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Abstract

We present the analysis of the restframe optical-to-UV spectrum of APM 08279+5255, a well-known lensed broad absorption line (BAL) quasar at z = 3.911. The spectroscopic data were taken with the optical DOLoRes and near-IR NICS instruments at TNG, and include the previously unexplored range between C III] λ1910 and [O III] λλ4959,5007. We have investigated the possible presence of multiple BALs by computing “balnicity” and absorption indexes (i.e., BI, BI0, and AI) for the transitions Si IV λ1400, C IV λ1549, Al III λ1860, and Mg II λ2800. No clear evidence for the presence of absorption features is found in addition to the already known, prominent BAL associated to C IV, which supports a high-ionization BAL classification for APM 08279+5255. We also studied the properties of the [O III], Hβ, and Mg II emission lines. We find that [O III] is intrinsically weak (F[OIII]∕FHβ ≲ 0.04), as it is typically found in luminous quasars with a strongly blueshifted C IV emission line (~2500 km s−1 for APM 08279+5255). We computed the single-epoch black hole mass based on Mg II and Hβ broad emission lines, finding MBH = (2 ÷ 3) × 1010μ−1 M⊙, with the magnification factor μ that can vary between 4 and 100 according to CO and restframe UV-to-mid-IR imaging respectively. Using a Mg II equivalent width (EW)-to-Eddington ratio relation, the EWMgII ~ 27 Å measured for APM 08279+5255 translates into an Eddington ratio of ~0.4, which is more consistent with μ = 4. This magnification factor also provides a value of MBH that is consistent with recent reverberation-mapping measurements derived from C IV and Si IV.
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1 Introduction
APM 08279+5255 is a well-known luminous broad absorption-line quasar (BAL QSO) at z = 3.911. Serendipitously discovered in a Galactic survey for cold carbon stars (Irwin et al. 1998), it is archetypal to several categories of the quasar class, showing together many of the observational phenomena that can be found in such objects. In fact, beyond having evidence of both broad (Srianand & Petitjean 2000) and intrinsic narrow (Ellison et al. 2004) absorption features associated with the C IV λ1549 emission line, it also shows an uncommon O VI λ1030 BAL embedded in the Lyα forest (Hines et al. 1999) and an X-ray ultra-fast outflow (UFO) associated to highly-ionized iron (Hasinger et al. 2002; Chartas et al. 2002; Saez et al. 2009; Hagino et al. 2017). Furthermore, its high-ionization emission lines, from Lyα to C III] λ1910, are characterized by a significant blueshift of ~2500 km s−1 with respectto molecular (Downes et al. 1999) and Balmer lines (Oyabu et al. 2009). A blueshifted emission component with v ~ −800 km s−1, corresponding to a molecular outflow, is also detected in the CO(4 − 3) transition by Feruglio et al. (2017) through 3.2 mm observations with the NOEMA interferometer.
The source APM 08279+5255 is gravitationally lensed (Ledoux et al. 1998) by an unobserved galaxy at z ~ 1 (Petitjean et al. 2000; Ellison et al. 2004). The lensed image is elongated in the NE direction and consists of three components, with a maximum separation of 0″.35 ± 0″.02 (Ledoux et al. 1998). This makes APM 08279+5255 the first confirmed case with an odd number of images (Ibata et al. 1999; Lewis et al. 2002b). The lack of knowledge about the lensing object further complicates the estimation of the magnification factor μ. Current lens models are built on the observation of the CO(1 − 0) molecular line (e.g., Lewis et al. 2002a), but the resulting μ is strongly dependent on the lens geometry, ranging from μ ~ 4 (highly-inclined spiral galaxy; Riechers et al. 2009) up to μ ~ 100 (naked cusp; Egami et al. 2000). Nevertheless, with an intrinsic bolometric luminosity in the range of 5 × 1013 to 1015 L⊙ APM 08279+5255 can be considered among the most intrinsically luminous quasars.
Since its discovery, several photometric and spectroscopic observational campaigns have targeted APM 08279+5255 in different energy bands. Both short-term and long-term monitoring of this object have been performed for a wide range of purposes, from the analysis of its optical variability (Lewis et al. 1999) to the study of the UFO through photoionization codes (Saez & Chartas 2011), the investigation of the C IV absorption variability (Trevese et al. 2013; Saturni et al. 2014) and the reverberation mapping (Trevese et al. 2007; Saturni et al. 2016). In particular, the variability study of APM 08279+5255 absorption systems (Trevese et al. 2013; Saturni et al. 2014, 2016) concluded that the C IV absorption variability in APM 08279+5255 is most likely driven by changes in the photoionization state of the gas, responding to variations of the C IV ionizing continuum level.
Single-epoch observations of APM 08279+5255 include restframe UV high-resolution spectroscopy with Keck/HIRES (Ellison et al. 1999) and HST/STIS (Lewis et al. 2002b) for the study of the damped Lyα absorbers (DLAs) and intervening absorption systems (Petitjean et al. 2000; Ellison et al. 2004). Srianand & Petitjean (2000) first analyzed the high-velocity absorption system blueward the C IV emission peak thanks to the availability of the Keck/HIRES spectrum, finding narrow absorption lines embedded between two unresolved broad components. Using the same spectrum, Ellison et al. (2004) studied the resolved absorption feature on the C IV red wing, classifying it as a system of four intervening clouds located close to the quasar systemic redshift.
In this paper, we present the quasi-simultaneous restframe optical-to-ultraviolet (UV) spectrum of APM 08279+5255 taken at the 3.5 m Telescopio Nazionale Galileo (TNG) in La Palma (Canarian Islands) with the Device Optimized for Low Resolution (DOLoRes; λ∕Δλ ~ 700) and the Near-Infrared Spectrograph and Camera (NICS; λ∕Δλ ~ 500). Covering the region between C III] and [O III] λλ4959,5007 which was unobserved so far, this broadband spectrum allows the study of the restframe wavelength range λλ ~ 1000–5000 Å in a single state of quasar activity. In fact, the interval of 76 days between the near-infrared (NIR) and optical observations corresponds to a restframe interval of ~15 days, much shorter than typical variability timescales of APM 08279+5255 (~430 restframe days for continuum flux changes; e.g., Saturni et al. 2016). The paper is organized as follows: we describe the observations and the procedure of data reduction in Sect. 2; we analyze the spectral features in Sect. 3; finally, in Sect. 4 we present single-epoch mass estimates of the supermassive black hole (SMBH) hosted in APM 08279+5255, and discuss our results in Sect. 5. Throughout the text, we report all errors at 1σ confidence level, and adopt a concordance cosmology with H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7.
