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Abstract

As there is a long-standing controversy over the time delay between the two images of the gravitationally lensed quasar FBQ 0951+2635, we combined early and new optical light curves to robustly measure a delay of 13.5 ± 1.6 d (1σ interval). The new optical records covering the last 17 yr were also used to trace the long-timescale evolution of the microlensing variability. Additionally, the new time-delay interval and a relatively rich set of further observational constraints allowed us to discuss the mass structure of the main lensing galaxy at a redshift of 0.26. This lens system is of particular interest because the external shear from secondary gravitational deflectors is relatively low, but the external convergence is one of the highest known. When modelling the galaxy as a singular power-law ellipsoid without hypotheses or priors on the power-law index, ellipticity, and position angle, we demonstrated that its mass profile is close to isothermal, and there is a good agreement between the shape of the mass distribution and that of the near-IR light. We also recovered the true mass scale of the galaxy. Finally, a constant mass-to-light ratio model also worked acceptably well.
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1. Introduction
Strong gravitational lensing at the galaxy scale is a key tool for investigating the structure of non-local early-type galaxies (e.g., Koopmans et al. 2006; Shajib et al. 2024). When the lensed source is a quasar, the mass distribution of the main lensing galaxy can be probed with a suitable number of observational constraints. Although deep photometric observations with the Hubble Space Telescope (HST) or ground-based facilities incorporating adaptive optics provide images of the quasar host galaxy (e.g., Wong et al. 2020), the basic constraints consist of the positions of the quasar images and the light distribution of the main lens. In addition to these basic astro-photometric data, deep spatially resolved spectroscopy of the system is required to estimate unbiased macro-magnification ratios, that is, the flux ratios between quasar images that are not affected by extinction, microlensing, and intrinsic variability effects (e.g., Sluse et al. 2012b; Goicoechea & Shalyapin 2016). Radio fluxes, if available, are expected to be not affected by microlensing (large source) and dust extinction (long wavelength), and radio flux ratios at a single epoch are therefore good proxies of the macro-magnification ratios for a lensed quasar with short delays between images. Sometimes, a smoothly distributed lensing mass fails to reproduce the measured macro-magnification ratios of a lensed quasar, and these flux ratio anomalies may be caused by the galaxy substructures (millilensing; e.g., Metcalf & Madau 2001). Millilensing effects would be different for broad emission lines, radio fluxes, and narrow emission lines because they depend on the source size (e.g., Moustakas & Metcalf 2003).
According to Refsdal’s 60-year old ideas (Refsdal 1964), the time delays between quasar images from photometric monitoring campaigns can also be used to constrain the mass distribution of the main lens when the spectroscopic redshifts of the source and main lens are known and the main cosmological parameters are derived from independent experiments (e.g., Hinshaw et al. 2009; Planck Collaboration VI 2020). Additionally, information about the stellar kinematics of the main lens, or about the secondary deflectors around the main one and along the line of sight, is required to reliably probe the mass distribution of the main lensing galaxy (e.g., Falco et al. 1985; Suyu et al. 2010). This last information is currently only available for a relatively small number of lensed quasars with detailed studies on the stellar kinematics of their main lenses (e.g., Birrer et al. 2020; Shajib et al. 2023), or on the main lens environments and line-of-sight deflectors (e.g., Rusu et al. 2017; Wilson et al. 2017).
FBQ 0951+2635 is a doubly imaged quasar that was discovered by Schechter et al. (1998). This lensed quasar is located at a redshift zs = 1.249 (Momcheva et al. 2015), and the main lens is an early-type galaxy at zl = 0.260 (Eigenbrod et al. 2007). It is a particularly interesting lens system for several reasons. First, even though near-IR HST imaging of FBQ 0951+2635 (Kochanek et al. 2000) led to two formally precise solutions for the relative astrometry of the system and the morphology of the early-type galaxy (Jakobsson et al. 2005; Sluse et al. 2012a), these solutions are not consistent with each other. Thus, we aim to study how the two astro-photometric datasets influence the reconstruction of the lensing mass. Although the near-IR morphology of the galaxy basically consists of a prominent elliptical halo, Rivera et al. (2023) very recently suggested the existence of an additional feature: a faint edge-on disc. In this paper, we do not consider the minor features that require confirmation through new observations. Second, there are spectroscopic observations with large optical telescopes in very good seeing conditions and radio fluxes at 3.6 cm from the Very Large Array (VLA) that can be used to obtain a reliable constraint on the macro-magnification ratio (e.g., Jakobsson et al. 2005; Sluse et al. 2012b). Third, Wilson et al. (2017) quantified the gravitational-lensing effect of galaxy groups at the main lens redshift and along the line of sight.
We also used the time delay between the two quasar images as an important constraint on the mass distribution of the non-local early-type galaxy. However, current values of the time delay of FBQ 0951+2635 are not trustworthy. Optical light curves in the period 1999–2001 were initially analysed by Jakobsson et al. (2005), who obtained a time delay of 16 ± 2 d (the brightest image is leading) using the last 38 data points. Although these last data seem to be weakly affected by extrinsic (microlensing) variability, an iterative fit yielded a time delay of 13 ± 4 d using all (58) data points, that is, having twice the uncertainty and a significantly shorter central value. From the same dataset, Eulaers & Magain (2011) found that different time-delay values in the 10–30 d interval are possible, whereas Rathna Kumar et al. (2015) measured a time delay of 7.8 ± 14.0 d. The obvious conclusion is that additional data are required to reliably measure the time delay of the system.
The paper is organized as follows. In Sect. 2, we analyse optical light curves of FBQ 0951+2635 spanning 25 yr (1999–2024) to determine a reliable time delay between the two quasar images and identify the long-term microlensing signal. Sect. 3 includes the observational constraints for the lens system, as well as the method we used to probe the mass distribution of the main lensing galaxy and the results on its structure. In Sect. 4, we present our main conclusions.
2. Optical light curves and time delay
2.1. Light curves
The first optical monitoring campaigns of FBQ 0951+2635 focused on the R passband. Thus, based on observations with the Nordic Optical Telescope (NOT) at 58 epochs (nights), Jakobsson et al. (2005) and Paraficz et al. (2006) presented R-band light curves of the two quasar images (A and B) from 1999 to 2001. A monitoring programme with the main Maidanak Telescope (MT) in the period 2001–2006 also led to R-band light curves at 37 epochs (Shalyapin et al. 2009).
After the pioneering variability records from NOT and MT observations, we monitored FBQ 0951+2635 as part of the Gravitational LENses and DArk MAtter (GLENDAMA) project (Gil-Merino et al. 2018) with the Liverpool Telescope (LT) in the optical r band from 2009 to 2024. Over the full monitoring period, r-band magnitudes at 142 epochs were obtained (the photometric model and initial LT light curves were presented by Gil-Merino et al. 2018). We then combined the LT magnitudes and those obtained with the Kaj Strand Telescope (KST) during 2008–2017 (Rivera et al. 2023), removed two KST epochs at MJD = 54883 and 57866 with possible outliers, corrected for small magnitude offsets between the Tek2k and OneChip cameras in the KST (image A and B offsets of −0.001 and +0.005 mag for OneChip respect to Tek2k), and shifted the KST magnitudes to the LT system (+16.879 and +16.809 mag for A and B, respectively). We point out that magnitude offsets are estimated in a standard way by comparing concurrent data from two different cameras or telescopes. In addition, photometric errors rely on the intra-night magnitude scatter drawn from the analysis of two or three individual frames each night. Possible outliers were also removed as they might affect the time-delay measurements.
To improve the sampling over the period 2008–2024, we added several r-band magnitudes (LT photometric system) from data release 1 of the Panoramic Survey Telescope and Rapid Response System1 (Pan-STARRS or PS; Flewelling et al. 2020), and data release 2 of the Dark Energy Survey2 (DES; Abbott et al. 2021). The new 17 yr brightness records including magnitudes at 213 epochs are available in Table 1 at the CDS (see Sect. “Data availability”). These LT-KST-PS-DES (GLENDAMA+) light curves are also displayed in Figure 1.
	[image: thumbnail]	Fig. 1. GLENDAMA+ light curves of FBQ 0951+2635. These new variability records mainly consist of photometric data from the LT (circles) and KST (squares), but also incorporate information provided by the PS (inverted triangles) and DES (triangles) databases. See main text for details.



