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Abstract

				Context. Broad absorption lines (BALs) in the spectra of quasi-stellar objects (QSOs) originate from outflowing winds along our line of sight; winds are thought to originate from the inner regions of the QSO accretion disk, close to the central supermassive black hole (SMBH). These winds likely play a role in galaxy evolution and are responsible for aiding the accretion mechanism onto the SMBH. Several works have shown that BAL equivalent widths can change on typical timescales from months to years; such variability is generally attributed to changes in the covering factor (due to rotation and/or changes in the wind structure) and/or in the ionization level of the gas.

				Aims. We investigate BAL variability, focusing on BAL disappearance.

				Methods. We analyze multi-epoch spectra of more than 1500 QSOs – the largest sample ever used for such a study – observed by different programs from the Sloan Digital Sky Survey-I/II/III (SDSS-I/II/III), and search for disappearing C IV BALs. The spectra cover a rest-frame time baseline ranging from 0.28 to 4.9 yr; the source redshifts range from 1.68 to 4.27.

				Results. We detect 73 disappearing BALs in the spectra of 67 unique sources. This corresponds to 3.9% of BALs disappearing within 4.9 yr (rest frame), and 5.1% of our BAL QSOs exhibit at least one disappearing BAL within 4.9 yr (rest frame). We estimate the average lifetime of a BAL along our line of sight (≈80–100 yr), which appears consistent with the accretion disk orbital time at distances where winds are thought to originate. We inspect various properties of the disappearing BAL sample and compare them to the corresponding properties of our main sample. We also investigate the existence of a correlation in the variability of multiple troughs in the same spectrum, and find it persistent at large velocity offsets between BAL pairs, suggesting that a mechanism extending on a global scale is necessary to explain the phenomenon. We select a more reliable sample of disappearing BALs on the basis of some criteria adopted in a previous publication, where a subset of our current sample was analyzed, and compare the findings from the two works, obtaining generally consistent results.

			Key words: galaxies: active / quasars: general / quasars: absorption lines / galaxies: evolution


1. Introduction
The spectra of quasi-stellar objects (QSOs) are characterized by prominent emission lines originating from ultraviolet (UV) transitions, such as N V, C IV, Si IV, down to lower ionization lines, such as Al III, Mg II (e.g., Vanden Berk et al. 2001). In 10%–20% of optically selected QSOs, absorption features corresponding to the aforementioned higher ionization transitions are also observed (e.g., Hewett & Foltz 2003; Gibson et al. 2009; Allen et al. 2011); they are typically blueshifted up to 0.2c from the corresponding rest-frame line (but rare examples of QSO spectra exhibiting redshifted absorption lines are also known; see, e.g., Hall et al. 2013). In approximately 10% of cases, additional features corresponding to the lower ionization transitions are observed (e.g., Weymann et al. 1991; Murray et al. 1995).
The presence of absorption lines suggests that some mechanism exists allowing the transfer of a significant amount of momentum from the radiation field to the gas where the lines originate. Absorption features are thought to arise from radiatively accelerated winds which, in turn, originate from the inner region of the accretion disk surrounding the central supermassive black hole (SMBH; typical distances are on the order of 10−2 − 10−1 pc; e.g., Murray et al. 1995; Proga et al. 2000).
Winds likely enable the accretion mechanism by removing from the disk the angular momentum carried by the accreting material. Moreover, they may affect star formation processes and hence galaxy evolution as a whole since they evacuate gas from the host galaxy and redistribute it in the intergalactic medium (e.g., Di Matteo et al. 2005; Capellupo et al. 2012); in addition, they can prevent new gas inflow into the galaxy (a process known as “strangulation”; see, e.g., Peng et al. 2015, and references therein).
Several models proposed to describe QSO winds (e.g., Elvis 2000; Proga et al. 2000) suggest that the observation of absorption lines depends on the viewing angle, thus providing a possible explanation for the lack of detection of absorption lines in most QSO spectra; alternatively, we could envision absorption lines as the signature of a specific phase in QSO evolution (e.g., Green et al. 2001).
The detection of spectral features originating in the proximity of the SMBH is somewhat surprising: QSOs are typically extremely luminous, having a bolometric luminosity on the order of 1046 erg s−1, and most of the energy they radiate consists of strong UV and X-ray emission from the inner regions; such emission is therefore expected to overionize the gas it interacts with at small distances and, as a consequence, no spectral lines should be observed at all (e.g., Proga et al. 2000). Thus, any model attempting to describe the origin and effects of QSO winds must provide a solution for the “overionization problem” and explain why the gas is not fully ionized. The presence of shielding material located between the central source of radiation and the outflowing winds could possibly account for the observed lines (e.g., Murray et al. 1995). Baskin et al. (2014) propose an alternative model, based on the results of hydrostatic simulations. The ionization state of winds can be defined by means of the ionization parameter U = nγ/ne, where nγ is the density of ionizing photons and ne is the electron density. Essentially, the model assumes highly clumped winds, due to the compression exerted by the ionizing radiation; this situation leads to high electron densities and thus to an ionization parameter that is low enough to prevent overionization, but sufficiently ionized to allow the formation of the observed UV spectral lines. According to the model, the outflowing gas is compressed in the radial direction, and thus forms sheets or filaments along the line of sight; this gives rise to density gradients, and hence to different ionization states of the outflowing gas along the line of sight.
It is common practice to characterize absorption lines in terms of velocity: the two extremes of a line define the maximum blueshift velocity υmax and the minimum blueshift velocity υmin; this allows definition of the central velocity υc = (υmax + υmin)/2, which is an indicator of the position of the feature, and the velocity difference Δυ = |υmax − υmin|, which defines the width of the absorption line. Traditionally, absorption lines are classified on the basis of their width Δυ in velocity units: broad absorption lines (BALs) if Δυ ≥ 2000 km s−1, mini-BALs when 500≤ Δυ < 2000 km s−1, and narrow absorption lines (NALs) for Δυ < 500 km s−1. In turn, BAL QSOs are classified into three groups depending on the observed transitions: HiBALs exhibit only absorption features from highly ionized species, such as C IV, Si IV, N V; LoBALs are characterized by lower ionization lines, such as Al II, Al III, Mg II, in their spectra, in addition to the above-mentioned high-ionization absorption features. When iron lines, such as Fe II and Fe III, are observed in addition to both high- and low-ionization lines, QSOs are referred to as FeLoBALs (e.g., Hazard et al. 1987; Voit et al. 1993).
Over recent decades, BALs have been extensively studied with the aim of gaining insight into the geometry and physics of QSOs, their associated winds, and the emission/absorption processes that characterize them. Broad absorption line troughs are detected in approximately 15% of QSO spectra and by definition lie at least 10% below the continuum (e.g., Weymann et al. 1991; Trump et al. 2006; Gibson et al. 2009, and references therein).
Since the 1980s, several studies have revealed that the equivalent widths (EWs) of BAL troughs can vary on typical restframe timescales ranging from months to years (but occasionally much shorter; see, e.g., Grier et al. 2015, where the variability of a C IV BAL trough on rest-frame timescales of ~1.20 days is discussed).
According to the most successful theories, BAL variability originates from changes in the features (such as density, geometry) of the absorber, which in turn are due to rotation and/or variations in the characteristics of the outflowing winds (e.g., Proga et al. 2000); this model leads to variations in the covering factor (that is, the fraction of radiation emitted by the central engine that is blocked by the absorbing material) along the line of sight, depending on the velocity structure of the outflows. Variations of the absorber could also involve changes in the ionization level of the gas which could manifest themselves as absorption-line variations; the ion abundances vary, causing the weakening/strengthening of the absorption lines (e.g., Barlow 1993). Investigation of BAL variability therefore reveals information about the structure and dynamics of the outflowing winds, hence constraining QSO outflows.
Previous studies of BAL variability have generally been limited by the difficulty in obtaining multi-year observations for large samples of sources; typically either the sample size or the observing-baseline length were sacrificed. In order to report some remarkable examples, Barlow (1993) monitored a sample of 23 QSOs by means of observations covering a ~1 yr timescale, and variability was detected in 15 sources; Lundgren et al. (2007) investigated C IV BAL variability over a <1 yr baseline in a QSO sample consisting of 29 objects, while Gibson et al. (2008) characterized C IV BAL variability in 13 QSOs observed over 3–6 yr1. Some works report BAL disappearance (e.g., Lundgren et al. 2007) or emergence (e.g., Capellupo et al. 2012) instances in individual sources.
Filiz Ak et al. (2012) presented the first statistical analysis of C IV BAL disappearance. Their study draws from an ancillary project making use of data from different surveys that are part of the Sloan Digital Sky Survey-I/II/III (SDSS-I/II/III; e.g., York et al. 2000), and is based on a sample consisting of 582 QSOs with rest-frame observing baselines ranging from 1.1 to 3.9 yr and with spectral epochs from at least two surveys; this allows the investigation of BAL variability by means of the comparison of at least two spectra of the same source.
The analysis we present below draws inspiration from that of Filiz Ak et al. (2012) but takes advantage of previously unavailable observations from the Baryon Oscillation Spectroscopic Survey (BOSS; e.g., Dawson et al. 2013), thus significantly enlarging (more than double) the sample of inspected sources. This is the first time that such a large sample has been used for BAL disappearance analysis.
The paper is organized as follows: in Sect. 2 we introduce in detail our sample of BAL QSOs; in Sect. 3 we describe the spectral reduction process and discuss the method used to investigate C IV BAL disappearance; in Sect. 4 we present the results of our analysis, and we discuss our findings and draw some conclusions in Sect. 5. Throughout the present work, timescales and lifetimes are in the rest frame, and we refer to C IV when discussing disappearing BAL troughs, unless otherwise stated.
2. Observations and sample selection
2.1. The Baryon Oscillation Spectroscopic Survey
Our analysis of C IV BAL disappearance is based on data from BOSS, which is the largest of the four SDSS-III surveys (Eisenstein et al. 2011). BOSS was designed to map the baryon acoustic oscillation signature imprinted in QSOs and luminous red galaxies by tracing their spatial distribution, aiming to measure cosmic distances with the ultimate goal of providing improved constraints on the acceleration of the expansion rate of the Universe.
Observations were made with the 2.5 m SDSS telescope (Gunn et al. 2006) at Apache Point Observatory, New Mexico, USA. The telescope is equipped with two identical spectrographs, each with one camera for red and one for blue wavelengths, covering the wavelength ranges 5650–10 000 Å and 3600–6350 Å, respectively (Smee et al. 2013). The spectral resolution varies within the range 1850–2650 in the red channel and 1560–2270 in the blue channel. Spectra of numerous sources are acquired simultaneously by means of aluminium plates subtending an area of 3° in width on the sky and attached to the telescope; 1000 holes are drilled on each plate, in correspondence with the position on the sky of the sources to be observed, and a 2″-diameter fiber is plugged into each hole. Light from each observed source is directed to a dichroic that splits the red and blue components of the spectrum, so that each of them is registered on a different detector.
BOSS observations spanned 4.5 yr (Fall 2009–Spring 2014) and surveyed more than 10 000 square degrees previously investigated by the SDSS-I/II surveys; approximately 1.5 million luminous galaxies with a redshift in the range 0.15–0.7, together with ≈184 000 QSOs with 2.15 ≤ z ≤ 3.5, were targeted (Pâris et al. 2017).
SDSS-I/II spectra cover the wavelength range 3800–9200 Å, while BOSS spectra extend further in each direction to cover the range 3650–10 400 Å.
2.2. Selection of QSOs and spectra
SDSS-I/II allowed for the identification of thousands of BAL QSOs; Gibson et al. (2009) presented a catalog of 5039 of them, selected from the SDSS Data Release 5 QSO catalog (Schneider et al. 2007). The BOSS survey retargeted, among other sources, 1606 of these QSOs drawn from a sample of 2005, to allow for investigation of BAL variability on multi-year timescales, in order to gain knowledge of the structure, dynamics, and physical properties of QSO winds (Dawson et al. 2013; Filiz Ak et al. 2013). The selected QSOs fulfill the following requirements:

					
							
							They are optically bright, having an i band magnitude <19.3 mag.

						

							
							They show strong BALs, that is, they have a balnicity index (following the definition by Gibson et al. 2009; see below) BI0 > 100 km s−1 in at least one of the observed BAL troughs.

						

							
							They have spectra that are characterized by a high signal to noise ratio (S/N; specifically, in Gibson et al. 2009 it is denoted as SN1700, and is required to be >6; see below).

						

					

				The balnicity index was proposed by Weymann et al. (1991) in order to quantify the BAL nature of a QSO by means of a continuous indicator characterizing the C IV absorption lines in a spectrum; it was defined as
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where f (υ) is the continuum-normalized flux as a function of the velocity displacement with respect to the line center, while C is a constant that is set to 0 and switches to 1 only when the quantity in the brackets is continuously positive over a velocity range that is ≥ 2000 km s−1. Such a definition allows measurement of the EW of an absorption line (in km s−1) provided the line is broader than 2000 km s−1 and is at least 10% below the continuum. The 25 000 km s−1 blue limit and the 3000 km s−1 red limit were set to avoid contamination from Si IV emission/absorption features on the blue end of the line and from the C IV emission line on the red end. Gibson et al. (2009) further defined a modified balnicity index BI0, where the red-end limit is replaced by 0 km s−1.
SN1700 was introduced by Gibson et al. (2009) to quantify the S/N corresponding to the measurement of C IV absorption; it is defined as the median of the flux divided by the noise (provided by the SDSS pipeline), and is computed for the spectral bins in the wavelength range 1650–1750 Å, which was chosen because it is relatively close to the C IV BAL region and usually characterized by little absorption. The binning is the one provided in the SDSS spectra. Several factors (e.g., the integration time or the source redshift and luminosity) can affect the estimate of SN1700; nevertheless, it allows selection of QSO samples on the basis of their S/N.
Our analysis focuses on C IV BALs since these are the most commonly observed (e.g., Gibson et al. 2009; Wildy et al. 2014, and references therein); in addition, contamination by adjacent absorption features is generally not significant.
The disappearance of a BAL can be detected by comparing two or more spectra of the same QSO taken at different times; as a consequence, we require sources with spectral coverage both from BOSS and from previous SDSS-I/II surveys. This requirement restricts our sample to 1606 out of 2005 QSOs, since there are no BOSS spectra for the rest of the sources. We obtain BOSS spectra from the SDSS Data Release 12, selecting a matching radius of 0.0005° with the coordinates from our source list. A further restriction is necessary in order to select the redshift window of interest: 1.68 < z < 4.93 for C IV BALs to be fully visible in SDSS spectra, considering that their blueshifted velocities can range from −30 000 to 0 km s−1 (Gibson et al. 2009); this requirement cuts our sample of QSOs down to 1525 sources. We make use of redshifts from Hewett & Wild (2010).
We convert wavelengths to velocities and, following other works from the literature (e.g., Filiz Ak et al. 2012), we require our BALs to have a maximum velocity −30 000 ≤ υmax ≤ −3000 km s−1, and thus exclude all the BALs entirely confined within the range −3000–0 km s−1, on the basis of what is stated above about contamination by other features. Filiz Ak et al. (2012) showed that setting υmax ≤ −3000 km s−1 does not introduce any significant bias in their results, as disappearing BALs are generally characterized by high absolute values of υmin, and will therefore have even higher absolute values of υmax; this behavior is also apparent in the present work when analyzing the υmin distribution of the BALs in our sample (see Sect. 4.3).
Our final sample, selected adopting a conservative approach, consists of all the QSOs whose SDSS-I/II spectra show at least one C IV BAL in the velocity range of interest, that is to say, 1319 sources (hereafter referred to as the main sample); thus, 206 sources, from the 1525 that we selected on the basis of their red-shift, are dropped from the sample. Since the 206 objects, as well as the others, belong to the sample of BAL QSOs of Gibson et al. (2009), we inspect the available spectra for each source, and compare them to the spectra obtained by Gibson et al. (2009), in order to understand why we do not find BALs for them. Here we list the causes for such a discrepancy:

					
							
							In 123 instances, the BALs in Gibson et al. (2009) are low-velocity absorption lines, close to the C IV emission line; in our spectra we detect these absorption lines, but the fraction below 10% of the continuum level is much narrower than the required 2000 km s−1; of course this result is understandable, given the vicinity of the emission line contaminating the absorption; Gibson et al. (2009) point out that, in such cases, the characterization of emission lines is particularly problematic, and that low-velocity BAL trough measurements are therefore less certain than the others. Adhering to our conservative approach, we exclude these sources from our analysis.

