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A B S T R A C T 

To better understand which sources contribute to optical passband fluxes of Q0957 + 561, we present and analyse light curves 
of the doubly imaged gravitationally lensed quasar from its disco v ery to 2023. After an early microlensing event, the difference 
light curves (describing delay-corrected flux ratios between the two quasar images) only show prominent microlensing gradients 
o v er the last 17 yr. In addition to these long time-scale gradients in the gr bands, we detect short time-scale, extrinsically induced 

dif ferential v ariations that are highly correlated with the short time-scale intrinsic variability of the quasar in those bands. Both 

the accretion disc and the broad emission-line region (BELR) contribute to optical passband fluxes, and we also show that 
realistic contributions of the BELR account for the observed correlations in the gr bands. We would like to highlight that the 
BELR sources of optical passband fluxes of Q0957 + 561 should be taken into account when measuring accretion-disc source 
sizes from microlensing simulations. 

Key words: accretion, accretion discs – gravitational lensing: micro – gravitational lensing: strong – quasars: individual: 
Q0957 + 561. 
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 I N T RO D U C T I O N  

he first gravitational lens system was disco v ered 44 yr ago (Walsh,
arswell & Weymann 1979 ). The gravitational field of a galaxy 
luster at redshift z = 0.36 produces two images, A and B, of the
ackground quasar Q0957 + 561 at redshift z = 1.41 (Stockton 1980 ;
oung et al. 1980 ; Garrett, Walsh & Carswell 1992 ). Although the
ntire gravitational lens is a galaxy cluster, the main deflector is
 giant elliptical galaxy close to the image B. Optical passband 
uxes are mainly due to nuclear continuum emission, and analysing 

he optical passband variability of both quasar images, it has also 
een established that intrinsic flux variations in B lag those in A
y � t ∼ 14 months (e.g. Vanderriest et al. 1989 ; Kundi ́c et al.
997 ; Oscoz et al. 1997 , 2001 ; Shalyapin et al. 2008 ). After
ccounting for this time delay, the optical-passband flux ratio F opt = 

 B ( t )/ F A ( t − � t ) is related to the lens magnification ratio and
he intervening medium along the lines of sight towards the two 
uasar images. The lens magnification ratio is an achromatic and 
tationary factor, while dust clouds and compact objects (e.g. stars) 
ithin the main lens galaxy at z = 0.36 may produce chromaticity

nd/or variability in F opt (e.g. Chang & Refsdal 1979 ; Nadeau et al.
991 ). 
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Radio core fluxes of Q0957 + 561 come from a large source,
o they are not affected by gravitational microlensing by compact 
bjects. In addition, dust extinction does not play a role at radio
avelengths. Thus, the radio-core flux ratio F radio = 0.75 ± 0.02 

Conner, Lehar & Burke 1992 ; Garrett et al. 1994 ) is a good
roxy of the lens magnification ratio. Moreo v er, based on accurate
elay-corrected flux ratios, there is also strong evidence that the 
 III ] and Mg II broad-line emissions are practically unaffected by
xtinction and microlensing (Schild & Smith 1991 ; Goicoechea, 
il-Merino & Ull ́an 2005 ; Gil-Merino et al. 2018 ). Using Hubble
pace Telescope ( HST ) spectra of Q0957 + 561 in a quiescent phase
f microlensing activity (UV–optical data in the years 1999 and 
000, see below), Goicoechea et al. ( 2005 ) reported on the chro-
atic behaviour of F UV-opt , which resembles e xtinction la ws for

alaxies in the Local Group. They found F UV-opt > 1 at all UV–
ptical continuum wavelengths, indicating that the A image is more 
ffected by dust. The simplest scenario consists of a dust cloud
n front of the image A. This cloud must be small enough not to
roduce extinction over the broad emission-line region (BELR) as a 
hole. 
Very rapid fluctuations in the optical-passband flux ratio of 

0957 + 561 are most likely due to observational noise (e.g. Gil-
erino et al. 2001 ), while longer time-scale fluctuations are thought

o be caused by gravitational microlensing. The B image passes 
hrough an inner, very dense region of the giant elliptical galaxy, and
efsdal et al. ( 2000 ) considered microlensing effects on this image
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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o interpret a fluctuation in the R band in the 1980s lasting 5 yr. After
he early years event, F opt in red passbands did not show prominent
v ents/gradients o v er about 20 yr, and then showed a significant
radient between the second half of the 2000s and 2020 (Gil-Merino
t al. 2018 ; Cornachione et al. 2020 ; Fian et al. 2021 ). We also note
hat the quasar activity was particularly high during this last period
see Gil-Merino et al. 2018 , fig. 5). 