2 Observations and data reduction
Observations of the APM 08279+5255 restframe optical-to-UV spectrum were carried out on 2011 February 19–20 (optical) and 2011 May 05 (UV) at TNG. The restframe UV spectrum of APM 08279+5255 was obtained with the R-band grism (wavelength range λλ4470–10 073 Å, dispersion of2.61 Å px−1, λ∕Δλ = 714) of the DOLoRes instrument, coupled to the 1″ slit. The restframe optical spectrum was acquired with the NICS instrument in two low-resolution configurations, respectively for the IJ (wavelength range λλ9000–14 500 Å, dispersion of5.5 Å px−1, λ∕Δλ = 500) and HK (wavelength range λλ14 000–25 000 Å, dispersion of11.2 Å px−1, λ∕Δλ = 500) bands, with the same slit width of the R-band spectrum.
The restframe UV spectrum λλ1020−1870Å considered in our analysis extends over the observed wavelength interval λλ ~ 5000−9200Å. A large contamination due to overlap of higher spectral orders is visible redward λ ~ 9200Å. The spectrum was calibrated with standard IRAF procedures, and was cleaned from the major telluric absorptions, namely the Fraunhofer A and B bands and the H2 O features, adopting the method described in Trevese et al. (2013). The total restframe optical spectrum extends over the observed wavelength intervals λλ ~ 8700−14 500Å (IJ bands) and λλ ~ 13 500−24 700Å (HK bands), corresponding to λλ1770 5030 Å in the restframe UV-to-optical bands. A standard NICS observing sequence consists of exposures at two different dither positions (A and B) and taken in the pattern ABBA. Background subtraction was obtained performing A−B and B− A image differences, obtaining four positive aperture images. The spectrum was extracted for each differential image in a standard way using the IRAF task apall. Then, in order to remove cosmic rays, the four extracted spectra were combined together. Finally, a telluric standard star was used to correct the target spectrum for the atmospheric transmission.
In producing the joint APM 08279+5255 UV-to-optical spectrum, we compared the restframe UV flux with a coeval spectrum taken in April 2011 at the Asiago observatory (Italy) for a reverberation-mapping campaign of luminous quasars (Trevese et al. 2007, 2014; Saturni et al. 2016). We noted that the TNG UV flux level obtained from standard-star calibration was a factor ~1.1 lower than the Asiago spectrum, which was acquired together with a reference star within a wide (8″) slit in order to do not generate differential light losses and be therefore able to construct meaningful light curves (see e.g., Kaspi et al. 2007, for a discussion). We suspected that a light loss happened in acquiring the TNG/DOLoRes spectrum due to a seeing-limited observation rather than diffraction-limited (seeing at La Palma site of up to ~1″.5, to be compared with the 1″ slit width). Additionally, no IR photometric standard stars were available during the NICS observing night. Therefore, we decided instead to recalibrate the APM 08279+5255 full spectrum to the photometry reported in Egami et al. (2000); Ojha et al. (2009).
First, we matched the spectral sections together by scaling them to the integrated fluxes computed in intervals around two fiducial wavelengths, specifically λ ~ 9200 Å for the match between R and IJ bands and λ ~ 14 400 Å for the match between IJ and HK bands. The matching wavelengths were selected by visual inspection, in order to identify overlapping spectral regions relatively free from fringing and superposition of contiguous spectral orders. The flux-calibrated spectrum was finally obtained by normalizing the joint sections to the corresponding photometry of APM 08279+5255 available in the literature (see Table 1; BV RI magnitudes are from Egami et al. 2000, JHKsL′ magnitudes are from Ojha et al. 2009). To do so, we produced spectro-photometric points by integrating the joint spectrum over the bands listed in Table 1; then, we performed a 1st-order spline fit to the ratios between APM 08279+5255 literature magnitudes and the spectro-photometric points, and obtained the final spectrum by multiplying the joint spectrum by this spline. This approach does not introduce a significant amount of additional uncertainty on the spectral flux level, since the average photometric error Δmph listed in Table 1correspondsto a flux error of ~9 × 10−17 erg s−1 cm−2, which is comparable to the average rms spectrum over the whole wavelength range.
We checked that the magnitudes of APM 08279+5255 used in the recalibration were measured in epochs in which the quasar continuum is not varying. The near-infrared magnitudes are taken at MJD = 51 089 (Egami et al. 2000), whereas the optical photometry is measured in runs between MJD = 53 440 and 54 124 (Ojha et al. 2009). Comparing these epochs with those of the R-band photometricobservations used to construct the light curve of APM 08279+5255 in Trevese et al. (2013) and Saturni et al. (2016, see their Fig. 2), we note that they fall in periods during which the observer-frame optical flux of the quasar remains constant within 0.04 mag. Therefore, our photometry-based spectral recalibration is free of biases introduced by spectral variability.
In order to remove the dust reddening, the spectrum was further de-reddened according to a Small Magellanic Cloud (SMC) extinction law (Pei 1992) with AV = 0.6 (Petitjean et al. 2000) at z = 1.062, i.e., the probable redshift of the lensing galaxy (Ellison et al. 2004). Figure 1 shows the comparison of the joint restframe optical-to-UV spectrum of APM 08279+5255 taken at TNG with a template obtained by matching the Vanden Berk et al. (2001) and the Glikman et al. (2006) SDSS broad-line quasar templates around λ ~ 3000 Å in the restframe, and normalized to match the observed flux at 1350 Å in the restframe. In our procedure, we have not accounted for the intrinsic reddening of the host galaxy (e.g., Gallerani et al. 2010). In general, BAL QSOs appear in fact to be more reddened by intrinsic dust with respect to normal quasars (see e.g., Richards et al. 2003, and refs. therein), with a BAL QSO fraction rising up to ~40% in extremely reddened objects (e.g., Urrutia et al. 2009). However, the comparison of our de-reddened spectrum with the joint quasar template (which is in turn used in the following to compute the indexes of absorption for APM 08279+5255) provides no evidence for intrinsic dust reddening within the host galaxy. We thus prefer to consider only the reddening from the lensing galaxy, although we cannot rule out a possible contribution from the APM 08279+5255 host.
Table 1
Optical-to-near infrared Vega magnitudes of APM 08279+5255 in the observer frame available in the literature.