						

							
							In 25 instances we do detect BALs as in Gibson et al. (2009), but they have υmax > −3000 km s−1, so we reject them because of the aforementioned requirement on the maximum velocity.

						

							
							In 22 instances, we do not detect BALs in our spectra at locations given in Gibson et al. (2009): this change is due to small differences in the normalized continua, and to BALs being very shallow.

						

							
							In 17 instances, the BALs detected by Gibson et al. (2009) are very blueshifted and are out of the velocity range of interest, having υmax < −30 000 km s−1.

						

							
							In ten instances, when we try to compare the SDSS-I/II and BOSS spectra of the same source, we find that they are characterized by continua that do not overlap due to a vertical shift, hence comparing them would be improper; this generally depends on the continuum fit of the blue end of the spectra. In principle we could shift one of the two spectra to obtain overlapping continua; nevertheless, consistently with our conservative approach, we prefer to exclude these sources from the sample we analyze. We mention these ten sources again in Sect. 5, where we briefly discuss the effect of a potential inclusion in our sample.

						

							
							In eight instances, we do not detect BALs because of noise spikes that split them into two or more mini-BALs; therefore, technically they do not fulfill the BAL defining criteria (these sources include three classified as BAL QSOs in Filiz Ak et al. 2012, as detailed in Sect. 4.5; their spectra are shown in Fig. 9).

						

							
							In one instance, we are unable to fit the spectra properly because of a flux drop at the blue end; moreover, the estimate of the source redshift is uncertain.

						

					

				Our sample of 1319 sources is a factor of 2.3 times larger than the sample inspected in Filiz Ak et al. (2012). For each QSO, at least a pair of spectra – one from SDSS-I/II and one from BOSS observations – is available; 343 sources have one or more additional spectra from SDSS-I/II and/or BOSS, yielding three or more total epochs for these objects. Throughout the present work, unless otherwise stated, we define a “pair of spectra” (or, equivalently, a “pair of epochs”) as two spectra of the same source, where the earlier spectrum is from SDSS-I/II and the later one is from BOSS. The rest-frame timescales between observations in a pair are in the range 0.28–4.9 yr.
3. Spectral data processing
BOSS spectra can be affected by systematics due to spectrophotometric calibration errors (Margala et al. 2016). These uncertainties mostly arise from the differential refraction of light in the atmosphere and from a focal-plane offset of the positions of the fibers targeting QSOs with respect to the ones assigned to calibration stars; as a result, we obtain a higher throughput in the Lyman-α wavelength window when we observe high-redshift QSOs. This leads to a higher S/N at the cost of larger calibration errors with respect to those in SDSS-I/II spectra. We make use of the corrections implemented and discussed by Margala et al. (2016) to remove such errors.
The header files of SDSS spectra include bitmasks quantifying the “goodness” of each pixel constituting the detector, based on a set of observational and instrumental conditions. SDSS spectra are generally obtained by the combination of three or more exposures, and there may be pixels whose goodness changes from one exposure to another; the and_mask column in the Header Data Unit identifies the pixels that are bad in all exposures. Following Filiz Ak et al. (2012) and Grier et al. (2016), we mask all the pixels that are flagged as bad with respect to the “BRIGHTSKY” threshold, as this indicates that the flux contribution from the sky in such pixels is too high.
3.1. Extinction correction
Spectra must be corrected for Galactic extinction before use. Cardelli et al. (1989) derive an extinction law A(λ)/A(V), where A(λ) is the absolute extinction at the wavelength of interest and A(V) is the absolute visual extinction; historically, the V band is used as a reference. This extinction law is valid in the wavelength range 0.125 ≤ 3.5 ≤ μm, and depends on the parameter Rυ = AV/E(B − V), that is, the ratio of visual extinction to reddening. We follow Cardelli et al. (1989) to correct for Galactic extinction, and adopt a Milky Way extinction model, where we assume Rυ = 3.1; visual extinction coefficients are from Schlegel et al. (1998). Once the correction is performed, we convert the observed wavelengths to rest-frame wavelengths and to velocities.
3.2. Continuum fit
In the process of fitting a continuum model to our spectra we follow the steps described by Grier et al. (2016) and Gibson et al. (2009). We adopt a reddened power law model and make use of the Small Magellanic Cloud-like reddening curve presented and discussed by Pei (1992).
We identify a set of relatively line-free (RLF) regions, that is, regions that are generally free from strong emission/absorption features, to fit the continuum of each spectrum. The same set of RLF regions is used for each spectrum, although in some cases one or more regions may be not available in a spectrum. The selected wavelength windows are 1280–1350, 1425–1450, 1700–1800, 1950–2200, 2650–2710, 3010–3700, 3950–4050, 4140–4270, 4400–4770, and 5100–6400 Å. Most of them have been used in several works from the literature (e.g., Gibson et al. 2009; Filiz Ak et al. 2012); here, following Grier et al. (2016), we reduced the usual width (that is, 1250–1350 Å) of the first region in the list on its blue side, in order to limit contamination from possible nearby emission features; moreover, we introduced an additional RLF window corresponding to the wavelength range 1425–1450 Å, to be used if the source redshift is z < 1.85, in order to obtain a better fitting of the blue end of the corresponding spectrum.
We assign equal weight to each of the regions used in the fitting process regardless of the number of pixels from which it is composed; therefore, we attribute a weight to each pixel in each RLF region on the basis of the total number of pixels constituting the region itself.
The continuum fitting is always a challenging task, as no wavelength region is completely free of emission/absorption lines. In order to minimize the risk of contamination by prominent features happening to fall in the selected RLF regions, we fit our continuum through a non-linear least square analysis performed iteratively, and set a 3σ threshold to exclude outliers at each iteration. We then visually inspected each RLF region in each spectrum after the iterative fitting, and made sure that troubled regions had no significant effect in the fitting process. Following Baskin et al. (2013), we tested the reliability of our results performing an alternative continuum fit using only one RLF region blueward of C IV, corresponding to 1275–1285 Å which is expected to be unaffected by emission/absorption features. The results of the corresponding analysis of BAL disappearance are consistent with the ones we are about to describe, confirming that our continuum fitting procedure is robust with respect to the presence of possible contaminating features.
We quantify uncertainties in the continuum fit by means of Monte Carlo simulations performed iteratively, following Peterson et al. (1998) and Grier et al. (2016): essentially, we alter the flux of each pixel in the spectrum by a random Gaussian deviate multiplied by its uncertainties; we add random noise based upon each pixel’s error estimate with a Gaussian distribution to each spectrum, fit the continuum to the obtained spectrum, and iterate the procedure 100 times. The standard deviation of the 100 iterations is assumed to be the uncertainty of the continuum fit for that spectrum.
As mentioned above (see Sect. 2.1), SDSS-I/II and BOSS spectra have different spectral coverage, so we crop BOSS spectra to match the SDSS-I/II wavelength coverage, thus ensuring that the same RLF regions are used in the continuum fit process for all the spectra corresponding to each source. Figure 1 displays a pair of spectra where disappearing C IV BAL troughs are observed; RLF regions and the best-fit continuum model for each spectrum are also shown, together with the main emission features that are typical of BAL QSOs in the observed wavelength range.

						[image: thumbnail]	Fig. 1.
							Examples of continuum-model fits for a pair of spectra (SDSS-I/II in the upper panel, BOSS in the lower panel) where we observe C IV BAL disappearance. The red line represents the signal as a function of the rest-frame wavelength, while the blue regions indicate the RLF windows used to fit the continuum model, which is shown by the solid black line. Vertical dashed lines indicate rest-frame wavelengths corresponding to features that are typically seen in QSOs. The source ID in the SDSS archive, together with its redshift and information about the plate, MJD, and fiber corresponding to the observation, are also reported on top of each panel.

