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Abstract

Aims We aim to test the possibility of measuring significant and accurate time delays between images of lensed quasars using public photometric surveys. We show the case for the large-separation, quadruply lensed quasi-stellar object (QSO) GraL J1651-0417.

Methods We retrieved publicly available light curves in the g and r bands from the ZTF forced photometry service centred on the four images of the quasar. We estimated the time delays of the flux variations in the different images using the discrete correlation function and bootstrapping methods separately for each band. The delays were independently predicted by fitting two mass lens model (SIS+γ and SPL+γ).

Results The ZTF light curves reveal significant correlations and time delays. In the r band, we measure delays of 579 ± 40 days for A-B, 366 ± 26 days for A-C, and 698 ± 29 days for A-D, which are fully consistent with the predictions from the lens model.
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1. Introduction
The strong gravitational lensing of quasars produces multiple images of the same source, separated by angular scales of the order of arcseconds. Due to the different paths that light takes to reach the observer, a time delay occurs between the formed images. Measurement of these time delays provides an independent method for determining the value of the Hubble constant (H0; Refsdal 1964; Saha et al. 2006; Oguri 2007; Bonvin et al. 2017; Wong et al. 2020; Birrer et al. 2024; TDCOSMO Collaboration 2025), as well as for studying the mass distribution of the lens (Mohammed et al. 2015; Rusin 2000; Vegetti et al. 2024; Shajib et al. 2024).
In this context, quadruple-imaged quasars are especially valuable because four images allow for multiple independent time-delay measurements. This type of system is difficult to find, making each new measure an important contribution to the field. GraL J1651-0417, nicknamed the ‘Dragon Kite’ (see Fig. 1), is a recently discovered quadruple lensed quasar identified by the Gaia Gravitational Lenses (GraL) collaboration (Stern et al. 2021, hereafter, Stern21). It exhibits a maximum image separation of ≃10″ (i.e. that of the pair most widely separated in its sample), with a source redshift of zs ≃ 1.451 and a deflector redshift of zl = 0.591. So far, no precise time-delay values have been published for this system.
	[image: thumbnail]	Fig. 1. Red-green-blue composite image of the Dragon Kite created from Pan-STARRS g, i, and y bands. North is up, and east is to the left.



We present the first estimation of the time delays in the Dragon Kite, based on the Zwicky Transient Facility (ZTF; Bellm et al. 2019; Masci et al. 2019) g- and r-band light curves spanning seven years. Although ZTF light curves are not specifically designed for time-delay measurements, their cadence and temporal coverage allow us to perform such an analysis. Moreover, dedicated monitoring campaigns capable of measuring time delays, particularly those requiring multi-year coverage, are observationally expensive, which makes the use of publicly available ZTF data a valuable and efficient alternative for extending time-delay studies.
In this study we determined the delays between image pairs in the ZTF light curves using the discrete correlation function, and then compared our results with two gravitational lens models. The agreement between our delay estimates and model predictions confirms that our approach is robust. This result demonstrates the potential of large, public photometric surveys to constrain widely separated, and therefore also long-delay, lensed systems.
2. Data and estimation of time delays
The ZTF is a wide-field time-domain survey conducted using the 48-inch Samuel Oschin Telescope to monitor the northern sky in the g, r, and i bands with high cadence (∼3-night cadence; Bellm et al. 2019). Since 2018, ZTF has repeatedly observed millions of variable sources, providing light curves that are publicly available through data releases and a forced photometry service.
We used the forced photometry service to obtain a light curve at the position of each image presented in Stern21. The resulting ZTF magnitudes were calibrated to the Pan-STARRS photometric system by applying colour-term corrections. For image C in the r band, we applied a flux correction ΔF = 0.6 × 10−8 to the forced photometry fluxes before converting to magnitudes to compensate for an incorrectly assigned (nearby brighter) source in the reference image. This source is located to the right of image C in Fig. 1, and the applied correction corresponds to approximately 30% of the measured flux of image C.
2.1. Discrete correlation function and magnitude offset
We used image A as the reference for all time-delay measurements (except for B; see Sect. 2.2). As a first approximation, we computed the discrete correlation function (DCF) described by Edelson & Krolik (1988) between the light curve of image A and each of the other light curves. To determine the range of delays with significant cross-correlations, we followed the procedure described in Arévalo et al. (2008). We created uncorrelated, simulated light curves with the same time sampling as one of the real light curves and calculated the DCF between this simulated light curve and the other, real light curve. The median and 95 and 99 percentiles of the resulting, uncorrelated, DCF values are plotted in the upper panels of Fig. 2 as a function of the time delay, τ, along with the DCF of the real data. We note that for each pair of light curves, there is a peak in the real DCF that surpasses over 99% of the uncorrelated DCFs. We therefore considered only these peaks as regions of significant correlation and continued to constrain its centroid with a bootstrap resampling procedure based on the flux randomization (FR) method of Peterson et al. (1998). We randomly selected 67% of the points in each light curve, calculated the DCF of each pair of real light curves, searched for its maximum value within the grey ranges marked in Fig. 2 (for the r band), and calculated the weighted mean of τ by integrating the DCF peak from its maximum to 50% of this value to either side; we repeated this process 1000 times. The mean and RMS of the resulting centroids are listed in Table 1 and represent the estimated delays and their errors for each pair of images and for each photometric filter. The corresponding DCFs and time lag histograms for the g band are consistent with those of the r band and are shown in Fig. A.1.
	[image: thumbnail]	Fig. 2. Upper panels: DCF between each pair of images, in the r band. The red line represents the mean correlation of unrelated quasars (from simulations). The solid curves represent the percentiles of that distribution: fuchsia (99), orange (95), green (5), and light blue (1). These curves define the range of correlations expected from random, unrelated light curves. The dashed line is the actual cross-correlation between a real pair of light curves; it approaches the upper percentile around a specific time delay, indicating a significant correlation that is unlikely to happen by chance. Lower panels: Distribution of centroid positions obtained from the bootstrap resampling, reflecting the uncertainty on the centroid determination.