2.2. Time-delay measurement
The R-band NOT light curves did not permit us to measure a time delay between A and B with a precision of ∼10%. The analysis of Jakobsson et al. (2005) suggested a delay interval of 10–20 d (depending on the technique, the smoothing, and the data points used), and subsequent studies indicated delay intervals of 10–30 d (Eulaers & Magain 2011) and even included negative values, that is, image B leads image A (Rathna Kumar et al. 2015). Hence, additional light curves are required to address time delay measurements to ∼10%, and we considered the NOT dataset along with the GLENDAMA+ data. There is clear evidence for intrinsic variations in the 2008–2024 period because the brightness changes of A and B are significantly greater than the photometric uncertainties, and additionally, A and B show an almost parallel behaviour (see Figure 1).
Because the optical light curves of FBQ 0951+2635 are affected by a long-timescale microlensing episode (e.g., Shalyapin et al. 2009; Rivera et al. 2023), we measured the time delay using cross-correlation techniques that account for extrinsic variability. We developed easy-to-use Python scripts to estimate the time delay of a doubly-imaged quasar with two different methods incorporating polynomial microlensing variability. These scripts are publicly available at GitHub3 and briefly described in Appendix A. The first method we used is the most sophisticated variant of the dispersion technique (D42; Pelt et al. 1996), which relied on a weighting scheme for the squared differences between the B image data and shifted A image data, where the A image data were shifted by a time lag τ and a microlensing polynomial of degree Nml. Our Gaussian weighting scheme is characterised by a parameter β and is outlined in Appendix A. After we set values for Nml and β, the dispersion spectrum D42 was computed as the weighted sum of the squared differences for time lags within a reasonable interval. To build this spectrum, we previously solved the microlensing polynomial coefficients that minimise it for each τ value. The time delay was assumed to be the time lag that minimises the dispersion spectrum.
Considering polynomials of different degrees and several values of the parameter β, we verified that the minimum dispersions decreased when the polynomial degree was progressively increased up to Nml = 5, while a polynomial of degree Nml = 6 did not produce substantial decreases in the minimum dispersions. For Nml = 5 and a broad range of β values (3 < β < 30 d), we found stable minima in the D42 spectra covering the time lag interval [−50, +50] d. Some of these spectra with minima at 13–15 d are shown in the top panel of Figure 2.
	[image: thumbnail]	Fig. 2. Time-delay estimation from the dispersion technique. The dispersion spectra D42 are based on a Gaussian weighting function whose width is described by the parameter β, as well as a fifth-degree microlensing polynomial (Nml = 5; see main text). Top panel: D42 spectra using the NOT light curves plus the new GLENDAMA+ brightness records and five values of β. These spectra have minima at time lags τ = 13–15 d. Bottom panel: 1σ confidence intervals for the time delay using 1000 synthetic light curves of each image and a large set of β values. A combined measurement from the six delay intervals for β = 4–9 d is highlighted with a light grey rectangle encompassing the individual measurements.