The microlensing-induced variability of F opt can be used, among
ther things, to constrain the size of concentric circular sources within
he quasar accretion disc, where the observed optical continuum is

ainly generated (e.g. Wambsganss 1998 ). Thus, considering Gaus-
ian intensity profiles to model optical continuum sources, Fian et al.
 2021 ) focused on a microlensing analysis of accurate r -band light
urves of Q0957 + 561 over the period 1996 −2016, and Cornachione
t al. ( 2020 ) analysed a richer optical data set including additional
 -band fluxes in the period 2008 −2020 and g -band light curves from
005 to 2020. The two independent studies led to similar values for
he half-light radius of the r -band source, i.e. around 17.6 light-day
nd accurate to within a factor of ∼2 −4 (see also Hainline et al.
012 ; Jim ́enez-Vicente et al. 2014 ). Additionally, the microlensing-
ased size measurement of the r -band source is marginally consistent
ith a reverberation mapping analysis of Q0957 + 561 (Gil-Merino

t al. 2012 ). Assuming that lags between optical bands correspond
o light-travel times between flux-weighted mean radii of their
ources (e.g. Fausnaugh et al. 2016 ), the reverberation-based half-
ight radius of the r -band source is only about 5 light-day, slightly
bo v e the lower limit of the 1 σ interval reported by Cornachione et al.
 2020 ). Interestingly, half-light radius increases with wavelength
s predicted by the standard accretion disc (Gil-Merino et al.
012 ). 
If the contribution of diffuse light from BELR clouds to the optical

ontinuum is significant (e.g. Korista & Goad 2001 ), the presence
f extended sources should be taken into account when measuring
ccretion-disc source sizes from F opt data. In fact, both diffuse
ontinuum emission and broad-line emission contribute to some
xtent to optical passband fluxes (e.g. Sluse & Tewes 2014 ), and this
ontribution could be particularly important in Q0957 + 561 (e.g. Gil-
erino et al. 2018 ; Belete et al. 2019 ; Fian et al. 2021 ). In a scenario

n which the BELR produces appreciable contamination in a given
assband, the extinction-microlensing combined phenomenon would
ffect the extended and the nuclear (within the accretion disc) source
ifferently. This should result in a non-standard flux ratio variability
hat would not be e xclusiv ely due to fluctuations in the microlens

agnification ratio of the nuclear source. Interpreting observed flux
atio variations of Q0957 + 561 in different optical bands is thus a key
ask to understand the impact of BELR emissions on its multiband
rightness. 
The paper is organized as follows: In Section 2 , we present
ultiband light curves of Q0957 + 561 spanning 44 yr, placing special

mphasis on our accurate brightness records from frames taken at
eide and Roque de los Muchachos Observatories (Canary Islands)
uring the last 25 yr. In Section 3 , we analyse the variability of
he delay-corrected flux ratio in the gVrR bands. In Section 4 , we
ry to link the observational results to BELR emissions. Relevant
quations are incorporated into Appendix A , and a spectral analysis
s presented in Appendix B . 

 O P T I C A L  L I G H T  C U RV E S  O F  Q 0 9 5 7  + 5 6 1  

ur optical monitoring of Q0957 + 561 started in 1996 using a
CD camera on the IAC80 telescope at Teide Observatory. Early

rames for the period 1996 −2001 were processed using the PHO2COM
NRAS 530, 2273–2281 (2024) 
hotometric task, which combines aperture photometry and PSF
tting (Serra-Ricart et al. 1999 ; Oscoz et al. 2002 ). Additionally, Gil-
erino et al. ( 2018 ) used the IMFITFITS software (McLeod et al. 1998 )

o process the most recent IAC80 R -band frames taken between 1999
anuary and 2005 No v ember, and combined the R -band fluxes from
MFITFITS with those from PHO2COM in the period 1996 −1998. The
MFITFITS software allows users to obtain an empirical PSF from the
rightness profile of a field star, and then model the lens system as two
tellar-like sources (quasar images A and B) plus a de Vaucouleurs
rofile convolved with the empirical PSF (main lens galaxy). In this
aper, we also apply the IMFITFITS code to IAC80 V -band frames from
arly 1999 to 2005 No v ember, and merge the new V -band data and
he old V -band light curves in 1996 −1998 (see abo v e). Observations
ith the IAC80 telescope were carried out in a homogeneous
ay, using the same CCD camera and filters throughout the 10-yr

ampaign. 
In addition to the IAC80 observations in the V and R bands, we con-

idered frames in these optical bands that were taken with the Nordic
ptical Telescope (NOT) in 2000 February–March (Ull ́an et al. 2003 )

nd the AZT-22 telescope at Maidanak Astronomical Observatory
MT) in the period 2003 −2005. These supplementary observations
ere processed using the IMFITFITS task. The NOT frames (and