Table 1. 
Time delays in days.

To quantify the relative magnitude offset between images, we used their overlapping light curves after applying the measured time delays. For each pair of images, we linearly interpolated one light curve onto the time sampling of the other. The point-by-point magnitude difference was then computed as
[image: thumbnail](1)
where m2(ti) is the interpolated magnitude of the second image at time ti and m1(ti) is the measured magnitude of the first image.
The associated uncertainty of each point was obtained by adding the individual photometric errors in quadrature,
[image: thumbnail](2)
We then estimated the global magnitude offset as the weighted mean of the individual differences computed in Eq. (1).
The magnitude differences between the images are shown in Table 2. We note that these Δm are different in the g and r bands, which indicates differences in colour. In Table 3 we show the median g − r colours for each image, calculated from the mean magnitude of each ZTF light curve. The colours become consistently redder (i.e. larger) for images closer to the lens galaxy, suggesting a reddening by the lens. Alternatively, the difference in colour could be produced by chromatic microlensing.
Table 2. 
Magnitude offsets between pairs of QSO images.

Table 3. 
Magnitudes and colours of the QSO images.

In Fig. 3, we show both the original light curves and the light curves after applying the estimated delays and the magnitude offset. Figure A.2 shows the same procedure applied to the g-band light curves, with very similar results.
	[image: thumbnail]	Fig. 3. Light curves from ZTF for each image in the r band. Upper panel: Observed light curves without any shift in magnitude or time. Lower panel: Same light curves shifted according to the time-delay and flux-ratio values derived in this work.



2.2. Time delay for image B
The ZTF observing strategy introduces gaps in the light curves due to its windowed sampling. After applying the measured time delays to all images, the data of image B coincide with the gaps in images A, C, and D. To obtain a more robust estimate of the time delay for image B, we constructed a composite light curve from images A, C, and D. We note that the peak is more significant in the DCF (see Fig. A.4), with a time delay of 522 ± 52 days.
3. Lens model
We used two spherical mass distributions implemented in Lensmodel/Gravlens (Keeton 2001, 2011) to reproduce the four images: an isothermal sphere (SIS) and a softened power law (SPL; Blandford & Kochanek 1987), both with an external perturbation introduced by the shear (γ).
The free parameters for the SIS+γ are the lens position (ralens, declens), the Einstein radius (θE), and the shear and its position angle (θγ). For the case of SPL+γ, the free parameters are the same with the addition of the profile slope (α; for the SIS profile α = 1). Following the analysis of Stern21, we used as observables the astrometric positions of the images relative to the lens galaxy, along with the lens and source redshifts. As flux ratios can be affected by microlensing, we decided not to use them in the models.
The best-fitting parameters for this SIS+γ model are θE = 3.46 arcsec, ralens = 7 × 10−2, declens = −5 × 10−2, and γ = 0.32, θγ = 38.56, in good agreement with those obtained by Stern21. The resulting lag values are listed in Table 4. We note that the inferred external shear is relatively large (γ > 0.2), which may reflect contributions from nearby mass structures1. The large shear is also confirmed by the velocity dispersion estimated from θE (Grillo et al. 2008; Treu 2010), ∼ 495 km s−1, which is greater than the ∼ 300 km s−1 typically expected for an isolated elliptical galaxy. The best-fitting parameters for the SPL+γ are θE = 3.5 arcsec, ralens = 8.4 × 10−2, declens = −1.8 × 10−2, γ = 0.18, θγ = 38.56, and α = 1.44. We note that θE and the shear angle are in good agreement with the previous model. Notice that part of the shear strength has been absorbed by the slope (α). The resulting delays are also listed in Table 4. We note that both models produce time delays of the same approximate length and image arrival order as those measured from the light curves (copied in the last column of Table 4), with one model under-predicting and the other model over-predicting the measured delays. This difference is a consequence of the different gravitational potentials at the position of the images (Shajib et al. 2024).
Table 4. 
Predicted and measured time delays (Δt).