						



				SDSS spectra are identified by three integer numbers: plate, modified Julian date (MJD), and fiber; they identify the aluminium plate used to obtain the spectrum, the observing night, and the fiber used to observe the source of interest, respectively. Fiber number ranges from 1 to 1000 for BOSS observations, and from 1 to 640 for SDSS-I/II observations, as a smaller number of fibers was used at the time (see Smee et al. 2013). Plate, MJD, and fiber numbers are reported at the top of each panel in Fig. 1.
4. Statistical analysis of the disappearing BAL sample
4.1. Identification of disappearing BAL troughs
The goal of the present work is to investigate the disappearance of C IV BAL troughs in the largest available sample of BAL QSOs as well as the existence of coordination in the variability of multiple troughs corresponding to the same transition in a spectrum. The large size of our sample allows us to perform a reliable statistical analysis, with the ultimate goal of shedding light onto the physical processes driving BAL variability and onto the properties of the region where winds form and propagate.
In order to facilitate the identification of BAL troughs, we smooth our spectra by means of a three-pixel-wide boxcar algorithm. We convert wavelengths into velocities through red-shifts, and identify all the C IV BAL troughs present in each of the SDSS-I/II spectra: in order to be included in our sample, a trough must have a flux extending below 90% of the normalized continuum level for a velocity span of Δυ 2000 km s−1, as per Eq. (1). Such selection criteria return a sample of 1874 BAL troughs, detected in the spectra of the 1319 unique sources constituting our main sample.
Once we have identified the BAL troughs in the SDSS-I/II spectra, we inspect the corresponding regions in the BOSS spectrum/spectra associated with each of the sources in the main sample, to determine if BALs are still present in the same windows. We define a disappearance as when no absorption extends below 90% of the normalized continuum level, or if a BAL transforms into a NAL (Δυ < 500 km s−1; this is a more conservative disappearance criterion than the BI = 0) in the corresponding BOSS spectrum. Associating BALs when comparing two different spectra is not always trivial, since the troughs can shift with respect to each other (e.g., Filiz Ak et al. 2013; Grier et al. 2016); we assume there is mutual correspondence between two troughs if they cover wavelength ranges that overlap at least partially. In cases where we have more than two spectra for a QSO, we choose to use the latest SDSS-I/II spectrum where a BAL trough is visible, and the earliest BOSS spectrum where it disappears, thus probing the shortest accessible timescales and the fastest variability.
A total of 105 BAL troughs detected in the SDSS-I/II spectra of 94 unique sources disappear in the corresponding BOSS spectra. However, some criterion assessing the significance of the observed BAL disappearances is necessary in order to minimize contamination from spurious disappearances. Following Filiz Ak et al. (2012), we perform a two-sample χ2 test on the two sets of data points corresponding to the flux in each pair of wavelength windows where we observe a disappearance, and require the probability Pχ2 associated with the test to be ≤10−8 for the change in a trough to be unlikely due to a random occurrence; hence, if Pχ2 ≤ 10−8, we can discard the null hypothesis and be confident that the observed disappearance is real.
The defined threshold returns a sample of 56 disappearing troughs, detected in the spectra of 52 different sources (hereafter, we refer to this as the P8 sample). Nevertheless, a visual inspection of each of our disappearing BAL candidates revealed that a number of excluded disappearances may in fact be real, suggesting that, while returning a highly reliable sample, our threshold might be overconservative. To address this possibility, we select a second sample of disappearances that appear reliable on the basis of visual inspection; this sample corresponds to troughs with a probability Pχ2 ≤ 10−4 for disappearances to be accidental. The new requirement returns 17 additional disappearing BALs observed in 16 different sources; we shall refer to the full sample of sources for which Pχ2 ≤ 10−4 as the P4 sample. This consists of 73 (56 + 17) disappearing BAL troughs detected in the spectra of 67 sources2. In what follows, we report the results of our analysis for the P4 sample, but we also discuss some relevant results concerning the P8 sample; this approach also allows a proper comparison between our findings and those from Filiz Ak et al. (2012). In Table 1 we report numerical details about the main sample as well as the P4 and P8 samples.

					Table 1.

							Detailed information about the main sample of sources, the P4 and P8 samples, and the C IV BAL troughs in their spectra.

						

				Even when disappearing BAL troughs belong to the P8 sample, residual absorption may be present (e.g., NALs are not taken into account). In four extreme instances (IDs 623, 735, 919, and 1638 in the extended version of Fig. 2) we observe a trough in the BOSS spectrum, indicating that there is still absorption, but the trough is above 90% of the normalized flux level and hence it is not detected as a BAL/mini-BAL. In order to record such instances, we identify by visual inspection a “pristine” sample, following Filiz Ak et al. (2012). The sample consists of all the disappearances where no residual absorption is detected, and includes 30 out of the 73 BAL troughs in the P4 sample.

						[image: thumbnail]	Fig. 2.
							SDSS-I/II (red) and BOSS (black) spectra showing disappearing BAL troughs. The top right of each panel reports the ID in our catalog, the SDSS ID, the redshift, and the rest-frame time difference between the two plotted spectra; the presence of a star next to the source ID identifies the BAL troughs belonging to the pristine sample. Plots are limited to the wavelength range 1350–1650 Åfor a better visualization of the window where C IV BAL disappearance can be observed. Rest-frame wavelength (bottom) and velocity (top) are reported on the horizontal axes, while the normalized flux density is shown on the vertical axis. The horizontal dashed line represents the level where normalized flux density equals unity, while the dash-dot line indicates the 0.9 level for the normalized flux density; our analysis concerns BAL troughs extending below this threshold. The two vertical dashed lines represent the rest-frame wavelengths corresponding to the Si IV and C IV emission lines (1394 Å and 1549 Å, respectively). Red and black horizontal lines identify BAL troughs in the SDSS-I/II spectra and BOSS spectra, respectively, while blue bars mark SDSS-I/II BAL troughs that disappear in BOSS spectra. The lack of either black lines or blue bars in a BOSS spectrum in correspondence of a BAL trough in the SDSS-I/II spectrum means that the BAL trough has turned into one or more mini-BALs, or that the disappearance is not considered reliable (Pχ2 > 10−4). The regions corresponding to SDSS-I/II BAL troughs are shaded for better visualization. A “P8” above a shaded area marks disappearing BAL troughs belonging to the P8 sample. In some cases, BAL troughs outside the velocity range −30 000–0 km s−1 are apparent, but they are not taken into account in the present analysis (see Sect. 2.2). An extended version of this figure, including all the sources in our P4 sample, is available in Fig. A.1.

						



				Figure 2 presents each pair of SDSS-I/II and BOSS spectra from the P
					4 sample where C IV BAL disappearance is detected. Some QSOs with multiple BAL troughs have more than one disappearing BAL trough, though sometimes the additional BAL troughs do not disappear; we address this situation in Sect. 4.4.
Figure 3 displays the redshift distribution for all the sources in the main and P
					4 samples: redshifts are in the range 1.68–4.27. We note a lack of sources with disappearing BALs at z ≳ 3. Actually, the distribution of the rest-frame time spans for all the sources in the main sample with z ≳ 3 peaks at lower time spans (≈750 days) than the whole sample of sources with disappearing BALs (shown in Fig. 4), due to time dilation at higher redshifts. However, we do observe disappearing BALs on timescales of ≈750 days at lower redshifts, so the lack of disappearing BALs for sources at z ≳ 3 does not appear to be a pure selection effect. To assess the significance of our finding, we computed the fraction of sources with disappearing BALs for timescales shorter than the maximum time length sampled by our high-redshift sources, which turns out to be 3.3%. Assuming that this occurrence rate is valid for our z ≳ 3 sources, we expect to find disappearing BALs in about five sources, but we find only one. The likelihood of this happening by chance is 3%; hence this result, although intriguing, is only marginally significant and requires a larger sample for proper investigation.