3 Analysis of the UV and optical spectral feature
3.1 Absorption features
The restframe UV-to-optical spectrum of APM 08279+5255 is suitable to study the presence of broad absorption features other than those associated to C IV. To this purpose, we calculate the indexes of absorption most commonly used to identify and classify BAL QSOs, namely the “balnicity” index (BI; Weymann et al. 1991), the zero-velocity balnicity index (BI0; Gibson et al. 2009) and the absorption index (AI; Trump et al. 2006). We performed this calculation for both the high- and low-ionization transitions that most frequently produce absorption in this class of objects, that is, Si IV λ1400, C IV λ1549, Al III λ1860, and Mg II λ2800.
The mathematical expression of the BI, BI0 and AI can be generalized into an integral quantity I(k), where k = (k1→5) represents a set of parameters that define the integration limits, the minimal depth and the minimal velocity width of the absorption. We call I(k) the generalized index of absorption, and define it as follows:
[image: equation](1)
where f(v) is the normalized QSO flux in the velocity space, and C(k4, k5) a constant assuming unitary value over absorbed regions in which the integrand function is positive, provided that the integrand itself remains greater than 0.1k4 in contiguous portions of the absorption trough at least 1000k5 km s−1 wide (otherwise, C = 0). Within this scheme, the set k uniquely identifies each index of absorption: kBI = (1, 0, 9, 0, 2), kBI_0 = (0, 0, 9, 3, 2), and kAI = (0, 1, 10, 1, 1). To compute these indexes, we normalize the dereddened APM 08279+5255 spectrum to the joint quasar template from Vanden Berk et al. (2001) and Glikman et al. (2006) shown in Fig. 1, then evaluating the BI, BI0, and AI according to Eq. (1).
The formal error [image: equation] associated to I(k) is connected to the rms error on the flux σf(v) by
[image: equation](2)
although the real uncertainty is usually dominated by systematics in the continuum placement (Trump et al. 2006). Therefore, we adopt a Monte Carlo simulative approach to give a proper evaluation of the uncertainties associated to each nonzero index, or provide fiducial upper limits. Accordingly, we alter the spectrum by adding random noise with Poissonian distribution to each spectral bin, which is assumed to be the mean value of the noise distribution at its wavelength. We then recompute I(k) on this altered spectrum, iterating theprocess 103 times to reach statistical significance. Finally, we take the standard deviation of the I(k) posterior distribution as the uncertainty to be associated to a nonzero index on the true spectrum. In case of null indexes, we set this standard deviation as the upper limit on the absorption strength. This procedure succeeds in producing fiducial uncertainties or upper limits for all the indexes of absorption but the BI0 for Si IV, Al III, and Mg II. This can be explained in terms of the conservative definition of BI0 given by Gibson et al. (2009), which requires deep absorption features to produce a positive value of this index.
Figure 2 shows the normalized spectral regions around Si IV, C IV, Al III, and Mg II. The values of BI, BI0, and AI for each transition are listed in Table 2, along with the associated uncertainty. We consider significant only absorption detected at a confidence level >3σ. The only absorption feature that satisfies this criterion is the known BAL associated to C IV. However, when observed at high resolution, this absorption structure reveals to be not a single trough, but rather a complex system with two true C IV BALs at v ~ −9750 and ~ −4500 km s−1 separated by narrow absorptions located around v ~ −8500 km s−1 (Srianand &Petitjean 2000). Variability studies suggest that this narrow-absorption complex is nevertheless associated with C IV outflows, since it shows a variability pattern very similar to the C IV BAL (see e.g., Fig. 6 of Trevese et al. 2013). In this case the integral in Eq. (1) is calculated across the whole spectral range λλ1400 − 1550, hence including all the features and giving values in agreement with those obtained by Trevese et al. (2013) for the equivalent width (EW) of the total absorption (from ~2300 to ~4800 km s−1). In addition, the upper limits to the Si IV absorption strength reflect the sampling of the multiple narrow absorption identified by Ellison et al. (2004) as intervening C IV, Si IV, and Mg II features (EW between ~90 and ~140 km s−1; see their Table 2 and Fig. 2). With respect to the low-ionization transitions, the Al III spectral region is affected by fringing in the 8300−9000 Å range that artificially increases the flux level with respect to the reference quasar template, thus preventing a reliable estimate of the Al III absorption strength. The low-significance Mg II feature, composed by two troughs respectively at v ~ 0 (not sampled by the BI) and ~ −2 × 104 km s−1, is between approximately ten and twenty times weaker than the C IV BAL when the AI or BI are used. Furthermore, any firm conclusion about the presence of Mg II BALs is prevented by the low-sensitivity gap between the bands J and H. Therefore, we classify APM 08279+5255 as a high-ionization BAL QSO (HiBAL) due to the lack of unambiguous low-ionization absorption features.
The most common class of BAL QSOs (~85% of the BAL QSO population; e.g., Farrah et al. 2007) is that of the HiBALs. In particular, BALs associated with C IV represent the most common absorption troughs found in quasars, and are widely used to study the evolution of the BAL QSO population with cosmic time (Hewett & Foltz 2003; Reichard et al. 2003; Knigge et al. 2008; Gibson et al. 2009; Allen et al. 2011) as well as to characterize the ensemble absorption variability timescales (Barlow 1993; Lundgren et al. 2007; Gibson et al. 2008, 2010; Capellupo et al. 2011, 2012, 2013; Filiz Ak et al. 2014). For instance, the time variability of the APM 08279+5255 C IV BAL has been studied in detail in Trevese et al. (2013) and Saturni et al. (2014, 2016), spanning a time interval of ~19 yr in the observer frame (i.e., ~3.9 yr in the restframe). The discovery of significant low-ionization troughs would have been extremely interesting to, for example, unveil a possible transition between an obscured AGN phase and a normal quasar, as suggested by Farrah et al. (2007, 2012) for the case of ultraluminous IR galaxies (ULIRGs) such as APM 08279+5255 (Rowan-Robinson 2000). Nevertheless, the simultaneous presence of an UFO, a BAL and a molecular outflow in its spectrum makes APM 08279+5255 similar to the local quasar and ULIRG Mrk 231 (Feruglio et al. 2015), configuring this object as one of the best potential targets to investigate multiphase outflows at higher redshifts and extreme energetic regimes (see e.g., Cicone et al. 2018).
	[image: thumbnail]	Fig. 1Calibrated spectrum of APM 08279+5255 before (green dashed line) and after dereddening (black solid line), with corresponding 1σ uncertainty (gray band) – see Sect. 2. Superimposed to the data, the composite quasar template obtained by matching the Vanden Berk et al. (2001) and Glikman et al. (2006) templates around λ ~ 3000 Å in the restframe (red line) is shown. The continuum level is marked as a black dotted line with slope − 1.54. A residual telluric absorption is still present between λ ~ 17 500 Å and 20 000 Å (cyan shaded area), hence this spectral interval is excluded from the present analysis.