The main limitation of these simple models is that they may provide an incomplete description of the lens environment. Nearby galaxies or group-scale structures along the line of sight can introduce additional deflections that are not fully captured by a single external shear term (Kochanek et al. 2000; Kochanek 2006; Fohlmeister et al. 2007). Neglecting such mass components may also affect the inferred Shapiro delay (Shapiro 1964). The presence of a group or cluster, or alternatively the ellipticity of the lens, will have to be constrained with deeper imaging and larger spectroscopic coverage, which are not currently available.
4. Conclusions
From the analysis of this work using ZTF forced photometry light curves of a known, wide-separation quadruply lensed QSO, we can conclude the following:

	
The public ZTF light curves can be effectively used to identify fluctuations exhibiting significant correlations. ZTF is one of the few campaigns capable of measuring such long time delays, thanks to its extensive multi-year observations.



	
The independently measured time delays from the g- and r-band light curves yield consistent values within their uncertainties.



	
The time delays measured exclusively from the light curves fall within the range predicted by both the SIS+γ and SPL+γ models, indicating overall consistency between the light curves and the lens modelling based on the astrometry.



	
The differences between the two models, together with the significant inferred velocity dispersion, indicate that the lens galaxy is embedded in a more massive environment. This reinforces the need for additional constraints beyond astrometry to accurately model the mass distribution.



	
Furthermore, the light curves provide the flux ratios between the lensed images, corrected for the measured time delays, which can further constrain the lens models. They also allowed us to determine the colours of the images at matched intrinsic variability phases, revealing a progressively redder colour for images closer to the lensing galaxy.




These results demonstrate the potential of large-area time-domain surveys such as ZTF for the characterization of lensed quasars using photometric data only. With the time delays of GraL J1651-0417 now measured, this system becomes a candidate for time-delay cosmography, particularly in the Vera Rubin LSST era, which should reduce the uncertainties in the time lags. However, the present measurements alone are not sufficient to derive a competitive constraint on H0. This would require high-resolution imaging to constrain the lens mass distribution and stellar kinematics of the main deflector, which could then be used to break degeneracies in the mass model and provide a detailed characterization of the lens environment.
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1 If instead the deflector is modelled as a singular isothermal ellipsoid, a comparable fit can be obtained with the ellipticity oriented along the same position angle, illustrating the well-known degeneracy between external shear and lens ellipticity in parametric lens models.




Appendix A:  Supplementary material
	[image: thumbnail]	Fig. A.1. Same as Fig. 2 but using the light curves observed in the g band instead of the r band.



	[image: thumbnail]	Fig. A.2. Same as Fig. 3 but using light curves in the g band and the shifts calculated for this band.



	[image: thumbnail]	Fig. A.3. Light curves for ACD (i.e. the sum of epochs of images A, C, and D; in orange) and the light curve of image B (in fuchsia) in the r band.



	[image: thumbnail]	Fig. A.4. Same as Fig. 2 but for the DCF between image B and the composite light curve ACD.



	[image: thumbnail]	Fig. A.5. Schematics for SIS+γ, the best-fitting model when only the positions of the lens and the QSO images are considered for the χ2 minimization.