To quantify the delay uncertainties, we generated 1000 synthetic light curves of each image based on the observed records (e.g., Shalyapin & Goicoechea 2017). More precisely, we made 1000 repetitions of the experiment (synthetic curves for A and B) by adding random quantities to the measured magnitudes. These random quantities were realisations of normal distributions around zero, with standard deviations equal to the measured errors. We did not exactly repeat the original experiment, but rather a worsened experiment with errors greater than those observed, that is, the simulated magnitudes were not derived through a reconstruction of the underlying signal, but from the observed signal. Our simulation scheme is thus conservative regarding the size of error bars (about 20% larger than the measured errors), with the caveat that only uncorrelated noise was added. We obtained distributions of time lags and polynomial coefficients that minimised the D42 spectra from the simulated records. We then searched for minima within the interval [−30, +30] d to speed up the numerical calculations involving thousands of dispersion spectra. However, for certain β values, we checked that the results using this narrower range of time lags are basically identical to those using the interval [−50, +50] d.
For β = 3 d, local minima in D42 play a role, while for β > 10 d, the dispersion minima are shallow and the delay uncertainties are relatively large. For β = 4–9 d, the time-delay values are around 13–14 d with 1σ errors smaller than 2 d (see the bottom panel of Figure 2). We then combined (averaged) these six precise delay measurements to obtain the 1σ confidence interval 13.5 ± 1.6 d (light grey rectangle). The central values of the individual delays were averaged to find the mean value, and the uncertainty was computed as the square root of the sum of the squares of two contributions: the standard error of the mean value, and the average of individual delay errors.
The time delay of FBQ 0951+2635 was also measured from a variant of the χ2 technique. The A image data were shifted by a time lag τ and a fifth-degree microlensing polynomial (Nml = 5), and they were then compared with B image data binned around the time-shifted dates of A. The bins with a semi-size α were constructed through a linear weighting function, and for a given value of α, we used a reduced chi-square (χr2) minimisation to estimate the polynomial coefficients and time lag that caused the shifted light curve of A and the binned brightness record of B to match (see details in Appendix A). We remark that a polynomial with Nml< 5 leads to relatively high minimum χr2 values, and the minimum χr2 values for Nml = 5 are barely modified for Nml = 6. Thus, the choice Nml = 5 is justified for the χr2 method. The PyCS3 software4 (e.g., Tewes et al. 2013; Millon et al. 2020a) includes another variant of the χ2 technique for estimating the time delays between images of gravitationally lensed quasars. However, the intrinsic variability is modelled as a free-knot spline, and we therefore adopted a simpler scheme to avoid fitting a complex intrinsic signal.
For 3 < α< 30 d, the 1000 simulated light curves of each quasar image (see above) allowed us to calculate 1σ confidence intervals for the time delay (see Figure 3). We searched again for minima within the interval [−30, +30] d, but checked the absence of border biases by using a second more extended interval [−50, +50] d for several α values. Excessively low or high values of α (or β for the minimum dispersion method; see above) are not suitable for time-delay estimates. For α≥ 12 d, the χr2 minima are affected by systematics (sudden drops in χr2 at certain time lags) or are shallow. The mentioned systematics cause the anomalous delay-α relation for α = 12–16 d (see the black outlined rectangle in Figure 3). This anomaly consists of a set of formally ultra-precise delays around 14 d that are not consistent with each other. For α = 5–11 d, the delay estimates are consistent with the results from the dispersion technique, and the two most precise measurements (for α = 5 and 11 d) agree very well with the dispersion-based delay of 13.5 ± 1.6 d. We also note that the minima in χr2 for α = 5 and 11 d are derived from ∼140 and ∼190 AB data pairs, respectively, so there is a significant overlap between the records of A and B.
	[image: thumbnail]	Fig. 3. Time-delay estimation from the χr2 technique and 1000 synthetic light curves of each quasar image. To match the light curves of the two images, a fifth-degree microlensing polynomial and binned light curves of B were considered, where bins of the B image have a semi-size α. The error bars represent 1σ confidence intervals for the time delay, and the black outlined rectangle contains five anomalous measurements (see main text).



