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Abstract

X-ray observations of the optically selected z = 6.025 quasi-stellar object (QSO) CFHQS J164121+375520 (hereafter J1641) revealed that its flux dropped by a factor of ≳7 between 2018, when it was a bright and soft X-ray source, and 2021. Such a strong variability amplitude has not been observed before among z > 6 QSOs, and the underlying physical mechanism was unclear. We carried out a new X-ray and rest-frame UV monitoring campaign of J1641 over 2022–2024. We detected J1641 with Chandra in the 2–7 keV band, while no significant emission is detected at softer X-ray energies, making J1641 an X-ray changing-look QSO at z > 6. Compared with the 2018 epoch, the 0.5–2 keV flux dropped by a factor of > 20. We ascribe this behavior to intervening, and still ongoing, obscuration by Compton-thick gas intercepting our line of sight between 2018 and 2021. The screening material could be an inner disk or a failed nuclear wind whose thickness increased. Another possibility is that we have witnessed an occultation event due to dust-free clouds located at parsec or subparsec scales, similar to those recently invoked to explain the remarkable X-ray weakness of active galactic nuclei discovered by JWST. These interpretations are also consistent with the lack of strong variations in the QSO rest-frame UV light curve over the same period. Future monitoring of J1641 and the possible discovery of other X-ray changing look QSOs at z > 6 will return precious information about the physics of rapid supermassive black hole growth at high redshifts.
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1. Introduction
The observable properties of z > 6 quasi-stellar objects (QSOs) provide us with key insights into the physics of rapid supermassive black hole (SMBH) growth in the early Universe (e.g., Fan et al. 2023). However, these optically selected objects offer only a biased view, as they are unobscured systems and the vast majority of accreting SMBHs in the early Universe are expected to be heavily obscured (Vito et al. 2018; Gilli et al. 2022). In recent years, a few objects at z > 6 have been proposed to be obscured accreting SMBHs (e.g., Vito et al. 2019a, 2021; Connor et al. 2019; Fujimoto et al. 2022), mainly based on X-ray weakness or the tentative detection of few high-energy photons, with the only constrained column density value presented by Yang et al. (2022). Recently, the James Webb Space Telescope (JWST) unveiled a population of broad-line active galactic nuclei (AGN) at z ≈ 3 − 9 with extremely weak or no X-ray emission (e.g., Mazzolari et al. 2024; Yue et al. 2024). Among the proposed scenarios for such weakness is obscuration by dust-free clouds, possibly belonging to the broad line region, with large covering factors (Maiolino et al. 2024).
AGN that show extreme variability properties, which are often referred to as changing-look AGN (e.g., Ricci & Trakhtenbrot 2023), provide us with key information on the complex physics associated with nuclear obscuration. A number of strong X-ray flux and spectral variability events at low redshifts have been ascribed to occultation by gas clouds with column densities possibly exceeding 1024 cm−2 orbiting the central SMBHs on parsec or subparsec scales (e.g., Risaliti et al. 2005; Maiolino et al. 2010; Marchesi et al. 2022). Varying absorption by geometrically thick inner accretion disks or nuclear winds can also produce strong X-ray variability, with no associated UV/optical extinction or variability (e.g., Liu et al. 2022; Yu et al. 2023); this is often proposed to explain X-ray variability events in weak-emission line QSOs (WLQs; e.g., Miniutti et al. 2012; Ni et al. 2018, 2022; Wang et al. 2024).
In Vito et al. (2022, hereafter V22) we reported on the strong X-ray variability of the optically selected, radio-quiet QSO CFHQS J164121.74+375520 (hereafter J1641) at z = 6.025 with MBH = 2.5 × 108 M⊙ and Lbol = 1.3 × 1013 L⊙, corresponding to an Eddington ratio λEdd = 1.7. This QSO was observed with Chandra in 2018 and was one of the most X-ray luminous z > 6 QSOs in the sample of Vito et al. (2019b), while also being one the faintest QSOs in the rest-frame UV band among the X-ray-detected objects. These properties resulted in J1641 being significantly brighter (i.e., by ≈2σ) in the X-ray band than what was expected from the well-known LX−LUV relation. Basic spectral analysis returned a steep power-law photon index (Γ = 2.4 ± 0.5; Vito et al. 2019b) consistent with a super-Eddington accretion rate (e.g., Brightman et al. 2013) and with typical values for z > 6 QSOs (e.g., Vito et al. 2019b; Wang et al. 2021; Zappacosta et al. 2023). In a follow-up observation with XMM-Newton in 2021, the QSO was not detected, implying a drop in the X-ray flux by a factor of ≳7 in 115 rest-frame days, and no strong rest-frame UV variability was detected V22.
To understand which physical mechanism drove the variability properties of J1641, we carried out a Chandra monitoring program with three observation epochs (2022, 2023, and 2024). We secured rest-frame UV imaging taken during the same period with the Large Binocular Camera (LBC) at the Large Binocular Telescope (LBT) and the DOLORES camera at Telescopio Nazionale Galileo (TNG) to assess the UV light curve of J1641. In this Letter we present the results of this monitoring campaign. Magnitudes are provided in the AB system. Errors are reported at 68% confidence levels, and limits are given at 90% confidence levels. We refer to the 0.5 − 2 keV, 2 − 7 keV, and 0.5 − 7 keV energy ranges as the soft, hard, and full bands, respectively. We adopt a flat cosmology with H0 = 67.7 km s−1 and Ωm = 0.307 (Planck Collaboration XIII 2016).
2. Data reduction and analysis
We observed J1641 as part of a Chandra monitoring program with ACIS-S in 2022, 2023, and 2024. In 2024, the observation was split into two exposures. Table 1 summarizes these observations, in addition to the 2018 Chandra and 2021 XMM-Newton observations V22. The data reduction, source detection, and photometry extraction closely follows the procedure used in V22. In summary, we used CIAO 4.15 (Fruscione et al. 2006), to reprocess the data with the chandra_repro script. Images and point spread function maps were obtained with the fluximage tool. Merged observations of the 2024 epoch and the entire monitoring program were produced with the reproject_obs tool. Figure 1 compares the X-ray images in the soft and hard bands produced by stacking the Chandra monitoring program data with those obtained with Chandra and XMM-Newton in 2018 and 2021. Response matrices and ancillary files were extracted and combined with the specextract, mathpha, addrmf, and addarf HEASOFT1 tools. We evaluated the J1641 detection significance using the binomial no-source probability, PB (Weisskopf et al. 2007). Source counts (Table 1) were extracted from a circular region centered at the optical position of J1641 with R = 2″, whereas the background counts were measured from an annulus with an inner radius of 2″ and an outer radius of 24″. We set (1 − PB) > 0.997, corresponding to ≈3σ in the Gaussian approximation, as the detection threshold.
	[image: thumbnail]	Fig. 1. Chandra images (20″ × 20″) of J1641. The left and right columns display the 2018 epoch and the stacked image of the new Chandra monitoring program (2022–2024), respectively, and the associated ACIS-S exposure time. Soft-band and hard-band images are shown in the top and bottom rows, respectively. The R = 2″ circles are the apertures used for X-ray photometry.