	[image: thumbnail]	Fig. A.6. Schematics for SPL+γ, the best-fitting model when only the positions of the lens and QSO images are considered for the χ2 minimization.
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	[image: thumbnail]	Fig. 2. Upper panels: DCF between each pair of images, in the r band. The red line represents the mean correlation of unrelated quasars (from simulations). The solid curves represent the percentiles of that distribution: fuchsia (99), orange (95), green (5), and light blue (1). These curves define the range of correlations expected from random, unrelated light curves. The dashed line is the actual cross-correlation between a real pair of light curves; it approaches the upper percentile around a specific time delay, indicating a significant correlation that is unlikely to happen by chance. Lower panels: Distribution of centroid positions obtained from the bootstrap resampling, reflecting the uncertainty on the centroid determination.
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        Red-green-blue composite image of the Dragon Kite created from Pan-STARRS g, i, and y bands. North is up, and east is to the left.
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        Upper panels: DCF between each pair of images, in the r band. The red line represents the mean correlation of unrelated quasars (from simulations). The solid curves represent the percentiles of that distribution: fuchsia (99), orange (95), green (5), and light blue (1). These curves define the range of correlations expected from random, unrelated light curves. The dashed line is the actual cross-correlation between a real pair of light curves; it approaches the upper percentile around a specific time delay, indicating a significant correlation that is unlikely to happen by chance. Lower panels: Distribution of centroid positions obtained from the bootstrap resampling, reflecting the uncertainty on the centroid determination.

      

    

  
    
      Table 1. 

      Time delays in days.

      
        


	Pair
	Meanr
	RMSr
	Meang
	RMSg





	A – B
	579
	40
	546
	42



	A – C
	366
	26
	395
	41



	A – D
	698
	29
	722
	31





      

      
Notes. Mean and RMS values of the centroid time-delay measurements for each image pair, computed independently for the ZTF r and g bands.



    

  
    
      Table 2. 

      Magnitude offsets between pairs of QSO images.

      
        


	Pair
	Δmr−
	Δmr
	Δmr+
	Δmg−
	Δmg
	Δmg+





	A – B
	0.19
	0.18
	0.18
	0.06
	0.05
	0.04



	A – C
	0.38
	0.38
	0.37
	0.38
	0.39
	0.37



	A – D
	−0.43
	−0.42
	−0.40
	−0.63
	−0.63
	−0.65





      

      
Notes. Measured in the ZTF r and g bands. The columns with − and + correspond to offsets calculated using the time delay minus or plus its uncertainty, respectively.



    

  
    
      Table 3. 

      Magnitudes and colours of the QSO images.

      
        


	Image
	Meang
	Meanr
	g − r
	ΔRA
	ΔDec
	Distance



	
	(mag)
	(mag)
	
	(″)
	(″)
	(″)





	A
	20.23
	19.64
	0.60
	0.00
	0.00
	5.57



	B
	20.20
	19.42
	0.78
	−3.21
	−5.75
	2.95



	C
	19.89
	19.26
	0.63
	−7.86
	−6.30
	4.54



	D
	20.86
	20.07
	0.80
	−6.37
	−1.66
	2.32





      

      
Notes. Mean magnitude for each image calculated over the entire ZTF light curves in the g and r bands with an error of the order of 0.01 mag, their difference with an error of order 0.01 mag, their positions relative to image A, and their distance to the lens galaxy. Image positions are taken from Stern21.
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        Light curves from ZTF for each image in the r band. Upper panel: Observed light curves without any shift in magnitude or time. Lower panel: Same light curves shifted according to the time-delay and flux-ratio values derived in this work.

      

    

  
    
      Table 4. 

      Predicted and measured time delays (Δt).

      
        


	Pair
	Δt [days]



	




	
	SIS+γ
	SPL+γ
	r-band data





	A–B
	681
	409
	579 ± 40



	A–C
	411
	252
	366 ± 26



	A–D
	819
	493
	698 ± 29





      

      
Notes. Delays for each image pair listed in Col. 1 predicted by the different mass models described in Sect. 3. The last column contains the measured delays in the r band.
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        Same as Fig. 2 but using the light curves observed in the g band instead of the r band.
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        Same as Fig. 3 but using light curves in the g band and the shifts calculated for this band.
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        Light curves for ACD (i.e. the sum of epochs of images A, C, and D; in orange) and the light curve of image B (in fuchsia) in the r band.
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        Same as Fig. 2 but for the DCF between image B and the composite light curve ACD.

      

    

  
    
      Fig. A.5. 
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        Schematics for SIS+γ, the best-fitting model when only the positions of the lens and the QSO images are considered for the χ2 minimization.

      

    

  
    
      Fig. A.6. 
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        Schematics for SPL+γ, the best-fitting model when only the positions of the lens and QSO images are considered for the χ2 minimization.
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