						[image: thumbnail]	Fig. 3.
							Redshift distribution for the 67 sources in the P4 sample (top) and the 1319 sources in the main sample (bottom). Redshifts are from Hewett & Wild (2010).

						



				Figure 4 shows the distribution of the rest-frame time difference Δt between the two spectra in a pair where disappearance is observed for each source in the P4 sample. The average Δt is ⋍1123 days, while the median Δt is ⋍1146 days, and both correspond to a timescale of ≈3.1 yr.

						[image: thumbnail]	Fig. 4.
							Distribution of the rest-frame time difference Δt between the epoch pairs where disappearance is observed, for each source in the P4 sample. The average (solid line) and median (dashed line) values for the time difference are shown. The typical rest-frame timescale for our sample is a few years.

						



				4.2. Statistical properties of disappearing BAL troughs
We have defined a main sample of 1319 sources where 1874 C IV BAL troughs have been detected, and we introduced the P4 sample, consisting of 73 disappearing BAL troughs detected in the spectra of 67 sources; we also identified a more conservatively reliable sample of 56 disappearing BALs (the P8 sample) observed in the spectra of 52 sources.
On the basis of our findings, we can estimate the average lifetime of a BAL trough and of the BAL phase along our line of sight, to gain global insight into the BAL phenomenon over long timescales. We compute the fraction of disappearing BAL troughs [image: equation] and the fraction of QSOs exhibiting at least one disappearing BAL trough in their spectra [image: equation] (here and in the following, error bars on percentages are computed following Gehrels 1986, where approximated formulae for confidence limits are derived assuming Poisson and binomial statistics). The two fractions become [image: equation] and [image: equation], respectively, if we restrict our analysis to the P8 sample.
The estimated disappearance frequency allows us to estimate the average rest-frame lifetime [image: equation] of a BAL trough along our line of sight; we can roughly define it as the average value of the maximum time difference [image: equation] between two epochs in a pair in our main sample divided by the fraction of BAL troughs [image: equation] that disappear over such time. Since [image: equation] days, corresponding to ≈3.1 yr, we obtain3
					[image: equation]. Limited to the BAL troughs in the P8 sample, we obtain an average rest-frame lifetime [image: equation], the average value of the maximum time difference being [image: equation] days.
Several works in the literature (e.g., Hall et al. 2002; Gibson et al. 2009; Filiz Ak et al. 2012) have shown that, if a source is a BAL QSO, BALs originating from C IV transitions are generally present in its spectrum, and they are typically the strongest troughs. When all the C IV BAL troughs disappear from a spectrum, generally there are no remaining BALs, nor Lyα BALs4, hence the source becomes a non-BAL QSO. We inspected the spectra in our P4 sample and found that 30 sources change into non-BAL QSOs when C IV BAL troughs disappear; the rest of the sources exhibit additional non-disappearing C IV BAL/mini-BAL troughs in their BOSS spectra. We derive the fraction of QSOs turning into non-BAL QSOs as the ratio of the number of objects transforming into non-BAL QSOs to the total number of objects in our sample, that is, [image: equation].
Once we know this fraction, we can estimate the lifetime of the BAL phase in a QSO, which we can roughly define as the average of the maximum time difference between epochs in a pair (already used above) divided by the fraction of BAL QSOs that turn into non-BAL QSOs over that time range, that is, t̄BAL ≈ 〈 Δtmax〉/ ftransform. Again, this is the observed BAL lifetime, related to a BAL being observed along the line of sight, rather than the lifetime of the outflowing gas. For the P4 sample, [image: equation]. If we focus on the sources in the P8 sample, the number of BAL QSOs turning into non-BAL QSOs reduces to 24 and the corresponding fraction becomes [image: equation]; the lifetime of the BAL phase along the line of sight is therefore [image: equation].
When dealing with such estimates, one should keep in mind that, even though all the BALs can disappear from the spectrum of a source, other BALs can emerge at a later time, either in that same region or in a different one. In addition, the disappearing rate is dependent on monitoring duration. Longer monitoring may mean more disappearing troughs (unless they reappear). As a consequence, the definition of “BAL phase”, as well as the resulting t̄BAL, should be handled with caution.
4.3. Velocity distributions
Relevant information about the BAL-trough population can be inferred from the analysis of BAL properties in terms of velocity. In Sect. 1 we introduced the maximum and minimum velocity of a BAL trough, υmax and υmin, the velocity difference v, and the central velocity υc.
Figure 5 compares the population of sources in the P4 sample to the sources in the main sample. Specifically, in panels a and b the υmax and υmin distributions for both populations are shown, respectively. We perform a Kolmogorov-Smirnov (K-S) test on each pair of distributions (full results are reported in the various panels) in order to assess the probability of consistency between the two datasets. As for υmax, we find that the maximum distance between the two cumulative distributions is D ≈ 0.18, and the probability to obtain a higher value for D assuming that the two datasets are drawn from the same distribution function is P ~ 10−2; as a consequence, we cannot state that the two distributions are inconsistent.

						[image: thumbnail]	Fig. 5.
							Maximum observed velocity υmax (panel a), minimum observed velocity υmin (panel b), central velocity υc (panel c), and BAL width Δυ (panel d) distributions for the P4 sample (upper histogram in each panel) and for the main sample of sources with BAL troughs (lower histogram in each panel). Results of the K-S test performed on each pair of cumulative distributions are reported in each panel: D is the maximum distance between the two cumulative distributions, and P is the probability of obtaining a higher D value assuming that the two datasets are drawn from the same distribution function.

						



				Different results are obtained with the υmin distributions, as it is apparent that the bulk of the minimum velocities for the P4 sample is clustered around higher values when compared to the distribution derived for the main sample. In this case we measure a maximum distance D ≈ 0.34 and a probability P ~ 10−7, indicating that consistency is unlikely. This result supports our decision to exclude from our analysis the BALs entirely confined in the velocity range −3000–0 km s−1 (see Sect. 2.2), which does not significantly affect our results, since the υmin distributions suggest that disappearing BALs are generally characterized by high values of υmin, and we are thus unlikely to have removed a significant number of objects from our sample.
In panel c the central velocity distributions for the two samples are displayed: they resemble the distributions from panel b, and the disappearing BAL troughs have a higher central velocity than the BALs in the main sample. The probability in this case is higher than in panel b because the central velocity is affected not only by υmin, but also by υmax values. In panel d the velocity difference distributions are compared; the disappearing BAL troughs are generally narrower than the ones in the main sample.
4.4. Equivalent widths and coordination in BAL variability
In Sect. 4.1 we mentioned that, in some cases, a spectrum of a “disappearing” BAL exhibits more than one C IV BAL trough, and not all disappear. In these cases, we find BAL troughs in the earlier spectrum that are still BALs in the later spectrum, or BALs that turn into one or more mini-BALs; in this latter case, on the basis of the definition of disappearance that we introduced in Sect. 1, we do not state that a BAL disappears. It can also happen that, regardless of the number of disappearing/non-disappearing BALs, other BALs emerge in the later spectrum. Some of the listed instances were shown in Fig. 2. The presence of additional non-disappearing BAL troughs in spectra where disappearances are detected provides an opportunity for us to investigate the existence of a correlation in the variability of different BAL troughs when comparing two epochs of the same source.
Inspection of the 67 pairs of spectra corresponding to the sources in our P4 sample reveals that there are 28 additional non-disappearing BALs in the spectra of 27 out of 67 sources. We choose not to take into account BALs turning into mini-BALs, and focus on BALs in the SDSS-I/II spectra that are still formally considered BALs in the corresponding BOSS spectra. Hereafter we shall refer to the subsample of the 28 additional non-disappearing BAL troughs (or, equivalently, to the subsample of the corresponding 27 QSOs) as the ND sample.
To further characterize our P4 and ND samples, we compute the EW of each BAL trough. Figure 6 displays the EW distributions for all the BAL troughs in the main sample and in the ND and P4 samples, in order to compare them. EW measurements are always performed in the latest SDSS-I/II spectrum in the case of QSOs where we observe a disappearance. For consistency, they are performed in the latest SDSS-I/II epoch as well for the rest of the QSOs belonging to the main sample, which are used as a reference (see following figure).