he IAC80 observations during 1999 −2005) are available at the
LENDAMA data base, 1 whereas the MT frames were downloaded

rom the Lens Image Archive at the German Astrophysical Virtual
bservatory. 2 Most IA C80–NO T–MT V -band magnitudes have not
een published previously, and the total brightness records in the
 band include data at 455 epochs (see the top panel of Fig. 1
nd Table 1 ). The IA C80–NO T–MT R -band light curves contain
agnitudes at 660 epochs (89 more epochs than those in Gil-Merino

t al. 2018 ), and are shown in the bottom panel of Fig. 1 and
able 2 . 
Our ongoing monitoring in gr optical bands with the Liverpool

elescope (LT) at Roque de los Muchachos Observatory started
oon after the first robotic science operations with this 2-m class
elescope (Steele et al. 2004 ), and currently co v er the period from
005 January to 2023 June. The gr light curves of Q0957 + 561 o v er
he first two decades of this century are based on the IMFITFITS task
nd have been described in some previous papers (Shalyapin et al.
008 ; Shalyapin, Goicoechea & Gil-Merino 2012 ; Gil-Merino et al.
018 ; Cornachione et al. 2020 ). Here, we add 3.5 yr of time co v erage
o the previous brightness records. The full data base incorporates g -
and and r -band magnitudes at 621 and 639 epochs, respectiv ely. F or
he entire 18.5-yr monitoring campaign with the LT, it is also worth
oting that the median full width at half-maximum (FWHM) seeing
as 1.60 arcsec, i.e. about four times smaller than the separation
etween quasar images. Additionally, the LT r -band light curves
ere combined with the United States Nav al Observ atory (USNO)
ata in the r band from 2007 December until 2017 April (105 epochs;
ee Hainline et al. 2012 ; Cornachione et al. 2020 ). The LT g -band
ight curves are depicted in the top panel of Fig. 2 and Table 3 . The
T–USNO r -band light curves are shown in the bottom panel of
ig. 2 and Table 4 . 
Rudy Schild also compiled R -band data co v ering the first two

ecades after the disco v ery (1979 −1998) and including magnitudes
t 1233 epochs. 3 Hence, in order to construct historical records, we
erged three data sets in red passbands: Rudy Schild’s data base

https://grupos.unican.es/glendama/database
https://dc.zah.uni-heidelberg.de/lensunion/q/im/form
https://lweb.cfa.harvard.edu/~rschild/
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Figure 1. Optical light curves of Q0957 + 561. Top : IA C80–NO T–MT V 

band. Bottom : IA C80–NO T–MT R band. 

Table 1. IA C80–NO T–MT V -band light curves of Q0957 + 561. The full 
table is available online in a machine-readable ASCII format. A portion is 
shown here for guidance regarding its form and content. 

MJD m A σ ( m A ) m B σ ( m B ) Tel 
(mag) (mag) (mag) (mag) 

51586.051 17.543 0.013 17.466 0.010 IAC80 
51586.830 17.565 0.008 17.483 0.008 NOT 

51587.828 17.539 0.008 17.466 0.008 NOT 

51589.071 17.541 0.023 17.461 0.018 IAC80 
51591.022 17.526 0.023 17.449 0.018 IAC80 

Table 2. IA C80–NO T–MT R -band light curves of Q0957 + 561. The full 
table is available online in a machine-readable ASCII format. A portion is 
shown here for guidance regarding its form and content. 

MJD m A σ ( m A ) m B σ ( m B ) Tel 
(mag) (mag) (mag) (mag) 

52725.940 16.982 0.013 16.931 0.016 IAC80 
52739.934 16.964 0.013 16.908 0.016 IAC80 
52754.669 16.964 0.007 16.889 0.005 MT 

52754.892 16.977 0.013 16.894 0.016 IAC80 
52756.678 16.974 0.004 16.892 0.005 MT 

Figure 2. Optical light curves of Q0957 + 561. T op : L T g band. Bottom : 
LT–USNO r band. 

T able 3. L T g -band light curves of Q0957 + 561. The full table is available 
online in a machine-readable ASCII format. A portion is shown here for 
guidance regarding its form and content. 

MJD m A σ ( m A ) m B σ ( m B ) 
(mag) (mag) (mag) (mag) 

53443.912 17.171 0.007 17.104 0.008 
53445.893 17.184 0.007 17.122 0.008 
53457.931 17.199 0.007 17.161 0.007 
53486.876 17.161 0.007 17.187 0.007 
53488.876 17.156 0.007 17.195 0.007 

T able 4. L T–USNO r -band light curves of Q0957 + 561. The full table is 
available online in a machine-readable ASCII format. A portion is shown 
here for guidance regarding its form and content. 