2.3. Long-term microlensing
To trace the long-timescale extrinsic (microlensing) signal in the red optical passbands, we built the difference light curve (DLC) from 1999 to 2024 (see Figure 4). This historical DLC relies on the R-band NOT-MT light curves and the GLENDAMA+ records in Figure 1, and it consists of the differences between the image B magnitudes at original epochs and the image A magnitudes shifted by the time delay Δt = 13.5 d, that is, mB(t)−mA(t − Δt). The differences were determined by linear interpolation of the time-shifted record of A. Figure 4 also displays dispersion-based solutions of the fifth-degree microlensing polynomial (thick solid line), which result from 1σ confidence intervals of the polynomial coefficients for 3 < β< 30 d. Although these solutions were obtained using only NOT and GLENDAMA+ data (filled circles), they predict the DLC shape at intermediate epochs reasonably well (open circles; however, as expected, the solutions do not account for the bump around day 53 000 reported by Shalyapin et al. 2009). The DLC has evolved from an initial value close to 1 mag at the end of the last century to 1.4–1.5 mag in the current decade. Hence, some recent DLC values are roughly consistent with the B/A flux ratio from radio observations and emission lines (see Sect. 3.1).
	[image: thumbnail]	Fig. 4. New 25 yr DLC of FBQ 0951+2635 in the red optical passbands from NOT-MT and GLENDAMA+ data. We also show solutions of the fifth-degree microlensing polynomial (thick solid line; see main text for details). For comparison purposes, we include the magnitude differences from VLA data (horizontal dash-dotted line; Jakobsson et al. 2005) and emission lines (horizontal dashed line; see Sect. 3.1). The striped rectangles represent the uncertainties in these two differences.



3. Observational constraints and structure of the main lensing galaxy
3.1. Observational constraints
We focused on the double quasar FBQ 0951+2635 and present details on its observational constraints that we summarise in Table 2. The spectroscopic redshifts of the source and the main lensing galaxy G are cited in Sect. 1. Jakobsson et al. (2005) and Sluse et al. (2012a) also used near-IR HST imaging (Kochanek et al. 2000) to determine the relative astrometry of the system and the morphology of the early-type galaxy G, whose brightness profile was modelled by a De Vaucouleurs law. However, the two independent analyses of the same data yielded two astro-photometric solutions (APS 1 and APS 2) that differ in image separation, that is, the angular distance between A and B, and the galaxy morphological parameters (see Table 2). Additionally, the discovery paper (Schechter et al. 1998) reported VLA radio fluxes of both quasar images, which led to a radio flux ratio B/A = 0.21 ± 0.03 (mB − mA = 1.69 ± 0.16 mag) at 8.4 GHz (Jakobsson et al. 2005).
Table 2. 
Summary of the observational constraints of FBQ 0951+2635.