Table 1. 
Available X-ray observations of J1641 and net counts and fluxes in the soft (SB), hard (HB), and full (FB) bands.

Table 2 summarizes the LBC and DOLORES observations and the measured z-band magnitudes of J1641. Standard LBC reduction was carried out at the LBC Survey Center in Rome2. Individual exposures were stacked with SWarp (Bertin et al. 2002), and dedicated pipelines were used to perform photometric calibrations. The DOLORES images were reduced and calibrated using IRAF (Tody 1993). The observations followed a dithering pattern with offsets of 20″ to remove the interference fringes typical of z-band images with DOLORES. All images were registered to the Gaia astrometry (e.g., Gaia Collaboration 2023). We performed photometric measurements with Source Extractor (Bertin & Arnouts 1996). Uncertainties on the magnitudes include statistical errors on the count rates, and uncertainties on the photometric zero points and aperture corrections.
Table 2. 
New z-band observations of J1641.

3. Results
J1641 was not detected in the soft band in any of the three epochs of the Chandra monitoring program, and it was detected in the hard and full bands in the 2022 epoch only (Table 1) with significance (1 − PB) = 0.9996 and 0.9975, respectively. The significance of the hard-band and full-band detections increases to 0.9998 and 0.9999, respectively, when stacking the three epochs, and no significant counterpart is detected in the soft band. We estimated the spectral properties of J1641 from this stacked dataset by considering the hardness ratio [image: equation], where H and S are the net counts in the hard and soft bands, respectively. Following the method used in V22, we obtain HR > −0.04; this, assuming power-law emission, accounting for the Galactic absorption (Kalberla et al. 2005), and using the merged Chandra response files at the position of J1641, corresponds to an effective photon index Γ < 0.43. This value is much flatter than the photon index obtained from spectral analysis in 2018 (i.e., Γ = 2.4 ± 0.5) and suggests that the soft-band emission became heavily absorbed.
To estimate the obscuration level, we fixed Γ = 2 and added to our assumed spectral model an absorption component (i.e., model pha*zpha*pow in XSPEC). The lower limit on the hardness ratio translates to a column density log[image: equation]. Similar values were obtained by assuming the photon index measured in 2018 or the more physically motivated MYTorus model (Murphy & Yaqoob 2009). Table 1 reports the flux of J1641 estimated assuming this column density. The corresponding absorption-corrected, rest-frame 2–10 keV luminosity is [image: equation]. This value is lower than the luminosity measured for the 2018 dataset (i.e., [image: equation]), but it should be treated as a lower limit, as we assumed the lower limit on NH estimated above for the absorption correction.
In Fig. 2 we compare the fluxes estimated from the stacked dataset of the 2022–2024 Chandra monitoring program with the values obtained with Chandra and XMM-Newton in 2018 and 2021. The soft-band flux experienced a strong drop by a factor of > 20 from 2018. The new detection in the hard band is consistent with the 2021 upper limit and with no variation, or at most a modest dimming (i.e., by a factor of ≲2), from 2018.
	[image: thumbnail]	Fig. 2. X-ray light curve of J1641 as a function of observation time: red circles and squares are the observed soft- and hard-band fluxes, respectively. The most recent red points refer to the stacked Chandra observations taken in 2022, 2023, and 2024 and are plotted at the average observing date (Table 1), with horizontal error bars encompassing the times of the three stacked observations. The soft-band flux of J1641 dropped by a factor of > 20, while the QSO is still detected in the hard band with at most a modest dimming. Black points are the z-band magnitudes of J1641 (V22 and Table 2) and show no significant variation over the period covered by the X-ray observations.