MJD m A σ ( m A ) m B σ ( m B ) 
(mag) (mag) (mag) (mag) 

60028.015 17.130 0.010 16.867 0.012 
60032.856 17.131 0.010 16.855 0.012 
60060.869 17.142 0.010 16.820 0.012 
60075.882 17.150 0.010 16.824 0.012 
60081.909 17.161 0.010 16.827 0.012 
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n the R band, IA C80–NO T–MT R band, and LT–USNO r band.
he historical records rely on magnitude offsets calculated from data

n o v erlapping time se gments between two different data sets, and
hey substantially extend the time coverage of Q0957 + 561 in red
assbands (see Fig. 3 ). We have to remark that the oldest data show
igh measurement noise, while all data in the last 25 yr were obtained
rom state-of-the-art instruments and the same accurate photometric
ask, which significantly reduced noise. 

 FLUX  RATIO  IN  T H E  g V r R BA N D S  

e initially selected the LT g -band light curves (see the top panel
f Fig. 2 and Table 3 ) as a basic tool to understand properties
f the variability of Q0957 + 561. The reasons for this choice are
he homogeneity (only one telescope was used) and accuracy (all
hotometric errors are ≤1 per cent) of the data set, as well as its
cti vity le vel (presence of the most conspicuous flux variations). In
rder to compare magnitudes of A and B at the same emission times,
ne has to account for the time delay between the two images. We
ssumed a concordance value � t = 420 d (Kundi ́c et al. 1997 ;
scoz et al. 2001 ), and compared the light curve of B, m B ( t ), and

he time-shifted light curve of A, m A ( t − � t ) (see the top panel
f Fig. 4 ). Both records were then fitted to linear laws describing
ong time-scale variabilities, and the best fits (dashed lines) were
ubtracted from the data. The resulting short time-scale variabilities
 m B and � m A are depicted in the middle top panel of Fig. 4 . There is
 clear similitude between the short time-scale fluctuations in A and
, indicating that they are mainly due to quasar intrinsic variability. 
To analyse the extrinsically induced differential variability, we

a ve b uilt the difference light curve (DLC) in the g band (see the
iddle bottom panel of Fig. 4 ). The DLC is the optical-passband
ux ratio in terms of magnitudes, i.e. m B ( t ) − m A ( t − � t ) =
2.5log ( F opt ). The g -band differences m B ( t ) − m A ( t − � t ) are

btained using bins with 10-d semiwidth around the dates in B.
pecifically, time-shifted magnitudes of A (and their uncertainties)
re averaged within each non-empty bin that includes A data. As
ommented in Section 1 , the DLC variability is e xlusiv ely caused
y extrinsic effects. Thus, the g -band data lead to a long time-scale
icrolensing gradient in the DLC, which was modelled by a linear

unction. The best fit (dashed line) was then subtracted from the
LC. As can be seen in the bottom panel of Fig. 4 , the resulting short

ime-scale residual signal � DLC ≡ � m AB is highly correlated with
oth � m B and � m A , and therefore with the short time-scale intrinsic
ariability. This amazing result for a lensed quasar was previously
nticipated (e.g. Sluse & Tewes 2014 ), and now inambiguously
etected in Q0957 + 561. 

At first glance, it seems a bit strange the existence of a correlation
etween intrinsic effects in the distant source and extrinsic effects
n the main lens galaxy. Here, we look at it carefully considering all
vailable data, whereas a plausible physical scenario to explain this
orrelation is discussed in Section 4 . We have built a DLC in each
ptical passband and plotted the four difference signals in Fig. 5 . We
etect a clear gradual increase in the last 17 yr, although the positive
radient of the r -band DLC is slightly less pronounced than that in
he g band. In addition, the VR difference curves are substantially
oisier than the gr ones. The VR data are consistent with a flat signal
round the year 2000, but the V -band DLC is also consistent with a
mooth ne gativ e gradient in the period 1997 −2005, which must be
aken with caution. These three long time-scale gradients in the gVr
ands were modelled by a linear function, while the R -band DLC
as a more complex shape (it has a noticeable curvature around year
990) and was fitted to a cubic function. The four best fits (dashed
NRAS 530, 2273–2281 (2024) 
ines in Fig. 5 ) were subtracted from the corresponding DLCs, and the
esulting residual signals were then used to construct � m AB –� m B 

iagrams (see Fig. 6 ). We note that the short time-scale variability of
, � m B , is a good proxy for the short time-scale intrinsic variability

see abo v e). 
The four diagrams in Fig. 6 reveal the correlation between

xtrinsically induced differential variations on short time-scales and
ntrinsic variations on those time-scales. To check the significance
f this correlation in each band, we performed a linear regression
nalysis assuming the relationship � m AB = γ� m B . The results are
hown in Table 5 . There is a weak correlation in the VR bands
PCC ∼ 0.2 −0.3), but it is strong in the gr bands (PCC ∼ 0.8).
hese numerical results agree well with a visual inspection of Fig. 6 .
dditionally, Table 5 includes the reduced chi-square values for

he linear/cubic fits to the DLCs (dashed lines in Fig. 5 ). The last
olumn also shows the chi-square values for linear/cubic fits to
orrected DLCs, i.e. when γ� m B contributions are subtracted from
ach difference signal. The impro v ement in the gr bands is notable,
hile χ2 

