Si IV, C IV, C III], and Mg II lines, plus adjacent
continua, and we constrained their emitting region sizes. We unveiled agreement in the
line core ratios between the lensed quasar images, serving as a microlensing-free refer-
ence, and mid-IR/radio ratios reported in the literature (Ross et al. 2009; Jackson 2020;
Hartley et al. 2021; McKean et al. 2021). The inferred sizes of the continuum-emitting
regions increase with wavelength, supporting the idea of disk reprocessing, and are larger
by a factor of ~4 than predicted by a standard thin disk. This discrepancy is consis-
tent with recent studies (Jiménez-Vicente et al. 2014; Fian et al. 2023), possibly resulting
from a significant contribution of diffuse BLR emission to the observed continuum signals
(see, e.g., Chelouche et al. 2019; Korista & Goad 2019; Netzer 2022; Fian et al. 2023).
Notably, our spectroscopic r-band continuum size (R;/; = 7.11‘;:‘% lt-days) matches well
with the photometric data-based size (5.31‘6:? lt-days; see also Forés-Toribio et al. sub-
mitted). Using Bayesian analysis, we determined the emission region sizes for Lya, Si IV,
C 1V, C 111}, and Mg II. Our findings show that these regions are a few light-days across,
significantly smaller than average quasar BLRs (usually tens of light-days; Guerras et al.
2013; Fian et al. 2018, 2021). Intriguingly, some BEL-emitting region sizes are smaller
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than the optical continuum. A plausible interpretation for this surprising outcome could
be that the BEL-emitting regions are located close to a caustic, while the accretion disk is
farther away from it. Should the BLR, or a part thereof, be situated on or near a caustic
while the accretion disk is located farther from it, the BLR would experience substantial
magnification, whereas the accretion disk would undergo less magnification. While this
situation is expected to be uncommon, it could conceivably account for the microlensing
anomalies observed in this lensed system.
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