The new LBC and DOLORES data extend the rest-frame UV light curve of J1641 presented by V22 to four additional epochs (black circles in Fig. 2) and present no significant flux variation, beside possible statistical fluctuations. In particular, the optical magnitude remained constant, within the uncertainties, during the X-ray flux drop, providing us with useful information on the nature of the possible obscurer material (Sect. 4).
4. Discussion
The variability of J1641 is best interpreted as a consequence of an X-ray occultation event due to intervening dense gas, as discussed in Sect. 4.1. Other possible interpretations appear to be less likely (Sect. 4.2).
4.1. X-ray obscuration by intervening dense gas
The suppression by a factor of > 20 of the soft-band X-ray flux in a few rest-frame months, coupled with the high-confidence hard-band detection showing little or no variation in the same period, suggests that J1641 experienced an X-ray occultation event due to Compton-thick gas intercepting the line of sight between 2018 and 2021, and still obscuring the X-ray emission today. In this scenario, we can expect a new X-ray brightening in the future.
In super-Eddington accreting QSOs, such as J1641, the inner regions of the disk are thought to be geometrically thick, due to photon trapping or the presence of a “failed” wind (e.g., Abramowicz et al. 1988; Proga & Kallman 2004; Jiang et al. 2019). A change in the thickness of an inner disk, the launching of a new nuclear wind, or a thickening of an already present wind could have led dense gas to intercept our line of sight. Such material could absorb the X-ray soft-band photons while leaving the UV emission from the outer regions of the disk largely unaffected, thus explaining the lack of UV variability. Similar events have been invoked to explain rare and extreme X-ray variability events among WLQs, as discussed in Sect. 1.
Depending on the geometry of the disk–broad line region system, a possible outcome of this event might be the weakening of the UV broad emission lines. In fact, the ionizing photons emitted from the inner disk can also be absorbed by the same material that screens the soft X-ray emission, and thus be prevented from reaching the broad line emission clouds located at larger distances, as proposed for WLQs (e.g., Luo et al. 2015). The decrease in the ionization level of gas can also lead to a more efficient launching of line-driven winds, which can appear as new broad-absorption lines (BALs) in the rest-frame UV spectrum (e.g., Proga & Kallman 2004). According to the spectrum obtained by V22 in 2021, only a few rest-frame days after the XMM-Newton observations that probed the X-ray flux drop, J1641 is neither a WLQ nor a BAL QSO. Since for luminous QSOs the broad-emission-line clouds are located up to several hundred rest-frame days away from the ionizing continuum-emitting region (e.g., Shen et al. 2024), such a spectrum might not be sensitive to a variation in the line emission due to a change in the inner disk configuration. Similarly, timescales for the launching of BAL winds may be longer than those probed by the available observations. Additional spectroscopic follow-up observations of J1641 are required to probe this scenario.
An occultation event can also be caused by the motion of dense gas clouds on parsec or subparsec scales (e.g., Risaliti et al. 2005; Marchesi et al. 2022), similar to those proposed by Maiolino et al. (2024) to explain the X-ray weakness of broad-emission-line AGN discovered by JWST. Assuming occultation by a single, spherical cloud with a size similar to, or larger than, the X-ray emitting hot corona (i.e., R ≥ 10 Rs, where [image: equation] is the Schwarzschild radius) and in Keplerian motion around the central source, following Risaliti et al. (2005), we can estimate its distance from the SMBH as D ≤ 2.7 pc. This limit is smaller than the expected dust sublimation radius for a QSO with the same UV luminosity as J1641 (e.g., Kishimoto et al. 2007) and is thus consistent with the lack of dust extinction affecting the rest-frame UV spectrum of the QSO V22. If the occulting cloud belongs to a population of similar dense clouds in orbit on parsec scales around the SMBH with a large covering factor, Thomson scattering would reduce the measured rest-frame UV emission significantly due to most of the photons being scattered out of the line of sight. For instance, for an average optical depth of τ ≈ 2, which is consistent with the limit on NH estimated in Sect. 3, the suppression factor is ≲87%. The upper limit is due to photons traveling in other directions and scattered into the line of sight, whose number depends strongly on the geometry. Still, we speculate that the UV luminosity of J1641 might be intrinsically higher than the measured value, thus explaining the excess of X-ray brightness of J1641 in 2018 with respect to known relations between X-ray and UV luminosities.