DLC ∗ ∼ χ2 
DLC in the VR bands. From the values of PCC and

χ2 = χ2 
DLC − χ2 

DLC ∗, we conclude that accuracy and activity level
lay a role in detecting the elusive correlation that we are discussing.
Turning our attention once more to the data in the g and r bands,

e have also carried out a simultaneous fit of four free parameters
n each optical band: time delay ( � t ), intercept ( a ) and slope ( b ) of
he linear fit to the DLC, and slope ( γ ) of the linear regression on
 m AB with � m B . In order to fit these parameters, we minimized the

ispersion between m B ( t ) and the four-parametric model m Bm 

( t ) =
 A ( t − � t ) + a + bt + γ� m B ( t ) (the minimum dispersion technique

s discussed in Pelt et al. 1996 , and references therein). Using 1000
ootstrap samples and a decorrelation length of 15 d, Fig. 7 shows all
est-fit solutions in the two-dimensional ( γ , � t ) space. This Fig. 7
lso displays 1 σ (along with 2 σ and 3 σ ) intervals in each passband,
.e. γ = 0.201 ± 0.004 and � t = 420.22 ± 0.60 d in the g band,
nd γ = 0.227 ± 0.007 and � t = 418.85 ± 0.66 d in the r band. In
ig. 8 , we also compared the g -band light curve of B and two different
odels of that curve, i.e. a standard model exclusively incorporating
 microlensing gradient, m Bm0 ( t ) = m A ( t − � t ) + a + bt , and the
our-parametric model emerging from our analysis, m Bm 

( t ). It is clear
hat the refined model works better than the standard one. 

 DI SCUSSI ON  

he first lensed quasar has two optically bright and widely separated
mages whose brightness has been monitored since 1979 for thou-
ands of nights. Therefore, its light curves offer a unique opportunity
o probe the possible existence of nuclear and extended sources
e.g. Barkana 1997 ), or unnoticed details of the accretion disc (e.g.
lackburne & Kochanek 2010 ). Sluse & Tewes ( 2014 ) highlighted

he important contribution of BELR emissions to optical passband
uxes, and the BELR radiation appears to play a role in Q0957 + 561
Gil-Merino et al. 2018 ; Belete et al. 2019 ) and other lens systems
Paic et al. 2022 ; Fian, Chelouche & Kaspi 2023a ). Thus, to try to
ccount for the observed correlation between extrinsic and intrinsic
hort time-scale variations of Q0957 + 561 in the gr bands (see
ection 3 ), we decided to focus on BELR radiation contaminating

he nuclear emission from the accretion disc (see Appendix A ). This
ncludes a diffuse continuum and blended weak iron lines, with some
ontribution from a broad-line (C III ] or Mg II ; see Appendix B ).
lthough a small fraction of line emissions may arise from relatively

ompact regions (e.g. Fian et al. 2018 , 2023b ), we also considered
hat the BELR is large enough to ignore microlensing effects. 
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Figure 3. Historical brightness records in red passbands from 1979 to 2023. The shaded bar highlights the time segment in which the IA C80–NO T–MT R -band 
and LT–USNO r -band data sets o v erlap (see main text). 

Figure 4. AB comparison in the g band. Top : Light curves of A and B. We use original data of B and magnitudes of A shifted by 420 d (see main text). Best 
linear fits to data are also shown (dashed lines). Middle top : Residual signals of A and B after subtracting linear trends. Middle bottom : DLC and the best linear 
fit to it (dashed line). The DLC is constructed using bins with 10-d semiwidth around the dates in B. Bottom : All residual signals after subtracting linear trends. 
The DLC residuals � DLC are multiplied by a factor 5 to impro v e their visibility. 
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To properly interpret the measured slope of the linear regression 
n � m AB with � m B , we must take into account equation ( A12 ),
nd estimate dust extinctions and microlensing magnifications. 
ccording to previous ideas about this double quasar, its BELR is not

uffering appreciable extinction effects, since the C III ] and Mg II flux
atios are consistent with the flux ratio from radio data (e.g. Schild &
mith 1991 ; Garrett et al. 1994 ; Gil-Merino et al. 2018 ). This

ranslates to ε∗
A ≈ ε∗

B ≈ 1. During a quiescent phase of microlensing 
ctivity around the year 2000 (see Section 3 ), HST spectra of
0957 + 561 have also made it possible to measure the ‘continuum’
MNRAS 530, 2273–2281 (2024) 
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M

Figure 5. Difference light curves in the gVrR bands. Best fits to shapes on 
long time-scales (dashed lines) rely on a linear function ( gVr bands) and a 
cubic law ( R band). 