	[image: thumbnail]	Fig. 2Flux of APM 08279+5255 normalized to the Vanden Berk et al. (2001) and Glikman et al. (2006) joint quasar template. The spectral regions around the Si IV emission (top left panel), the C IV emission (top right panel), the Al III emission (bottom left panel) and the Mg II emission (bottom right panel) are shown. In all panels, the velocity scale is relative to the systemic redshift z = 3.911 derived fromthe CO(4 − 3) and CO(9 − 8) emission lines (Downes et al. 1999). As a guidance, the zero-velocity position (dot-dashed line) and the normalized flux level (dashed line) are indicated.



Table 2
APM 08279+5255 indexes of absorptionassociated to the main BAL transitions in quasars.

3.2 Mg II, Hβ, and [O III] emission lines
In order to study the properties of the Mg II, Hβ, and [O III] emission lines of APM 08279+5255, we performed a spectral analysis of the two regions corresponding to the Hβ+[O III] (restframe wavelength range ~3990–5040 Å, which also includes the Hγ λ4340 emission) and Mg II (restframe wavelength range ~2200–3500 Å). The analysis was done by using custom IDL processing scripts, based on the IDL package MPFIT (Markwardt 2009). The emission lines and the continuum emission were fitted together, by minimizing the χ2. Figure 3 shows a magnification out of such spectral regions, which are characterized by strong Fe II emission producing a complex pseudo-continuum close to Hβ and Mg II.
As a first step, we tried to account for this Fe II-related emission in the restframe optical range by including the typical observational Fe II templates from Boroson & Green (1992), Véron-Cetty et al. (2004) and Tsuzuki et al. (2006) in the fits. We also considered the library of CLOUDY Fe II synthetic spectral templates presented in Bischetti et al. (2017) for hyper-luminous Type I quasars. In the fit, each template was convolved with a Gaussian whose width was free to vary, in order to account for the velocity dispersion of the gas. However, none of these templates was able to reproduce the Fe II spectral features observed in APM 08279+5255. Furthermore, we also found that the observational Fe II template from Vestergaard & Wilkes (2001) fails to reproduce the Fe II emission in the spectral region around Mg II. This failure might be partly due to the presence of telluric features in the near-IR spectra limiting the spectral windows used to anchor the fit. However, it is more likely that APM 08279+5255, being an exceptional object, shows an intrinsic difference in the Fe II emission properties, as the relative intensities of the main Fe II emission blends do not match any template from the adopted library. Furthermore, we also tried to simultaneously fit two different Fe II templates with independent velocity dispersion, as done in Vietri et al. (2018) in case of hyper-luminous quasars similar to APM 08279+5255 with strong Fe II emission. However, this did not result in an improvement. Therefore, we fitted the most prominent Fe II features in the spectrum by means of multiple Gaussian components. We tried to limit the dependence of the resulting line parameters on the adopted model by using a minimum number of Fe II components: in other words, we checked that adding another Gaussian component did not lead to a significant improve of the χ2. However, a modest degeneracy between subtle Fe II emission and the other emission lines might still be present.
The spectral fitting procedure in the Hβ+[O III] range is particularly challenging due to the combination of (i) a limited spectral coverage redward 5007 Å, (ii) the fact that these lines fall very close to the edge of the NICS wavelength coverage, which is affected by telluric absorption, and (iii) the lack of a clear emission feature at the wavelengths expected for the [O III] doublet. We thus tested two spectral models in order to infer the properties of any subtle [O III] emission. The first model (model A hereafter) only considers the presence of Fe II emission redward the Hβ emission, while the second model (model B) accounts for the presence of both [O III] and Fe II in this spectral region. Specifically, model A includes a Gaussian component with FWHM free to vary in order to account for the Fe II emission at 4861 < λ < 5000 Å in the restframe; the upper bound was set taking into account the NICS spectral resolution of ~40 Å at these wavelengths in order to not overlap with spectral regions involving possible [O III] emission at 5007 Å.
Model B is similar to model A, but also includes two Gaussian components to fit the [O III] λλ4959,5007 Å doublet with a fixed FWHM = 1000 km s−1, which is a typical upper limit to the width of emission lines associated to the narrow-line region. The centroids of the [O III] doublet components were fixed to 5007 Å and 4959 Å in the restframe, and the ratio of their normalizations was fixed at 1:3. Furthermore, both models include n total four Gaussian components to fit the Hβ and Hγ broad emissions, the strong Fe II emission features centered at ~4050 Å and ~4550 Å, and a power law to parameterize the continuum emission. Apart from the [O III] doublet, the velocity offset between all Gaussian components are free to vary. Both models are shown in Fig. 3b.