4.2. Other scenarios
In addition to intervening obscuration, V22 discussed other possibilities, such as intrinsic variability, a tidal disruption event (TDE), or gravitational lensing, as potential drivers of the variability pattern of J1641. Thanks to the new observations presented in this Letter, we can now exclude intrinsic variability: simple variations in the accretion rate of J1641, either stochastic or systematic, are not consistent with the constant rest-frame UV emission from the QSO or, in particular, with the detection of hard-band X-ray emission with no soft-band counterpart during the recent Chandra monitoring program.
A TDE may be consistent with the bright X-ray emission in 2018, and the subsequent strong flux drop (e.g., Ricci et al. 2020, 2021), if relativistic beaming is involved (e.g., Bloom et al. 2011; Saxton et al. 2021). However, to explain the detection in the hard band only in the recent Chandra dataset, it would require a rare configuration in which the debris of the disrupted star produces heavy obscuration (e.g., Blanchard et al. 2017). Moreover, for a SMBH with a mass similar to that estimated for J1641, a TDE can only involve a giant star, for which the SMBH tidal radius is sufficiently more extended than the event horizon (e.g., MacLeod et al. 2012), thus considerably reducing the chance probability of a similar event.
If J1641 were a lensed object, as is the z = 6.5 QSO J043947.08+163415.7 (Fan et al. 2019), the motion of the stars in the lens galaxy could produce microlensing, which would in particular affect X-ray emission (e.g., Popovic et al. 2006), thus explaining the lack of strong variation in the rest-frame UV emission [e.g.,][]Chartas02,Chartas16. However, microlensing amplitudes in different X-ray bands have been found to differ by at most factors of a few (e.g., Chartas et al. 2012, 2017), which is not consistent with the extreme spectral variation of J1641.
5. Conclusions
J1641 is an X-ray changing-look QSO that transitioned from a soft and bright state to a hard-band-only emission state, with a suppression of the soft-band flux by a factor ≳20, in few rest-frame months. While other z ≳ 6 QSOs show significant variability (Nanni et al. 2018; Moretti et al. 2021; Wolf et al. 2024; Marcotulli et al. 2025), J1641 is by far the most extreme in terms of amplitude and spectral variation. An obscuration event that occurred after 2018 appears to be the most likely explanation for its X-ray and rest-frame UV light curves. The observed suppression of the soft-band X-ray flux requires the obscuring material to be characterized by a Compton-thick column density. Such material could be a geometrically thick inner disk, a dense nuclear wind, or a gas cloud orbiting the central SMBH at parsec or subparsec scales, such as the clouds forming the broad line region. We discuss how these scenarios are consistent with the lack of strong rest-frame UV variability. The broad-emission-line AGN at high redshifts recently discovered with JWST show similar properties as J1641 after the X-ray state transition, such as unobscured line emission and weak X-ray emission (e.g., Maiolino et al. 2024), suggesting that similar physical mechanisms might be at play.
This study showcases the unique power of high-resolution and sensitive X-ray observations to investigate the nuclear properties of high-redshift QSOs and, as a direct consequence, the physics driving the fast growth of SMBHs in the early Universe. A future X-ray mission with these characteristics, such as AXIS (e.g., Marchesi et al. 2020; Reynolds et al. 2023; Cappelluti et al. 2024), is necessary to fill in the gap that Chandra will leave in the foreseeable future, and provide strong high-energy synergies to state-of-the-art and next-generation multiwavelength facilities.