Figure 6. � m AB –� m B diagrams. Dashed lines represent linear regression 
fits going through the origin. 

Table 5. Linear regression on � m AB with � m B . Columns 2 −7 list the 
number of observing epochs in the light curves, the number of AB pairs 
when A is shifted by 420 d, the reduced chi-square value for the linear/cubic 
fit to the DLC (see Fig. 5 ), the slope of the linear regression (see Fig. 6 ), the 
Pearson correlation coefficient (PCC), and the reduced chi-square value for a 
linear/cubic fit to a corrected DLC: DLC ∗ = DLC − γ�m B , respectively. 

Band N obs N AB χ2 
DLC γ PCC χ2 

DLC ∗

V 455 323 1.192 0.119 0.204 1.160 
R 1893 1431 1.812 0.204 0.324 1.812 
g 621 402 3.144 0.201 0.773 1.991 
r 744 491 1.929 0.228 0.756 1.303 
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Figure 7. Best-fit solutions in the two-dimensional parameter space ( γ , � t ). 
These solutions rely on 1000 bootstrap samples and the minimum dispersion 
technique with 15-d decorrelation length (see main text). 
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ux ratio at several UV–optical wavelengths. 4 These measurements
ere consistent with the absence of microlensing effects and the
resence of a significant dust extinction in the main lens galaxy
Goicoechea et al. 2005 ). Adopting a (macro)lens magnification ratio
 B / M A = 0.75 from radio-core data and assuming that dust is mainly

ffecting the nuclear continuum in the A image ( εB ≈ 1), the HST
ata provided the constraints εA ( g ) ≈ εA ( r ) ≈ 0.7(1 + η) − η in the
r bands. 
NRAS 530, 2273–2281 (2024) 

 ‘Continuum’ refers to the nuclear continuum plus the diffuse continuum and 
seudo-continuum from the BELR. 

S
 

g
−  
Regarding microlensing magnifications of the nuclear continuum,
he microlensing linear gradients of the DLCs in the gr bands (see
ig. 5 ) are most likely generated within the high-density region of

he main lens galaxy that is crossed by image B, i.e. μB � 1 and
A ≈ 1. Refsdal et al. ( 2000 ) also considered microlensing effects
n this image to interpret the early fluctuation of the DLC in the
 band. From the observed linear gradients in the gr bands and

he εA − η relationship in the previous paragraph, we obtained
dditional constraints on the time-averaged microlensing magnifi-
ations of the nuclear continuum in B: μB ( g) ≈ 1 . 2(1 + η) − η and
B ( r) ≈ 1 . 1(1 + η) − η. We have then reproduced the γ values in
able 5 by using equation ( A12 ) and all extinction-magnification
onstraints, as well as η ≈ 0.25 and η ≈ 0.3 for the g and r bands,
especti vely. These η v alues roughly coincide with fiducial ones (e.g.
luse & Tewes 2014 ; Fian et al. 2023a ), supporting and encouraging
ore detailed studies of BELR emissions in Q0957 + 561. It is also

mportant to emphasize that the tension between the microlensing-
ased size of the r -band source and its reverberation-based value may
e due to an o v erestimation of the size from microlensing studies,
hich did not consider the contribution of the BELR (e.g. see fig. 4
f Fian et al. 2023a ). 
Equations ( A3 ) and ( A4 ) allow us to estimate diffuse-to-total flux

atios in the gr bands. The relative contributions of diffuse light
re thus ∼28 −29 per cent (A) and ∼17 per cent (B) in the g band,
nd ∼33 per cent (A) and ∼21 per cent (B) in the r band. The diffuse
ight from the BELR includes emission lines and continuum emission
scattered and thermal radiation), so an analysis of optical spectra of
0957 + 561 in the wavelength ranges covered by the g and r bands