Using optical spectra of FBQ 0951+2635 from the Keck II Telescope (Schechter et al. 1998), the Very Large Telescope (Eigenbrod et al. 2007), and the William Herschel Telescope (Fian et al. 2021), we also estimated the flux ratio B/A for the cores of the C IV, C III], and Mg II emission lines. The six B/A values range bewteen 0.20 and 0.26, and a basic statistics of these six estimates (mean = 0.24 and standard deviation = 0.02, or equivalently, mB − mA = 1.55 ± 0.09 mag) agrees well with the radio flux ratio (see above) and the macro-magnification ratio M in Table 4 of Sluse et al. (2012b). We then adopted the constraint of Sluse et al. on M. In addition to the spectroscopic test of the macro-magnification ratio, we present a time-delay measurement to ∼10% by combining early optical light curves and those through observations made over the last 17 yr (see Sect. 2.2). In the near future, better photometric data in more densely sampled light curves might lead to a delay error smaller than 1.5 d. However, taking a possible microlensing-induced scatter of ∼1 d into account (e.g., Tie & Kochanek 2018), this perspective may be excessively optimistic.
The time delay between the two images of a double quasar is basically given by the product of the time-delay distance and the Fermat potential variation between the two images (e.g., Treu & Marshall 2016; Suyu et al. 2018). The Fermat potential variation relies upon the lensing mass distribution. In addition, the time-delay distance depends on zs and zl, and it is inversely proportional to H0, with other cosmological parameters playing a lesser role. For consistency with current constraints on secondary deflectors (see below), we adopted a flat ΛCDM cosmology with H0 = 71 km s−1 Mpc−1, ΩM = 0.274, and ΩΛ = 0.726 (Hinshaw et al. 2009; Komatsu et al. 2009). Using these cosmological parameters, Wilson et al. (2017) focused on determining the gravitational lensing effect of galaxy groups for FBQ 0951+2635, that is, the group to which G belongs (environment of G) and additional line-of-sight groups. They did not explore the minor influence of isolated galaxies on the lensing potential, and they estimated the typical values of the external convergence (κext), external shear strength (γext), and position angle of the external shear (θγext) that are shown in Table 2.
3.2. Method for reconstructing the mass distribution of the main deflector
The lensing mass distribution was initially modelled using two standard components: a singular power-law ellipsoid (SPLE) to describe the main lensing galaxy G, and an external shear caused by the additional mass intervening (e.g., Suyu et al. 2013; Shajib et al. 2019). Although an SPLE is often characterised by its logarithmic mass-density slope γ, we used the power-law index αpl (αpl = 3 − γ) to avoid any confusion with the shear and to be consistent with the notation in the model catalogue of the GRAVLENS/LENSMODEL software (Keeton 2001, 2002). Although neither the light nor the dark matter distribution in galaxies follow a power-law radial profile, the combined (total) density profile of G is expected to be close to isothermal (SPLE with αpl∼ 1; e.g., Koopmans et al. 2006; Capellari et al. 2015; Wang et al. 2020; Sheu et al. 2024). It is also noteworthy that the quasi-isothermal combined model leads to similar results as a model that treats light and dark matter individually (e.g., Suyu et al. 2014; Millon et al. 2020b). For comparison purposes, we also considered a constant mass-to-light ratio model of G, that is, a De Vaucouleurs (DV) surface mass density instead of that for a SPLE.
In addition to the power-law index, the parameters of the SPLE model were the 2D position (x0, y0), the mass scale5b, the ellipticity e, and the position angle θe. The external shear is also described by two parameters: the strength γext, and the position angle θγext, whereas it is not necessary to explicitly incorporate the external convergence into the lensing mass model. However, if κext ≠ 0, some model parameters must be appropriately reinterpreted (e.g., Falco et al. 1985; Grogin & Narayan 1996). We mean b ↦ b* = b/(1 − κext)1/(2 − αpl) and [image: equation], as well as H0 ↦ H0* = H0/(1 − κext) (e.g., Fadely et al. 2010). For example, for this system with such high external convergence (see Table 2), the use of H0* (instead of H0) plays a critical role when the time delay is considered as a constraint on the mass distribution.
Setting the values of zs, zl, [image: equation], θγext, H0*, ΩM, and ΩΛ, and taking 1σ confidence intervals for the positions of A, B and G, the macro-magnification, and the time delay (see Sect. 3.1), the GRAVLENS/LENSMODEL software allowed us to fit the six parameters of the SPLE model (see above). Because we considered two astro-photometric solutions (APS 1 and APS 2), we obtained two different reconstructions of the SPLE mass distribution. We note again that we fit the effective mass scale b* in our model, so that the true mass scale was derived from the product of b*, and a scale factor depending on the parameters κext and αpl. In the least-squares fitting of the SPLE, the number of degrees of freedom (d.o.f.) was zero. Additionally, the constant mass-to-light ratio model (DV model) of G also contained six parameters: x0, y0, b*, e, θe, and the effective radius R. However, in this scenario, since light traces mass, we constrained the morphology of the DV mass ellipsoid from the 1σ confidence intervals of eG, θeG, and RG in Table 2. Thus, as a result of adding three more constraints, d.o.f. = 3.
3.3. Results
With the SPLE mass model and astrometric constraints in APS 1, the 1σ intervals of the power-law index, the true mass scale, the ellipticity, and the position angle are αpl = 0.822 ± 0.147, b (″) = 0.585 ± 0.073, e = 0.412 ± 0.155, and θe (°) = 13.0 ± 6.6. These results are very similar to those obtained with astrometric constraints in APS 2: αpl = 0.825 ± 0.146, b (″) = 0.577 ± 0.064, e = 0.394 ± 0.147, and θe (°) = 12.2 ± 6.9. In both cases, we obtain best fits with χ2 ∼ 10−5 (d.o.f. = 0). Figure 5 also depicts χ2–αpl, χ2–b, χ2–e, and χ2–θe relations from the two astrometric datasets. As expected, there is only a small deviation from isothermality (αpl = 1; see Sect. 3.2). Additionally, light and mass are closely aligned, since the mass ellipticity and its orientation agree reasonably well with their near-IR counterparts.
	[image: thumbnail]	Fig. 5. SPLE parameters for the galaxy acting as main gravitational deflector to FBQ 0951+2635. The lines in green and red result from the astrometric constraints in APS 1 (see Table 2; Jakobsson et al. 2005) and APS 2 (see Table 2; Sluse et al. 2012a), respectively. Top left panel: Power-law index. Top right panel: True mass scale. Bottom left panel: Ellipticity of the mass distribution. Bottom right panel: Position angle of the mass distribution. Our solutions for e and θe are also compared with the observed (near-IR) morphology of the galaxy. The light green and light salmon rectangles represent 1σ intervals in APS 1 and APS 2, respectively.