						[image: thumbnail]	Fig. 6.
							EW distributions for C IV BAL troughs in the P4 sample (upper panel), ND sample (middle panel), and main sample (lower panel). EW measurements for each BAL are from the latest SDSS-I/II epoch.

						



				We again use a K-S test to compare the EW cumulative distributions. The probability of consistency for the main sample−P4 sample pair is P ~ 10−15 and the maximum distance is D ≈ 0.50. Comparing the main sample to the ND sample produces P ≈ 0.006 and a maximum distance D ≈ 0.32, and therefore, in this last case, evidence for inconsistency is not as strong as in the previous one; nevertheless, the two distributions appear different from each other. The disappearing BAL troughs are generally characterized by low EW values, the highest one being <17 Å, while non-disappearing BAL troughs in the main sample typically reach much higher values (≈80 Å) of EW.
The comparison of the EWs of different BAL troughs in a pair of spectra allows investigation of the possible existence of coordination in the variability of such BALs. The EWs of the non-disappearing BAL troughs in our ND sample are compared in Fig. 7; the two epochs are always the ones where we observe disappearing BALs (that is, the latest SDSS-I/II epoch where we detect a BAL trough and the earliest BOSS epoch where that BAL is no longer detectable). All the non-disappearing BAL troughs detected in the spectra of QSOs belonging to the main sample are also presented as a reference; in this case, the two epochs chosen for the comparison are the latest among SDSS-I/II spectra and the earliest among BOSS spectra.

						[image: thumbnail]	Fig. 7.
							EWs at two different epochs for the QSOs belonging to the ND sample (large red dots). For each BAL trough, the two EW measurements are obtained from the same epoch pair where disappearance is detected. Small grey dots in the background show the EWs at two epochs (one from SDSS-I/II and one from BOSS) for all the sources in the main sample having non-disappearing BAL troughs. We limit our investigation to BAL troughs in SDSS-I/II spectra that correspond to BAL troughs in BOSS spectra, hence BALs turning into mini-BALs, or vice versa, are not taken into account. The solid line indicates where the EWs of the two compared epochs are equal, while the four dashed lines indicate where the EW of the BOSS epoch is four times, two times, half of, and a quarter of the EW in the SDSS-I/II epoch.

						



				The figure clearly shows that the distribution of the main-sample BALs is roughly symmetrical on the two sides of the bisector; this behavior indicates the absence of a dominant trend: BALs can become stronger as well as weaker. Conversely, there are 22 out of [image: equation] BAL troughs from the ND sample that weaken over time: when there is more than one BAL trough and one of them disappears, in 79% of the instances the EW of the remaining BALs decreases over time as well.
As a further test, we analyze the fractional EW variation for the non-disappearing BAL troughs in the ND sample: we define this quantity as ΔEW/〈EW〉, where ΔEW = EWBOSS−EWSDSS-I/II and the average 〈EW〉 is computed over the two epochs. In Fig. 8 the fractional EW variation is presented as a function of the offset υc − υcND between the central velocity υcND of the non-disappearing BAL and the central velocity υc of the disappearing BAL detected in the same pair of epochs; where there is more than one disappearing BAL, the offset is computed with respect to the one having the highest central velocity. In 27 out of 28 (96%) of the cases, the BAL trough that disappears is the one with the highest central velocity. Moreover, the already mentioned weakening trend is apparent: only six of the non-disappearing BALs (21% of 28) are stronger in the BOSS epoch than in the SDSS-I/II epoch. The BAL troughs with a positive velocity offset (that is, those with υcND < υc) generally weaken. The weakening trend is also observed in the BALs with the largest velocity offsets; all of these results demonstrate the existence of coordination in BAL-trough variability and also suggests that this behavior is a persistent phenomenon.

						[image: thumbnail]	Fig. 8.
							Fractional EW variations for the 28 non-disappearing BAL troughs in the ND sample. The two epochs used for each trough are the same as in Fig. 7. The horizontal axis shows the offset of the central velocity υcND of each non-disappearing trough with respect to the υc of the corresponding disappearing trough. The central velocity for a trough is defined as υc = (υmax + υmin)/2; error bars are computed propagating the errors on the EWs in the two epochs. The horizontal and the vertical dashed lines represent the zero levels for each axis, and are plotted for a better identification of the various regions in the diagram.

						



				4.5. Comparison to results from Filiz Ak et al. (2012)
In Sect. 1 we mentioned that a subset of the spectra that we analyze in our work was also inspected by Filiz Ak et al. (2012); a comparison of the findings is presented here.
First, we cross-match our main sample to the sample of QSOs examined in Filiz Ak et al. (2012), where observations have MJD ≤ 55 811, and the sample consists of 582 sources where 925 C IV BAL troughs are identified. The corresponding sample of disappearing BALs consists of 21 troughs detected in the spectra of 19 QSOs (hereafter, the F12 sample). The cross-match of our main sample with the F12 sample returns 558 out of 582 sources; here we list the reasons why the remaining 24 objects are not in our main sample:

					
							
							Seven sources are excluded since their SDSS-I/II spectra exhibit C IV BAL troughs outside the velocity range of interest of this paper (all but one have υmax > −3000 km s−1, while the other has υmin < −30 000 km s−1).

						

							
							Seven sources are excluded since their SDSS-I/II spectra do not show C IV BAL troughs in the velocity range of interest of this paper. Nonetheless, a careful inspection of the spectra in question reveals that all of them possess at least one mini-BAL trough in the velocity range of interest; each mini-BAL has a width Δυ > 1500 km s−1 and, in particular, half of them have Δυ > 1920 km s−1. This suggests that we do not detect the expected BALs due to slight differences in the spectrum fitting/normalization in the two works.

						

							
							Six sources are excluded as no SDSS-I/II (one instance) or BOSS spectrum (five instances) is available for them. Their spectra were available at the time the work by Filiz Ak et al. (2012) was ongoing, but they were later excluded from the SDSS archive as the corresponding sources have very close neighbors, and this caused mismatching.

						

							
							Two sources are excluded because of problems in fitting the continuum of their SDSS-I/II spectra.

						

							
							Two sources are excluded as they belong to the sample of ten sources mentioned in Sect. 2.2, with spectrum pairs exhibiting non-overlapping continua due to a vertical shift.

						

					

				From the P4 sample we retrieve 16 of the 21 disappearing BAL troughs constituting the F12 sample. A detailed analysis of the spectra of the five undetected disappearing BALs reveals that:

					
							
							the BOSS spectrum of J074650.59+182028.7 exhibits two non-deblended NAL doublets in the wavelength region where the BAL from the SDSS-I/II spectrum is supposed to disappear; since they are not deblended, the two doublets appear as mini-BALs, and this is not classified as a disappearance;

						

							
							the SDSS-I/II spectrum of J133152.19+051137.9 contains a trough whose measured width is <1 km s−1 below our threshold defining BALs (Δυ 2000 km s−1), and hence it cannot be considered as a BAL, technically;

						

							
							in the remaining three cases (J085904.59+042647.8, J094806.58+045811.7, J114546.22+032251.9) we do not detect any BAL troughs in the region indicated in Filiz Ak et al. (2012) in the corresponding SDSS-I/II epoch because of the presence of a narrow rise in the spectrum crossing the BAL-trough threshold (that is, 90% of the normalized continuum level) upwards; as a consequence, our interpretation is two adjacent troughs, each with a width Δυ < 2000 km s−1. The difference is likely caused by slight differences in the continuum fits between our sample and Filiz Ak et al. (2012).

						

					

				Figure 9 presents the pairs of spectra corresponding to each of the five mentioned QSOs.