hould shed light on the nature of the dominant diffuse component in
hese two Sloan passbands. Accordingly to the diffuse-to-total flux
atios and the final results of the spectral analysis in Appendix B , the
iffuse continum component accounts for about 24 per cent of the
otal flux of A and ∼13 −14 per cent of the total flux of B. This means
hat the diffuse continuum component is 3.5 −5 times greater than the
ines component in the g band, whereas it is 2 −3 times greater than
he lines component in the r band. The diffuse-to-nuclear continuum
mission ratio is ηcont ≈ 0.2 in both optical bands, and detailed
olarimetric observations could help to unveil the origin of the
on-nuclear continuum (e.g. Hutsem ́ekers et al. 2015 ; Hutsem ́ekers,
luse & Kumar 2020 ; Popovi ́c et al. 2021 ). 
Finally, in the two passbands, the diffuse continuum emission is

reater than the lines emission, i.e. diff. continuum/lines = ( η/ ηcont 

1) −1 ∼ 3. The diff. continuum/lines ratio depends on the BELR
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Figure 8. The g -band light curve of the image B and two models for it. The observed magnitudes (B) are compared with magnitudes predicted by a standard 
model (Bm0) and those predicted by a refined model (Bm; see main text for details). 
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eometry and physics, and the development of a detailed realistic 
odel for Q0957 + 561 is a pending task that is out of the scope of

his paper. 
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PPENDIX  A :  A D D I N G  BELR  P H OTO N S  TO  

H E  AC C R E T I O N  DISC  R A D I AT I O N  

t is thought that optical passband fluxes of quasars are mainly
enerated in tiny accretion discs around central supermassive black
oles (e.g. Shakura & Sunyaev 1973 ). For a non-lensed quasar, the
ccretion-disc flux observed at time t in a given passband can be
ssumed to consist of two components: a slo wly v arying component
 0 ( t ) and a small contribution that varies more rapidly ϕ( t ). Thus, 

 disc ( t) = f 0 ( t) + ϕ( t) = f 0 ( t)[ 1 + δ( t)] , (A1) 

ith δ( t ) = ϕ( t )/ f 0 ( t ) and | δ| < <1. 
In a given passband, in addition to the nuclear continuum emission

thermal radiation from the accretion disc), it is expected to detect
 diffuse continuum emission (scattered and thermal radiation from
he BELR; e.g. Korista & Goad 2001 ), a pseudo-continuum emission
heavily blended weak iron lines produced in the BELR; e.g. Wills,
etzer & Wills 1985 ; Maoz et al. 1993 ), and some contribution from
 broad-line within the spectral co v erage of the passband. In brief,
NRAS 530, 2273–2281 (2024) 
ccretion-disc photons would be mixed with photons coming from
he BELR. If T is the a verage light-tra vel time (in the observer frame)
etween the nuclear source and the BELR clouds, and η < <1 is the
ELR-to-nuclear emission ratio, then 

 BELR ( t) = η[ f 0 ( t − T ) + ϕ �T ( t − T )] = ηf 0 ( t − T )(1 + δ∗) . 

(A2) 

ere, the rapidly varying component is smoothed out o v er a time-
cale � T ∼ 2 T representing the light-crossing time of the BELR, and
∗ = ϕ � T ( t − T )/ f 0 ( t − T ). 

In the presence of a lensing galaxy, the observer sees two different
mages, A and B, of the background quasar. If we consider an individ-
al image, e.g. B, in general, the flux f disc in equation ( A1 ) is affected
y the macrolens magnification M B , a microlens magnification μB ,
nd a dust extinction εB , and additionally, the corresponding photons
rrive at the observer delayed by a time τB with respect to their travel
ime in the absence of a gravitational deflector. Assuming that the
xtended (BELR) source is not suffering appreciable microlensing
ffects and renaming t + τB as t , the flux of the B image is given by 

 B ( t) = M B [ μB εB f 0 ( t)(1 + δ) + ε∗
B ηf 0 ( t − T )(1 + δ∗)] 

= M B μB εB f 0 [ 1 + δ + αB (1 + δ∗)] , (A3) 

here ε∗ represents the dust extinction of the extended source and
= ( ε∗/ ε)( η/ μ)[ f 0 ( t − T )/ f 0 ( t )] ≈ ( ε∗/ ε)( η/ μ), since the variability

ime-scale of f 0 is much longer than T . Although we have simplified
otation in the final expression of F B ( t ) in equation ( A3 ), the
arameters f 0 , μB , δ, δ∗, and αB are functions of time. Taking into
ccount the time delay � t between A and B, the flux of A at the same
mission time is 

 A ( t − �t) = M A μA εA f 0 [ 1 + δ + αA (1 + δ∗)] . (A4) 

rom equations ( A3 ) and ( A4 ), the optical-passband flux ratio can
e written as 

 opt = F B ( t ) /F A ( t − �t ) =  AB C, (A5) 

here 

 AB = 

M B μB εB (1 + αB ) 