The restframe main spectral parameters, derived from the different models applied to the NICS data, are shown in Table 3. The Hβ emission is well reproduced by a broad Gaussian profile, with a FWHMHβ ~ 7000−7400 km s−1, that appears to be slightly redshifted (λHβ ~ 4868 Å, i.e., ~410 km s−1) with respect to the systemic redshift z = 3.911 inferred from CO lines (Downes et al. 1999); however, given the dispersion error of ~8 Å in the restframe associated to the grism, the position of the Hβ emission peak is still consistent with the assumed systemic redshift. The addition of the [O III]-related components in model B yields a decrease of Δχ2 = 12 for one additional free parameter (i.e., the [O III] λ5007 Å normalization) compared to model A, which represents a statistical improvement at 98.7% confidence level according to an F-test. This suggests that a weak [O III] emission with F[OIII](5007 Å) = (1.8 ± 0.7) × 10−15 erg s−1 cm−2, corresponding to an [O III]-to-Hβ flux ratio F[OIII]∕FHβ = 0.04, can still be present in the optical spectrum of APM 08279+5255. Such an [O III] weakness is consistent with the detection of strong Fe II emission, according to Eigenvector 1 (e.g., Boroson & Green 1992; Shen & Ho 2014). However, we stress that any firm conclusion on the properties of [O III] emission in APM 08279+5255 is hamperedby the low S/N and limited spectral coverage of the NICS data.
As for the fit to the spectral data in the Mg II emission region, we used a model consisting of one Gaussian component that accounts forthe Mg II line, four Gaussian components to fit the main Fe II emission features centered respectively at ~2300 Å, ~2450 Å, ~2550 Å and ~3200 Å in the restframe, and a power law for the underlying continuum (see Fig. 3a). Such a fit yields a good description of the spectrum with an associated reduced χ2 = 1.45. The best-fit value for the FWHM of the Mg II broad emission line is [image: equation] km s−1. Remarkably, we found that the Mg II emission centroid is located at λMg II ~ 2789 Åblueshifted by 11 Å (1180 ± 430 km s−1) with respectto the expected value at the systemic redshift. This blueshift is a factor of approximately two larger than the restframe dispersion error associated to the grism resolution in this spectral range, and is also approximately two times smaller than the blueshift of 2500 ± 40 km s−1 measured for the C IV emission (and valid for other high-ionization emission lines such as N V, Si IV and C III]; e.g., Irwin et al. 1998) from the R-band spectrum taken with the high-resolution spectrograph STIS on board of HST (Lewis et al. 2002b). We show this blueshift dependence on wavelength in Fig. 4, where the centroid shifts measured for C IV, Mg II, and Hβ broad emission lines are compared. This figure highlights that the Mg II emission line can be affected by a strong blueshift in the same way as high-ionization features. This can therefore bias the single-epoch SMBH mass estimate based on this low-ionization transition in case of highly-accreting AGN (e.g., Marziani et al. 2013). In particular, Mg II is extensively used to measure the SMBH mass of high-luminosity quasars at z > 5, due to the fact that Hβ line is no longer observable in the K band.
Previous studies found the [O III] weakness to be associated with broad blueshifted C IV emission in samples of Type 1 luminous quasars (e.g., Netzer et al. 2004). In their study of the optical-to-UV spectra of WISE/SDSS selected hyper-luminous quasars (WISSH; e.g., Bischetti et al. 2017), Vietri et al. (2018) have indeed found that ~70% of them exhibit very weak [O III] emission (<5 Å) and largelyblueshifted (≈2000−8000 km s−1) C IV emission with restframe EWs ≲ 20 Å. They interpreted these properties in terms of a steep UV-to-X-ray continuum in luminous quasars coupled to a face-on view of the continuum source. The former property leads to an efficient line-driving acceleration mechanism for broad-line region (BLR) winds (Proga & Kallman 2004; Wu et al. 2009; Risaliti & Elvis 2010; Richards et al. 2011), while the latter implies an observed small EW of the [O III] emission line (see Bisogni et al. 2017). The reconstruction of the C IV line profile on the APM 08279+5255 HST/STIS spectrum made by Saturni et al. (2016) allows us to compute a C IV restframe EW of 24 ± 2 Å. This value is in agreement with the C IV EWs commonly measured in other very luminous quasars with weak [O III] and large C IVblueshift.
	[image: thumbnail]	Fig. 3NICS spectrum of APM 08279+5255 corresponding to the Mg II and Hβ+[O III] spectral regions. Specifically, panel a shows the best fit description of the restframe ~ 2200−3400 Å band. Panel b and its inset show the best-fit description of the restframe ~ 3990−5040 Å band according to models A and B, respectively. In all panels, a purple solid line marks the power-law quasar continuum. Blue dashed curves refer to Mg II, Hγ, and Hβ emission lines, whereas the Fe II emission is plotted as magenta dot-dashed lines. In model B, the green curve refers to the [O III] emission. Gray bands indicate the regions excluded from the fit because of the presence of telluric features.



Table 3
Spectral fit results derived for the Hβ+[O III] and Mg II regions of APM 08279+5255.