						[image: thumbnail]	Fig. 9.
							The five SDSS-I/II (red) and BOSS (black) spectra where disappearing BAL troughs were detected by Filiz Ak et al. (2012), but not in the present work. The top right of each panel contains the ID of the corresponding source from our catalog, the SDSS ID, the redshift, and the rest-frame time difference between the two spectra represented. Plots are limited to the wavelength range 1350–1650 Å for a better visualization of the window where C IV BAL disappearance can be observed. Rest-frame wavelength (bottom) and velocity (top) are reported on the horizontal axes, while the normalized flux density is shown on the vertical axis. The horizontal dashed line represents the level where normalized flux density equals unity, while the dash-dot line indicates the 0.9 level for the normalized flux density; our analysis concerns BAL troughs extending below this threshold. The two vertical dashed lines represent the rest-frame wavelengths corresponding to the Si IV and C IV emission lines (1394 Å and 1549 Å, respectively). In the case of QSO J114546.22+032251.9, there are two peaks – and not just one – in the SDSS-I/II spectrum crossing the threshold upwards, so three adjacent troughs comprise the BAL; nevertheless, the first two corresponding to higher velocities are sufficient to make a BAL trough if their widths are summed.

						



				
					Filiz Ak et al. (2012) measure the fraction of disappearing BAL troughs to be [image: equation], while the fraction of QSOs showing at least one disappearing BAL trough in their spectra is [image: equation]; both percentages are slightly lower than the ones for our P4 sample, but are consistent with the percentages obtained from the analysis of our P8 sample. The estimated average BAL-trough lifetime from Filiz Ak et al. (2012) is [image: equation], while the BAL-phase duration is [image: equation]; both are consistent with the estimates derived from both the P8 and the P4 samples.
In Sect. 4.1 we mentioned that, following Filiz Ak et al. (2012), we defined a pristine sample consisting of all the disappearing C IV BAL troughs where we do not detect any residual absorption. In Filiz Ak et al. (2012), the pristine sample consists of 11 out of 21 BAL troughs. We classify seven out of these 11 BALs as pristine, while three of them belong to the instances where no BAL troughs are detected, shown in Fig. 9 (J074650.59+182028.7, J085904.59+042647.8, J094806.58+045811.7), and are therefore excluded from our analysis. We do not classify the remaining BAL trough (J155119.14+304019.8; see the extended version of Fig. 2) as pristine.
5. Summary and discussion
The present work analyzes the disappearance of C IV BAL troughs in the largest sample of BAL QSOs investigated to date produced by the SDSS-I/II/III surveys. Our ultimate goal is a deeper understanding of the physics and structure of QSOs, to be possibly investigated in a future follow-up study. We selected a sample of QSOs exhibiting C IV BAL troughs in their spectra and performed a statistical analysis of the subsample of BALs that disappear with the aim of extending our knowledge of the physical processes driving BAL variability. Our main findings are as follows.
The main sample of QSOs consists of 1319 sources with 1874 detected C IV BAL troughs in their spectra; the sample of sources showing disappearing BALs consists of 67 QSOs, with 73 disappearing BALs (the P4 sample). Such disappearances are observed over a rest-frame timescale of 0.28–4.9 yr. The fraction of sources with disappearing BALs is [image: equation], while the fraction of disappearing BALs is [image: equation].
In Sect. 2.2 we mentioned ten sources that we excluded from our analysis because the continua in each spectrum pair did not overlap. It is worth noting that, if we included these sources in our main sample, we would detect C IV BAL troughs in the SDSS-I/II spectra of the ten sources, and would find that in two instances these BALs disappear. This would lead to a fraction of sources with disappearing BALs [image: equation], which is perfectly consistent with the one we obtained. This confirms that our conservative choice to exclude the ten sources from our analysis had no significant impact on our results.
We estimated the average BAL lifetime – limited to the direction of our line of sight – to be [image: equation]. Some clarification is necessary: the disappearing BALs tend to be weak, with an EW < 17 Å, as shown by their EW distribution in Fig. 6. This result means that our lifetime estimates characterize low-EW BALs, but nothing can be stated about BALs with a higher EW, as they have not been observed to disappear. A possible explanation for BAL disappearance is disk rotation, with disappearances occurring because BALs move out of our line of sight, while the relevant absorbing material still exists physically. In this context, our BAL-lifetime estimate would correspond to the orbital time of the accretion disk at distances of ≈0.09 pc, thus placing the origin of BAL absorption at larger radii than those reported in some literature (e.g., Murray et al. 1995), but fairly consistent with some other works (e.g., Filiz Ak et al. 2013).
Thirty of the BAL QSOs in our P4 sample turn into non-BAL QSOs when BALs in their spectra disappear. We computed the corresponding fraction of transforming BAL QSOs, which is [image: equation], and estimated the average lifetime of the BAL phase in a QSO to be [image: equation]. Once again, the estimate is limited to what we can measure along our line of sight.
We selected a more conservatively reliable sample of 56 disappearing BALs in 52 sources, namely the P8 sample; the mentioned quantities for such a sample become, respectively: [image: equation], and [image: equation].
The distributions of minimum velocity, central velocity, and velocity difference for our main sample and for the P
				4 sample (see Sect. 4.3), as well as the corresponding EW distributions (Sect. 4.4), show that the BAL troughs that disappear are generally narrow and characterized by a higher outflow velocity with respect to non-disappearing BALs.
This analysis provides evidence for the existence of a coordination in the variability of multiple troughs corresponding to the same transition, as apparent from the spectra shown in Sect. 4.4: in spectra where more than one BAL is detected and one of them disappears, the other BALs weaken in 79% of these cases, while in the main-sample population there is no dominant trend between strengthening and weakening. Also, in 96% of cases, the disappearing BAL is the one with the highest outflow velocity. Coordination in variability persists even when the radial distances between the two BALs appear to be very large (central velocity offset up to ≈20 000 km s−1).
We compared our findings to the results from Filiz Ak et al. (2012), where part of our sample of BAL QSOs was analyzed; all of these sources are reported in Table 2 to allow a straightforward comparison. It is apparent that all the results for our P8 sample are consistent with the corresponding results from Filiz Ak et al. (2012); the same can be said for our P4 sample, except for the first two fractions reported in the table, which are slightly larger in our analysis, even when accounting for errors.

				Table 2.

						Comparison between the main numerical findings from the present work and Filiz Ak et al. (2012).

					

			A detailed list of the QSOs in our P4 sample and a list of parameters of the disappearing BALs in the P4 sample are reported in Tables A.1 and A.2, respectively, at the end of this paper.
BALs are thought to form because of outflowing winds originating in the proximity of the central SMBH, and the existence of a coordination in their variability sheds light on the possible mechanisms behind BAL formation and variability itself. In Sect. 1, we mentioned that the observed BAL-trough variability could be caused by variations in the covering factor which originate from the motion of the gaseous clouds along our line of sight; nevertheless, the cause of variability coordination in multiple BALs at different velocities in the same spectrum must likely arise from other mechanisms, as BALs arising at different velocities correspond to different radial distances from the central SMBH and therefore originate in gaseous regions that are separated from one another (e.g., Capellupo et al. 2012; Filiz Ak et al. 2012).
The cause of the variability must therefore be global, rather than local; if we assume the existence of shielding gas between the radiation source and the wind, we can attribute coordinated variability to changes in the ionization level of the absorbing gas, originating from changes in the ionizing flux reaching the gas itself, which could be in turn ascribed to variations in the column density of the shielding gas. Such changes affect the outflow as a whole, thus giving rise to coordinated variations in the absorption troughs at different velocities. More saturated lines are scarcely responsive to changes in the ionization level, while changes in the covering factor can play a role in BAL variations; it is therefore likely that both causes contribute to the observed phenomenon, and the combined effect could be an enhanced variability or, in some cases, a partial balance (e.g., Capellupo et al. 2012; Filiz Ak et al. 2012). Some recent works (e.g., the aforementioned Baskin et al. 2014) tend to reject the shielding-gas scenario, rather favoring models where the changes in the ionization levels are an effect of radiation-pressure compression (see Sect. 1). The work by Saez et al. (2012) noted that changes in the shielding gas might cause significant variations in the X-ray emission from BAL QSOs, larger than the typical upper limits estimated for X-ray variability. They investigated the variability of 11 BAL QSOs over 3–30 yr (rest frame), and such significant variations are not commonly observed. They infer that the shielding gas has relatively stable properties on the timescales covered by their dataset. If we reject the shielding-gas hypothesis, we can likely ascribe BAL variability to changes in the ionization state of the extreme UV continuum, consistent with what is discussed in Grier et al. (2015). However, there are still some proponents of the shielding-gas hypothesis, such as Matthews et al. (2016), and it is likely that the BAL variability phenomenon as a whole is the result of different causes.
We are planning to extend the analysis to lower ionization transitions, such as Si IV and Mg II, in future works, as this would allow us to study additional samples of BAL troughs and to investigate possible relations between the variability of troughs corresponding to different transitions. In addition, new spectra for our sample of BAL QSOs are currently being obtained by the SDSS-IV’s Time Domain Spectroscopic Survey (TDSS; e.g., Morganson et al. 2015), providing an opportunity for the analysis of re-emergence of previously disappeared BALs for those sources for which at least three epochs are available (see, e.g., McGraw et al. 2017); these data would be a significant step towards a deeper understanding of the BAL phenomenon and could place additional – and possibly tighter – constraints on the physics of BAL formation, evolution, and variability.