We showed that the SPLE-based reconstruction of the galaxy mass is very weakly affected by the difference between the image separation in APS 1 and APS 2. Moreover, despite discrepancies between the galaxy shape in these two datasets (∼6σ in eG and ∼3σ in θeG), when the formal errors are taken into account, the (eG, θeG) measurements are consistent with the (e, θe) solutions from the SPLE mass model (see Figure 5). Our lensing mass modelling focuses on the use of a Hubble constant that corresponds to an average of the main measurements from different experiments (H0 = 71 km s−1 Mpc−1; e.g., Di Valentino et al. 2021) and typical values of the constraints on secondary deflectors for this concordance H0. Therefore, when the current uncertainties in H0 and in the effects by secondary deflectors are taken into account, the error bars of αpl, b, e, and θe increase. As an example, a reasonable H0 interval of 68 to 74 km s−1 Mpc−1 (e.g., Di Valentino et al. 2021) increases the uncertainties in αpl by about 6.5%. These enlargements are similar to those associated with the errors in κext and γext (the error in θγext is not mentioned; Wilson et al. 2017), and they are clearly below the 18% uncertainties estimated for αpl.
We also considered the DV mass model and all (astrometric and morphological) constraints in APS 1 and APS 2. Interestingly, the DV mass distribution is reasonably consistent with the constraints in APS 2 (χ2∼ 3.7), suggesting that a constant mass-to-light ratio galaxy cannot be ruled out (see also Magain & Chantry 2013). The best-fit solution includes a true mass scale of 1[image: equation]12 and reproduces the morphological measurements of Sluse et al. well (e = 0.45, θe = 13.0°, and R = 0[image: equation]78). However, using APS 1, we did not achieve a good solution for the lensing mass because χ2∼ 175 is much higher than the d.o.f. = 3 (see the end of Sect. 3.2). This high χ2 value is largely due to the morphological constraints in APS 1, and the main difference between the two light distributions of G lies in the effective radius: RG in APS 2 is larger by one order of magnitude than RG in APS 1.
To decide whether light is an acceptable tracer of the mass in the galaxy at a redshift of 0.26, we reanalysed the HST archival data of FBQ 0951+2635 with special attention to the value of the effective radius. The central idea was to repeat the evaluation of Jakobsson et al. of RG. These authors used a technique that was less refined than that of the COSmological MOnitoring of GRAvItational Lenses project (Sluse et al. 2012a). More specifically, we took the NICMOS drizzled frame in the H band and used the A image as an empirical point spread function (as in Jakobsson et al.), and then applied the IMFITFITS software (McLeod et al. 1998) by setting the positions of A and B at the values cited by Jakobsson et al. (2005). For a DV brightness profile, our approach yields an effective radius that is significantly larger than that estimated by Jakobsson et al. and is closer to the measurement of Sluse at al.. Jakobsson et al. most likely underestimated the effective radius, while the solution of Sluse et al. for RG relies on an iterative MCS deconvolution algorithm (Chantry & Magain 2007) and seems much more reliable. Hence, we cannot rule out a constant mass-to-light ratio DV model.
4. Conclusions
Prior to this work, optical, near-IR and radio observations towards the doubly imaged quasar FBQ 0951+2635 have provided a rich set of constraints for the gravitational lens system. However, unfortunately, early optical monitoring in the period 1999–2001 did not lead to a reliable time delay between the two quasar images (e.g., Jakobsson et al. 2005; Eulaers & Magain 2011; Rathna Kumar et al. 2015), which is a key constraint to blindly reconstruct the mass structure of the main lensing galaxy G, that is, its mass scale and morphology, or to be used for time-delay cosmography (e.g., Birrer et al. 2024). We focused on a robust determination of the time delay and discussed the structure of the non-local early-type galaxy G (e.g., Kochanek et al. 2000; Eigenbrod et al. 2007).
We considered new optical light curves in the period 2008–2024, including significant intrinsic fluctuations and consisting of quasar image magnitudes at 213 epochs. These GLENDAMA+ records were merged together with the early records, and we then used two different cross-correlation techniques to match the light curves of the two images by allowing for a time delay and microlensing polynomial variability. We also presented easy-to-use Python scripts associated with the two techniques and obtained a time delay of 13.5 ± 1.6 d (1σ confidence interval). This measurement is reliable up to ∼10% and resolves the long-standing controversy over the time delay of FBQ 0951+2635. In addition, a fifth-degree microlensing polynomial describes the long-timescale evolution of the difference light curve well. We also note that the current optical-passband flux ratio is close to the macro-magnification ratio.
Most previous reconstructions of the mass of G from a SPLE model were based on the assumption of isothermality (αpl = 1) and on priors on e and θe from the observed light structure (e.g., Sluse et al. 2012a). However, it is possible to blindly fit the parameters of the mass structure of G by knowing 1σ intervals for the positions of the quasar images and G, the macro-magnification ratio, and the time delay, along with typical values of the source and lens redshifts, the convergence and shear due to secondary gravitational deflectors, and the main cosmological parameters. For a SPLE mass model, hypotheses or priors on αpl, e and θe are not required. Additionally, the effective mass scale arising from the SPLE model fitting can be converted into a true mass scale of G. Thus, the constraints in Table 2 lead to SPLE mass solutions whose deviation from isothermality is consistent with studies of lensing galaxies selected from the SLACS Survey (Koopmans et al. 2006; Barnabè et al. 2009; Koopmans et al. 2009). As expected, the shapes of the mass and near-infrared light distributions of G also agree well (e.g., Koopmans et al. 2006). We also note that a DV mass model (constant mass-to-light ratio galaxy) cannot be ruled out based on the current data.
The observational constraints in Table 2 can be used for a more detailed study of the mass structure of G by considering models of the galaxy other than the SPLE and DV (e.g. Schneider & Sluse 2013; Kochanek 2020). For example, light-based priors on e and θe allow one to study mass models that incorporate two more parameters. New observations of the lens system will also contribute to a better understanding of the galaxy structure and will open the door to the analysis of its mass distribution based on accurate non-parametric reconstructions (e.g., Saha & Williams 1997; Diego et al. 2005). Future observations should include the spatially resolved stellar kinematics of G and a detailed imaging of the lensing galaxy and the lensed host galaxy of the quasar. In particular, new near-IR imaging along with dedicated analysis techniques are expected to definitively resolve the controversy about the light structure of the galaxy (Jakobsson et al. 2005; Sluse et al. 2012a; Rivera et al. 2023).