	[image: thumbnail]	Fig. 4Velocity shifts of the Hβ (blue), Mg II (red) and C IV (green) lines with respect to z = 3.911. The centroids of the best fit Gaussian profiles resulting from our analysis (Hβ and Mg II) and Saturni et al. (2016, C IV, based on high-resolution HST/STIS data) are indicated by vertical lines with the corresponding uncertainties (shaded vertical bands).



4 Single-epoch black hole mass estimates
The TNG observations of APM 08279+5255 allow us to provide the virial single-epoch black hole mass MBH using Mg II and Hβ emission lines. These lines are much more reliable proxies of the BLR dynamics than C IV, whose profile is potentially affected by nonvirial motion of the emitting gas (Baskin & Laor 2005; Shen & Liu 2012; Vietri et al. 2018). Furthermore, in the case of APM 08279+5255 the presenceof strong BAL systems introduces additional uncertainty in the fit of the intrinsic C IV line profile. A direct measurement of MBH based on C IV and Si IV reverberation mapping (RM; e.g., Peterson 1997) was provided by Saturni et al. (2016), who analyzed the HST/STIS spectrum. They were, therefore, able to accurately recover the C IV emission profile without the contamination of telluric features associated to the Fraunhofer A band on the red wing of the line, deriving a FWHM of 7480 ± 70 km s−1 and, in turn, a [image: equation]. The same RM-based value1 of MBH was also obtained for the Si IV line, strengthening an estimate that could be affected by nonvirial components as in the case of C IV.
In our calculations, we have adopted the single-epoch relations derived by Bongiorno et al. (2014) for Mg II and Hβ, using the FWHMs and reddening-corrected monochromatic luminosities listed in Table 3. These relations can be expressed in the form:
[image: equation](3)
with the parameter a = 6.6 for Mg II and 6.7 for Hβ respectively. In addition to the estimates of MBH based on the Hβ and Mg II from the TNG spectrum, we also derive an additional one based on C IV. We use the Gaussian fit to the C IVemission from the HST/STIS spectrum performed by Saturni et al. (2016) and adopt the single-epoch relation from Vestergaard & Peterson (2006) corrected according to the prescription on the line blueshift ΔvCIV for high-luminosity quasars (Coatman et al. 2017). This correction yields:
[image: equation](4)
with α ≈ 0.4 and β ≈ 0.6.
Table 4 shows the estimates of the MBH of APM 08279+5255 based on the different transitions. Due to the fact that APM 08279+5255 is lensed by a foreground system which remains unobserved, at least two competing lens models have been proposed to explain the lack of a lens image. Egami et al. (2000) proposed a naked-cusp configuration in which the magnification at UV-to-optical wavelengths can rise up to ~100. Riechers et al. (2009) derived their lens model from the analysis of the CO emission region, finding a lower, almost achromatic magnification of approximately four. Accordingly, Table 4 lists the SMBH mass estimates as a function of different values of the magnification parameter: μ = 1 (i.e., no magnification), 4 and 100 respectively. The error associated to MBH includes in quadrature both the statistical uncertainties and intrinsic scatter in the single-epoch relations of ~0.26 dex (Vestergaard & Peterson 2006; Shen et al. 2011; Bongiorno et al. 2014). Even in the most conservative case of μ = 100, the MBH derived by considering the Hβ emission line is >109 M⊙, which indicates that APM 08279+5255 harbors a SMBH at the heaviest end of the MBH distribution.
In Table 4 we also report the estimate of the Eddington ratios λEdd = Lbol∕LEdd based on these MBH values, assuming a bolometric luminosity Lbol = 2.7 × 1048 erg s−1 before correcting for μ =4 and 100 (which correspond to a true bolometric luminosity of 6.8 × 1047 erg s−1 and 2.7 × 1046 erg s−1 respectively). We derive such a luminosity from the lensed monochromatic luminosity at 3000 Å adopting the bolometric correction with nonzero intercept by Runnoe et al. (2012a,b):
[image: equation](5)
We consider this estimate of Lbol as our fiducial value instead of deriving such a quantity from the fit of APM 08279+5255 spectral energy distribution (SED), since we note that the SED itself is affected by a wavelenght-dependent magnification factor resulting from the contribution of emitting regions of different size. In this way, we are also consistent with the UV-to-optical luminosities used to evaluate the single-epoch SMBH mass of APM 08279+5255.
Dong et al. (2009) reported the existence of a strong correlation between the EW of Mg II and λEdd, i.e., [image: equation]. Such an effect is possibly due to a decrease in the covering factor of the Mg II BLR at increasing λEdd (i.e., the number of Mg II emitting clouds decreases due to radiation-pressure blowing; see also Fabian et al. 2006; Marconi et al. 2008, 2009). We used this relation to obtain an independent estimate of λEdd for APM 08279+5255. The restframe EW derived from the TNG spectrum is EW_Mg II = 27.1 ± 1.5 Å, which corresponds to [image: equation] taking into account the scatter of 0.38 dex in λEdd in the Dong et al. (2009) data. We note that the confidence interval of λEdd obtained in this way is fully consistent with the values listed in Table 4 for the case of μ = 4, and only marginally consistent for the case of μ = 100. This suggests that a moderate lens magnification μ < 100 for APM 08279+5255 can be favored over a more extreme value.
We can then derive an independent estimate of μ using the λEdd obtained from the Dong et al. (2009) relation. In fact, from Eq. (3) we derive that λEdd ∝ μ1−b, and hence
[image: equation](6)
where b is the coefficient multiplying [image: equation] in Eqs. (3) and (4) (0.5 for Hβ and Mg II from Bongiorno et al. 2014, and 0.53 for C IV from Vestergaard & Peterson 2006). Therefore, a [image: equation] corresponds to 4.1 ≲ μ ≲ 9.3 (and, in turn, a bolometricluminosity 2.9 × 1047 ≲ Lbol ≲ 6.7 × 1047 erg s−1 and a black hole mass 6.5 × 109 ≲ MBH ≲ 1.5 × 1010 M⊙) using as [image: equation] the values listed in the first column of Table 4 (i.e., the case of no magnification). Such an intermediate magnification factor is also in agreement with the upper limit of μ ≲ 8.2 derived by Saturni et al. (2016) from the RM. We also note that a lower limit on APM 08279+5255 black hole mass MBH ≳ 4 × 109 M⊙ has been derived by Hagino et al. (2017) through SED modeling. Using our fiducial luminosity and FWHM measurements for Mg II in Eq. (3) (see Table 3), we find that this limit is respected for μ ≲ 50.
Table 4
SMBH mass and Eddington ratio of APM 08279+5255 derived from Hβ, Mg II and C IV broad emission lines, as a function of the magnification parameter μ.