1 https://heasarc.gsfc.nasa.gov/docs/software/heasoft/


2 http://lsc.oa-roma.inaf.it/


3 We used XSPEC v.12.13 (Arnaud 1996) for these calculations.
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	[image: thumbnail]	Fig. 1. Chandra images (20″ × 20″) of J1641. The left and right columns display the 2018 epoch and the stacked image of the new Chandra monitoring program (2022–2024), respectively, and the associated ACIS-S exposure time. Soft-band and hard-band images are shown in the top and bottom rows, respectively. The R = 2″ circles are the apertures used for X-ray photometry.
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	[image: thumbnail]	Fig. 2. X-ray light curve of J1641 as a function of observation time: red circles and squares are the observed soft- and hard-band fluxes, respectively. The most recent red points refer to the stacked Chandra observations taken in 2022, 2023, and 2024 and are plotted at the average observing date (Table 1), with horizontal error bars encompassing the times of the three stacked observations. The soft-band flux of J1641 dropped by a factor of > 20, while the QSO is still detected in the hard band with at most a modest dimming. Black points are the z-band magnitudes of J1641 (V22 and Table 2) and show no significant variation over the period covered by the X-ray observations.
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        Chandra images (20″ × 20″) of J1641. The left and right columns display the 2018 epoch and the stacked image of the new Chandra monitoring program (2022–2024), respectively, and the associated ACIS-S exposure time. Soft-band and hard-band images are shown in the top and bottom rows, respectively. The R = 2″ circles are the apertures used for X-ray photometry.

      

    

  
    
      Table 1. 

      Available X-ray observations of J1641 and net counts and fluxes in the soft (SB), hard (HB), and full (FB) bands.

      
        


	Epoch
	ObsID
	Start
	Texp
	Net counts
	Flux [10−15 erg cm−2 s−1]



	
	
	
	
	




	
	Date
	[ks]
	SB
	HB
	FB
	SB
	HB
	FB





	2018
	20 396 + 21 961
	2018-11-15
	54.3
	
[image: equation]
	
[image: equation]
	
[image: equation]
	
[image: equation]
	
[image: equation]
	
[image: equation]



	2021 (EPIC-PN only)
	0862560101
	2021-02-02
	53.9
	< 17.5
	< 14.4
	< 23.0
	< 0.8
	< 1.7
	< 1.4



	




	2022
	25 529
	2022-05-15
	24.4
	< 2.3
	
[image: equation]
	
[image: equation]
	< 0.3
	
[image: equation]
	
[image: equation]



	2023
	25 530
	2023-03-07
	26.7
	< 5.2
	< 2.3
	< 5.0
	< 1.4
	< 1.9
	< 3.6



	2024
	25 531 + 30 473
	2024-09-30
	30.6
	< 2.3
	< 5.1
	< 5.0
	< 0.6
	< 4.0
	< 3.7



	




	2022 + 2023 + 2024
	
	
	81.7
	< 4.9
	
[image: equation]
	
[image: equation]
	< 0.4
	
[image: equation]
	
[image: equation]





      

    

  
    
      Table 2. 

      New z-band observations of J1641.

      
        


	Instrument
	Date
	Texp
	mag



	
	
	[h]
	AB





	LBT/LBC
	2022-03-26
	2.2
	21.03 ± 0.04



	LBT/LBC
	2023-04-28
	0.2
	21.01 ± 0.04



	TNG/DOLORES
	2023-06-10
	0.7
	21.08 ± 0.07



	TNG/DOLORES
	2024-05-06
	0.7
	20.95 ± 0.06





      

      
Notes. Dates refer to the average of the exposures in each epoch.



    

  
    
      Fig. 2. 
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        X-ray light curve of J1641 as a function of observation time: red circles and squares are the observed soft- and hard-band fluxes, respectively. The most recent red points refer to the stacked Chandra observations taken in 2022, 2023, and 2024 and are plotted at the average observing date (Table 1), with horizontal error bars encompassing the times of the three stacked observations. The soft-band flux of J1641 dropped by a factor of > 20, while the QSO is still detected in the hard band with at most a modest dimming. Black points are the z-band magnitudes of J1641 (V22 and Table 2) and show no significant variation over the period covered by the X-ray observations.
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