[bookmark: S11]Data availability
Table 1 is available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/694/A31


1 http://panstarrs.stsci.edu


2 https://www.darkenergysurvey.org


3 https://github.com/glendama/q0951time_delay


4 https://gitlab.com/cosmograil/PyCS3


5 The mass scale is defined in Eq. (26) of Keeton (2002). For a singular isothermal sphere, it equals the Einstein radius.
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Appendix A:  Easy-to-use software for time delay estimation in presence of microlensing
We consider a double quasar with images A and B. The A image magnitudes at observing times ti (i = 1, …, NA) are given by Ai = mA(ti), whereas Bj = mB(tj) at observing times tj (j = 1, …, NB) represent the light curve of B. The A image data are shifted by a time lag τ and a microlensing polynomial of degree Nml, and then compared to the B image data. The microlensing polynomial
[image: thumbnail](A.1)
is characterised by coefficients ak (k = 0, …, Nml), and the central idea is to find the values of (τ, ak) that provide the best match between the shifted light curve of A and the original light curve of B.
To estimate best values of (τ, ak), we minimise two different merit functions: dispersion D42 and reduced chi-square χr2 (see main text and here below). Two main advantages of using a polynomial function to account for the microlensing variability are the possibility to describe a very general behaviour and the linear role of polynomial coefficients in merit functions. Thus, for each value of τ, we can optimise the linear parameters ak analytically, so multivariable merit functions are reduced to 1D spectra depending on the non-linear parameter τ. Minima of these 1D spectra yield estimates of the time delay between A and B. We also note that Python scripts to use both techniques (merit functions) are available at the GitHub repository URL https://github.com/glendama/q0951time_delay, and draw attention to the fact that the so-called polynomial order in the scripts (Nord) equals Nml + 1.
A.1. Minimum dispersion method
The merit function is given by
[image: thumbnail](A.2)
where Wij = 1/(σAi2 + σBj2) are statistical weights computed from photometric errors and Sij = exp[−(ti − tj + τ)2/β2] are weights for time separations. Our time-separation weighting scheme relies on a Gaussian function and a "decorrelation length" β, and it is inspired by Eq. (13) of Pelt et al. (1996).
For each value of τ, the minimisation of the dispersion with respect to the polynomial coefficients, i.e., ∂D42/∂ak = 0, produces the system of linear equations
[image: thumbnail](A.3)
This system of Nml + 1 equations can be solved by standard procedures of linear algebra, yielding a set of optimal microlensing coefficients ak for each time lag and the corresponding dispersion spectrum D42(τ).
A.2. Reduced chi-square minimisation
The merit function has the form
[image: thumbnail](A.4)
where B′i is the B image magnitude binned around ti + τ to build the (Ai, B′i) pair, Npair is the total number of AB′ pairs for the time lag τ (i = 1, …, Npair), and Wi = 1/(σAi2 + σB′i2) is the inverse of the sum of squared uncertainties. To build the bin in B around ti + τ, we use a linear weighting function 1 − |ti − tj + τ|/α for dates tj verifying |ti − tj + τ|≤α.
The minimisation with respect to the microlensing coefficients ak yields the linear system
[image: thumbnail](A.5)
and thus optimal values of ak for each time lag and the 1D spectrum χr2(τ).