5 Summary and conclusions
In this work, we have presented the quasi-simultaneous UV-to-optical spectrum of APM 08279+5255 taken at TNG with the instruments DOLoRes and NICS. The presence of a UFO, a BAL and a molecular outflow in this object is of great interest to explore the properties of multiphase quasar winds at high redshifts and extreme luminosities with dedicated multiwavelength observations, in order to probe the possible presence of ongoing AGN feedback. This spectrum covers the previously unobserved region between C III] and [O III], thus providing important constraints on the BAL classification, the SMBH mass, the Eddington ratio and the magnification factor in this high-z quasar. Our main results can be summarized as follows:

	We tested the balnicity of APM 08279+5255 for high- and low-ionization transitions. We computed the most commonly used indexes (BI, BI0, and AI) of absorption for Si IV, C IV, Al III, and Mg II, confirming the BAL only for C IV and hence supporting a HiBAL rather than a LoBAL classification for APM 08279+5255.


	The near-infrared NICS spectrum has allowed us, for the first time, to study the spectral regions corresponding to the Hβ+[O III] and Mg II emission lines in APM 08279+5255. The Hβ line profile shows a FWHM of ~7400 km s−1 and a centroid consistent with the CO-based systemic redshift z = 3.911. Conversely, the Mg II emission line (FWHM ~ 9200 km s−1) is characterized by a blueshift of ~1200 km s−1, lower by a factor of approximately two than the blueshift of ~2500 km s−1 measured for the C IV emission line. This result is in agreement with previous works that find larger blueshifts in high-ionization transitions (Richards et al. 2002; Baskin & Laor 2005).


	We also investigated the presence of [O III] λλ4959,5007 Å emission in a spectral region very close to the red edge of the NICS spectrum and characterized by strong Fe II emission. Our best-fit model includes a low-significance [O III] component with F[OIII](5007 Å) ~ (1.8 ± 0.7) × 10−15 erg s−1 cm−2. This indicates that the [O III] emission in APM 08279+5255 is intrinsically weak with F[OIII]∕FHβ = 0.04, consistent with the prediction of Eigenvector 1 (Boroson & Green 1992) of an anti-correlation between Fe II and [O III] emission. APM 08279+5255 therefore shares the properties of the [O III] and C IV emission lines observed in other sources lying at the bright end of the AGN luminosity function (Richards et al. 2011; Shen & Ho 2014; Zuo et al. 2015; Marziani et al. 2016; Shen 2016; Vietri et al. 2018).


	We have been able to derive for the first time estimates of the MBH in APM 08279+5255 based on the Hβ and Mg II emission lines. These transitions have been found to provide a much more reliable measurement of MBH in AGN than C IV. This is even more true in the case of APM 08279+5255, whose C IV emission line is affected by BAL features. We find very large mass values (logMBH∕M⊙≳ 9.3) for a magnification factor μ varying from 1 (i.e., no magnification) to 100 (Egami et al. 2000). A value of μ = 4 (Riechers et al. 2009) is compatible with the RM-based MBH estimate of logMBH∕M⊙~ 10 given in Saturni et al. (2016). The EWMg II-based estimate of λEdd according to the EW − λEdd relation by Dong et al. (2009) also suggests a moderate magnification factor 4.1 ≲ μ ≲ 9.3, corresponding to an intrinsic bolometric luminosity 2.9 × 1047 ≲ Lbol ≲ 6.7 × 1047 erg s−1 and a black hole mass 6.5 × 109 ≲ MBH ≲ 1.5 × 1010 M⊙). This is in turn compatible with both the upper limit μ ≲ 8.2 found by Saturni et al. (2016) with RM, and the limit μ ≲ 50 derived from the single-epoch relations by adopting the minimal black hole mass MBH = 4 × 109 M⊙ inferred by Hagino et al. (2017) through APM 08279+5255 SED modeling.



Being taken 76 days apart (corresponding to only ~15 restframe days), the UV and optical spectral sections of APM 08279+5255 probe the same AGN state. This allowed us to study its physical properties consistently during a state of relatively constant AGN emission. Indeed, this source has been found to vary in continuum, emission- and absorption-line intensity, with flux changes of up to ~0.5 mag (Trevese et al. 2013; Saturni et al. 2016). Therefore, multiband spectroscopic observations of APM 08279+5255 must be quasi-simultaneous in order to overcome the lack of a common reference for a compatible flux calibration between spectra taken at different epochs. The possibility to observe APM 08279+5255 with the forthcoming James Webb Space Telescope (JWST) is hence of extreme interest, since the spectro-photometric capabilities of its instruments, simultaneously covering the wavelength range λλ6000 − 2.8 × 105 Å (Dorner et al. 2016; Labiano et al. 2016), may allow for this source the detailed study of the stratified BLR dynamics around its central black hole and the characterization of the outflows associated to emission features from Si IV to molecular lines.
Finally, we note that the estimates of μ and λEdd presented in this work are based on the comparison of the SE measurements of MBH with the direct SMBH mass measurement by Saturni et al. (2016), which relies, in turn, on the reverberation mapping of the high-ionization C IV and Si IV lines that are affected by narrow (intrinsic or intervening) and broad absorption. Such absorption may bias the determination of MBH, and this bias is difficult to quantify. Future observations aimed at directly measuring APM 08279+5255 MBH with novel techniques, such as BLR spectroastrometry, are therefore needed. In particular, the spectroastrometric technique presented in Stern et al. (2015) may potentially allow to spatially resolve the kinematics of broad-line regions with single spectroscopic observations taken at high signal-to-noise ratio (S∕N ≳ 40) in adaptive optics (AO) regime. Such capabilities are already at reach of current-generation telescopes such as the Large Binocular Telescope (LBT). Therefore, the AO infrared spectroscopy of APM 08279+5255 is a primary task to place better constraints on its SMBH mass and thus to obtain a more robust evaluation of lens magnification and accretion properties.
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1  We note that this result strictly holds only assuming a form factor
f = 5.5 (Onken et al. 2004) for the high-ionization BLR. Other choices of the value of f based on different calibrations of the BH mass-to-velocity dispersion relations (Graham et al. 2011; Park et al. 2012; Grier et al. 2013; Shen & Ho 2014) or on the study of BLR geometry (Pancoast et al. 2014, 2015) are possible.
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      Table 1 