M A μA εA (1 + αA ) 
(A6) 

nd 

 = 

1 + ( δ + αB δ
∗) / (1 + αB ) 

1 + ( δ + αA δ∗) / (1 + αA ) 
. (A7) 

ssuming that | δ| , | δ∗| , | α| < <1, and expanding C up to second
rder: C ≈ 1 + ( δ − δ∗)( αA − αB ), the flux ratio is approximated as 

 opt ≈  AB [ 1 + ( δ − δ∗)( αA − αB )] . (A8) 

aking the logarithm on both sides of equation ( A8 ), multiplying by
2.5, and assuming the presence of long time-scale microlensing

vents, the short time-scale residual signal is 

m AB = m B ( t) − m A ( t − �t) − dm AB 

≈ −1 . 086( δ − δ∗)( αA − αB ) , (A9) 

ith dm AB = −2.5log  AB . This residual signal is related to the short
ime-scale intrinsic variability. 

It is reasonable to assume that the rapidly varying component ϕ 

as larger amplitudes than its smoothed version in equation ( A2 ),
nd neglecting the contribution of ϕ � T (i.e. δ∗ ≈ 0) to facilitate the
iscussion in Section 4 , 

m AB ≈ −1 . 086 δ( αA − αB ) . (A10) 
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Figure B1. LT spectra of the two quasar images in the transmission window 

of the g band. Dashed lines describe the response curve of the LT g -Sloan 
filter. Each spectrum is roughly modelled as a sum of three contributions: 
power-law continuum, iron pseudo-continuum, and C III ] emission line (see 
main text). 

Figure B2. LT spectra of the two quasar images in the transmission window 

of the r band. Dashed lines describe the response curve of the LT r -Sloan 
filter. Each spectrum is roughly modelled as a sum of three contributions: 
power-law continuum, Fe II pseudo-continuum, and Mg II emission line (see 
main text). 
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he flux of the B image (see equation ( A3 ) for δ ≈ 0) can be
ewritten as F B = F B0 [ 1 + δ/ (1 + αB )] , where F B0 = M B μB εB (1 +
B ) f 0 . This leads to F B / F B0 ≈ 1 + δ, and δ = ( f disc − f 0 )/ f 0 ≈ ( F B −
 B0 )/ F B0 ≈ −0.921( m B − m B0 ) = −0.921 � m B . The solution for the

esidues is then 

m AB ≈ �m B ( αA − αB ) . (A11) 

he residues � m AB are directly correlated with the magnitude 
uctuations in both images (with respect to slow components m A0 

nd m B0 ), and the parameter of interest is 

≈ αA − αB ≈ η

(
ε∗

A 

μA εA 
− ε∗

B 

μB εB 

)
. (A12) 

PPENDIX  B:  O P T I C A L  SPECTRA  A N D  SLOA N  

A SSBANDS  

e selected spectroscopic observations taken with the LT on 2015 
o v ember 19 (image A) and 2017 January 17 (image B) for further

nalysis. They are separated by the time delay of the system (same
mission time), correspond to central dates in our LT monitoring 
ampaign, and were presented in fig. 7 of Gil-Merino et al. ( 2018 )
see also Fian et al. 2023b ).The LT spectra co v ering the g -band
ransmission window are shown in Fig. B1 . This Fig. B1 also
ncludes simple data decompositions into three components (ignoring 
ome minor emission lines and absorption features), which are 
nough for our purpose. Each decomposition (model) consists of 
 power-law continuum, an iron pseudo-continuum (iron forest), 
nd a Gaussian component around the vertical dotted line (C III ]
mission). The power-law continuum was determined from data in 
wo spectral windows that barely contain iron emission (shaded bars; 
.g. Kuraszkiewicz et al. 2002 ), while we used the Vestergaard &
ilkes ( 2001 ) template to estimate the iron pseudo-continuum. To 

ccount for instrumental and Doppler broadenings, this template 
as convolved with a Gaussian function. The LT spectra covering 

he r -band transmission window are also shown in Fig. B2 , where
ata decompositions into three components were made in a similar 
ay to those in Fig. B1 . The ‘pure’ continuum windows are shaded

e.g. Kuraszkiewicz et al. 2002 ), the Fe II pseudo-continuum of each
uasar image is based on the Tsuzuki et al. ( 2006 ) template, and the
aussian components around the vertical dotted lines represent the 
g II emission. 
Using the response curve and models in Fig. B1 , we obtained

ines(Fe + C III ])-to-total flux ratios of 4.7 per cent (A) and
.8 per cent (B) in the g band. From the response curve and models
n Fig. B2 , the lines(Fe II + Mg II )-to-continuum flux ratios in the r
and are about twice those in the g band, i.e. 8.7 per cent (A) and
.6 per cent (B). 
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