All Tables
Table 2. 
Summary of the observational constraints of FBQ 0951+2635.
In the text

All Figures
	[image: thumbnail]	Fig. 1. GLENDAMA+ light curves of FBQ 0951+2635. These new variability records mainly consist of photometric data from the LT (circles) and KST (squares), but also incorporate information provided by the PS (inverted triangles) and DES (triangles) databases. See main text for details.
In the text



	[image: thumbnail]	Fig. 2. Time-delay estimation from the dispersion technique. The dispersion spectra D42 are based on a Gaussian weighting function whose width is described by the parameter β, as well as a fifth-degree microlensing polynomial (Nml = 5; see main text). Top panel: D42 spectra using the NOT light curves plus the new GLENDAMA+ brightness records and five values of β. These spectra have minima at time lags τ = 13–15 d. Bottom panel: 1σ confidence intervals for the time delay using 1000 synthetic light curves of each image and a large set of β values. A combined measurement from the six delay intervals for β = 4–9 d is highlighted with a light grey rectangle encompassing the individual measurements.
In the text



	[image: thumbnail]	Fig. 3. Time-delay estimation from the χr2 technique and 1000 synthetic light curves of each quasar image. To match the light curves of the two images, a fifth-degree microlensing polynomial and binned light curves of B were considered, where bins of the B image have a semi-size α. The error bars represent 1σ confidence intervals for the time delay, and the black outlined rectangle contains five anomalous measurements (see main text).
In the text



	[image: thumbnail]	Fig. 4. New 25 yr DLC of FBQ 0951+2635 in the red optical passbands from NOT-MT and GLENDAMA+ data. We also show solutions of the fifth-degree microlensing polynomial (thick solid line; see main text for details). For comparison purposes, we include the magnitude differences from VLA data (horizontal dash-dotted line; Jakobsson et al. 2005) and emission lines (horizontal dashed line; see Sect. 3.1). The striped rectangles represent the uncertainties in these two differences.
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	[image: thumbnail]	Fig. 5. SPLE parameters for the galaxy acting as main gravitational deflector to FBQ 0951+2635. The lines in green and red result from the astrometric constraints in APS 1 (see Table 2; Jakobsson et al. 2005) and APS 2 (see Table 2; Sluse et al. 2012a), respectively. Top left panel: Power-law index. Top right panel: True mass scale. Bottom left panel: Ellipticity of the mass distribution. Bottom right panel: Position angle of the mass distribution. Our solutions for e and θe are also compared with the observed (near-IR) morphology of the galaxy. The light green and light salmon rectangles represent 1σ intervals in APS 1 and APS 2, respectively.
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        New 25 yr DLC of FBQ 0951+2635 in the red optical passbands from NOT-MT and GLENDAMA+ data. We also show solutions of the fifth-degree microlensing polynomial (thick solid line; see main text for details). For comparison purposes, we include the magnitude differences from VLA data (horizontal dash-dotted line; Jakobsson et al. 2005) and emission lines (horizontal dashed line; see Sect. 3.1). The striped rectangles represent the uncertainties in these two differences.
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	Parameter (units)
	Constraint
	Reference





	zs
	1.249
	1



	zl
	0.260
	2



	APS 1
	
	



	xA (″)
	0.000 ± 0.001
	3



	yA (″)
	0.000 ± 0.001
	3



	xB (″)
	−0.892 ± 0.001
	3



	yB (″)
	−0.628 ± 0.001
	3



	xG (″)
	−0.750 ± 0.002
	3



	yG (″)
	−0.459 ± 0.002
	3



	eG
	0.25 ± 0.04
	3



	θeG (°)
	22 ± 4
	3



	RG (″)
	0.09 ± 0.02
	3



	APS 2
	
	



	xA (″)
	0.0000 ± 0.0001
	4



	yA (″)
	0.0000 ± 0.0001
	4



	xB (″)
	−0.8983 ± 0.0012
	4



	yB (″)
	−0.6336 ± 0.0012
	4



	xG (″)
	−0.7521 ± 0.0028
	4



	yG (″)
	−0.4603 ± 0.0028
	4



	eG
	0.47 ± 0.03
	4



	θeG (°)
	12.8 ± 2.2
	4



	RG (″)
	0.78 ± 0.01
	4



	
	
	



	M
	0.23 ± 0.02
	5



	Δt (d)
	13.5 ± 1.6
	This paper



	κext
	0.23
	6



	γext
	0.04
	6



	θγext (°)
	−44
	6





      

      
Notes. zs and zl are the redshifts of the double quasar (images A and B) and the main lensing galaxy G, respectively. Additionally, regarding the two astro-photometric solutions APS 1 and APS 2, the brightest image A is located at the origin of coordinates, and the positive direction of x is defined by west, while the positive direction of y is defined by north. Some astrometric errors were also made symmetric (σx = σy). The morphology of G (De Vaucouleurs brightness profile) is given by three parameters: the ellipticity (eG), the position angle of the major axis (θeG; it is measured east of north), and the effective radius (RG). We also include the macro-magnification ratio M and time delay Δt with respect to the image A. All astro-photometric, magnification, and delay constraints are 1σ confidence intervals. The last three rows correspond to the external convergence, the external shear strength, and the position angle of the external shear. We also assumed a flat ΛCDM cosmology (see main text). (1) Momcheva et al. (2015); (2) Eigenbrod et al. (2007); (3) Jakobsson et al. (2005); (4) Sluse et al. (2012a); (5) Sluse et al. (2012b); (6) Wilson et al. (2017).
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