		
1 All the mentioned timescales are in the rest frame.


2 There is one source that belongs to both subsamples, as it exhibits two disappearing BALs with Pχ2 ≤ 10−8 and one disappearing BAL with 10−8 ≤ Pχ2 ≤ 10−4; this is why the sum of the sources in the P4 sample is 67 instead of 68.


3 Here and in what follows we adopt different notations to make a distinction between average quantities that we directly measure, e.g., 〈Δt〉, and average quantities that we derive, e.g., t̄.


4 If no BALs corresponding to high-ionization transitions are observed, lower ionization BALs will generally not be observed as well.
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							SDSS-I/II (red) and BOSS (black) spectra showing disappearing BAL troughs. See caption of Fig. 2.
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All Figures
	[image: thumbnail]	Fig. 1.
							Examples of continuum-model fits for a pair of spectra (SDSS-I/II in the upper panel, BOSS in the lower panel) where we observe C IV BAL disappearance. The red line represents the signal as a function of the rest-frame wavelength, while the blue regions indicate the RLF windows used to fit the continuum model, which is shown by the solid black line. Vertical dashed lines indicate rest-frame wavelengths corresponding to features that are typically seen in QSOs. The source ID in the SDSS archive, together with its redshift and information about the plate, MJD, and fiber corresponding to the observation, are also reported on top of each panel.

						In the text



	[image: thumbnail]	Fig. 2.
							SDSS-I/II (red) and BOSS (black) spectra showing disappearing BAL troughs. The top right of each panel reports the ID in our catalog, the SDSS ID, the redshift, and the rest-frame time difference between the two plotted spectra; the presence of a star next to the source ID identifies the BAL troughs belonging to the pristine sample. Plots are limited to the wavelength range 1350–1650 Åfor a better visualization of the window where C IV BAL disappearance can be observed. Rest-frame wavelength (bottom) and velocity (top) are reported on the horizontal axes, while the normalized flux density is shown on the vertical axis. The horizontal dashed line represents the level where normalized flux density equals unity, while the dash-dot line indicates the 0.9 level for the normalized flux density; our analysis concerns BAL troughs extending below this threshold. The two vertical dashed lines represent the rest-frame wavelengths corresponding to the Si IV and C IV emission lines (1394 Å and 1549 Å, respectively). Red and black horizontal lines identify BAL troughs in the SDSS-I/II spectra and BOSS spectra, respectively, while blue bars mark SDSS-I/II BAL troughs that disappear in BOSS spectra. The lack of either black lines or blue bars in a BOSS spectrum in correspondence of a BAL trough in the SDSS-I/II spectrum means that the BAL trough has turned into one or more mini-BALs, or that the disappearance is not considered reliable (Pχ2 > 10−4). The regions corresponding to SDSS-I/II BAL troughs are shaded for better visualization. A “P8” above a shaded area marks disappearing BAL troughs belonging to the P8 sample. In some cases, BAL troughs outside the velocity range −30 000–0 km s−1 are apparent, but they are not taken into account in the present analysis (see Sect. 2.2). An extended version of this figure, including all the sources in our P4 sample, is available in Fig. A.1.
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	[image: thumbnail]	Fig. 3.
							Redshift distribution for the 67 sources in the P4 sample (top) and the 1319 sources in the main sample (bottom). Redshifts are from Hewett & Wild (2010).
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	[image: thumbnail]	Fig. 4.
							Distribution of the rest-frame time difference Δt between the epoch pairs where disappearance is observed, for each source in the P4 sample. The average (solid line) and median (dashed line) values for the time difference are shown. The typical rest-frame timescale for our sample is a few years.
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	[image: thumbnail]	Fig. 5.
							Maximum observed velocity υmax (panel a), minimum observed velocity υmin (panel b), central velocity υc (panel c), and BAL width Δυ (panel d) distributions for the P4 sample (upper histogram in each panel) and for the main sample of sources with BAL troughs (lower histogram in each panel). Results of the K-S test performed on each pair of cumulative distributions are reported in each panel: D is the maximum distance between the two cumulative distributions, and P is the probability of obtaining a higher D value assuming that the two datasets are drawn from the same distribution function.
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	[image: thumbnail]	Fig. 6.
							EW distributions for C IV BAL troughs in the P4 sample (upper panel), ND sample (middle panel), and main sample (lower panel). EW measurements for each BAL are from the latest SDSS-I/II epoch.
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	[image: thumbnail]	Fig. 7.
							EWs at two different epochs for the QSOs belonging to the ND sample (large red dots). For each BAL trough, the two EW measurements are obtained from the same epoch pair where disappearance is detected. Small grey dots in the background show the EWs at two epochs (one from SDSS-I/II and one from BOSS) for all the sources in the main sample having non-disappearing BAL troughs. We limit our investigation to BAL troughs in SDSS-I/II spectra that correspond to BAL troughs in BOSS spectra, hence BALs turning into mini-BALs, or vice versa, are not taken into account. The solid line indicates where the EWs of the two compared epochs are equal, while the four dashed lines indicate where the EW of the BOSS epoch is four times, two times, half of, and a quarter of the EW in the SDSS-I/II epoch.
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	[image: thumbnail]	Fig. 8.
							Fractional EW variations for the 28 non-disappearing BAL troughs in the ND sample. The two epochs used for each trough are the same as in Fig. 7. The horizontal axis shows the offset of the central velocity υcND of each non-disappearing trough with respect to the υc of the corresponding disappearing trough. The central velocity for a trough is defined as υc = (υmax + υmin)/2; error bars are computed propagating the errors on the EWs in the two epochs. The horizontal and the vertical dashed lines represent the zero levels for each axis, and are plotted for a better identification of the various regions in the diagram.
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	[image: thumbnail]	Fig. 9.
							The five SDSS-I/II (red) and BOSS (black) spectra where disappearing BAL troughs were detected by Filiz Ak et al. (2012), but not in the present work. The top right of each panel contains the ID of the corresponding source from our catalog, the SDSS ID, the redshift, and the rest-frame time difference between the two spectra represented. Plots are limited to the wavelength range 1350–1650 Å for a better visualization of the window where C IV BAL disappearance can be observed. Rest-frame wavelength (bottom) and velocity (top) are reported on the horizontal axes, while the normalized flux density is shown on the vertical axis. The horizontal dashed line represents the level where normalized flux density equals unity, while the dash-dot line indicates the 0.9 level for the normalized flux density; our analysis concerns BAL troughs extending below this threshold. The two vertical dashed lines represent the rest-frame wavelengths corresponding to the Si IV and C IV emission lines (1394 Å and 1549 Å, respectively). In the case of QSO J114546.22+032251.9, there are two peaks – and not just one – in the SDSS-I/II spectrum crossing the threshold upwards, so three adjacent troughs comprise the BAL; nevertheless, the first two corresponding to higher velocities are sufficient to make a BAL trough if their widths are summed.
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	[image: thumbnail]	Fig. A.1.
							SDSS-I/II (red) and BOSS (black) spectra showing disappearing BAL troughs. See caption of Fig. 2.
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