      Optical-to-near infrared Vega magnitudes of APM 08279+5255 in the observer frame available in the literature.

      
        


	Band
	λeff (Å)
	mph (mag)
	Δmph (mag)
	Ref.





	B
	4380
	18.827
	0.017
	1



	V
	5450
	16.448
	0.012
	1



	R
	6410
	15.353
	0.014
	1



	I
	7980
	14.608
	0.012
	1



	J
	12 200
	13.340
	0.030
	2



	H
	16 300
	12.650
	0.030
	2



	Ks
	21 300
	12.080
	0.030
	2



	L′
	34 500
	9.900
	0.040
	2





      

      

References. (1) Ojha et al. (2009). (2) Egami et al. (2000).




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Calibrated spectrum of APM 08279+5255 before (green dashed line) and after dereddening (black solid line), with corresponding 1σ uncertainty (gray band) – see Sect. 2. Superimposed to the data, the composite quasar template obtained by matching the Vanden Berk et al. (2001) and Glikman et al. (2006) templates around λ ~ 3000 Å in the restframe (red line) is shown. The continuum level is marked as a black dotted line with slope − 1.54. A residual telluric absorption is still present between λ ~ 17 500 Å and 20 000 Å (cyan shaded area), hence this spectral interval is excluded from the present analysis.

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Flux of APM 08279+5255 normalized to the Vanden Berk et al. (2001) and Glikman et al. (2006) joint quasar template. The spectral regions around the Si IV emission (top left panel), the C IV emission (top right panel), the Al III emission (bottom left panel) and the Mg II emission (bottom right panel) are shown. In all panels, the velocity scale is relative to the systemic redshift z = 3.911 derived fromthe CO(4 − 3) and CO(9 − 8) emission lines (Downes et al. 1999). As a guidance, the zero-velocity position (dot-dashed line) and the normalized flux level (dashed line) are indicated.

      

    

  
    
      Table 2 

      APM 08279+5255 indexes of absorptionassociated to the main BAL transitions in quasars.

      
        


	Transition
	BI (km s−1)
	BI0 (km s−1)
	AI (km s−1)





	Si IV
	<70
	—
	<230



	C IV
	3370 ± 200
	2430 ± 300
	4210 ± 240



	Al III
	<10
	—
	<110



	Mg II
	<170
	—
	<490





      

      

Notes. Locations marked with “—” indicate indexes for which a reliable upper limit cannot be provided.




    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        NICS spectrum of APM 08279+5255 corresponding to the Mg II and Hβ+[O III] spectral regions. Specifically, panel a shows the best fit description of the restframe ~ 2200−3400 Å band. Panel b and its inset show the best-fit description of the restframe ~ 3990−5040 Å band according to models A and B, respectively. In all panels, a purple solid line marks the power-law quasar continuum. Blue dashed curves refer to Mg II, Hγ, and Hβ emission lines, whereas the Fe II emission is plotted as magenta dot-dashed lines. In model B, the green curve refers to the [O III] emission. Gray bands indicate the regions excluded from the fit because of the presence of telluric features.

      

    

  
    
      Table 3 

      Spectral fit results derived for the Hβ+[O III] and Mg II regions of APM 08279+5255.

      
        


	Parameter
	Hβ+[O III] region
	Units



	
	

	



	
	A
	B
	




	χ2∕Nd.o.f.
	3863∕2012
	3851∕2011
	


	FWHMHβ
	6990 ± 460
	7360 ± 430
	km s−1



	λHβ
	4866 ± 7
	4868 ± 7
	Å



	F[OIII](5007 Å)
	−
	1.8 ± 0.7
	10−15 erg s−1 cm−2



	λLλ(5100 Å)
	5.1 ± 1.1
	5.1 ± 1.2
	1047 erg s−1



	Hβ velocity shift
	≲ 840
	km s−1



	




	Parameter
	Mg II region
	Units



	




	χ2∕Nd.o.f.
	3186∕2197
	



	FWHMMgII
	[image: equation]
	km s−1



	λMgII
	2789 ± 4
	Å



	λLλ(3000 Å)
	7.9 ± 1.9
	1047 erg s−1



	
	
	
	


	Mg II velocity shift
	− 1180 ± 430
	km s−1





      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Velocity shifts of the Hβ (blue), Mg II (red) and C IV (green) lines with respect to z = 3.911. The centroids of the best fit Gaussian profiles resulting from our analysis (Hβ and Mg II) and Saturni et al. (2016, C IV, based on high-resolution HST/STIS data) are indicated by vertical lines with the corresponding uncertainties (shaded vertical bands).

      

    

  
    
      Table 4 

      SMBH mass and Eddington ratio of APM 08279+5255 derived from Hβ, Mg II and C IV broad emission lines, as a function of the magnification parameter μ.

      
        


	log(MBH∕M⊙)





	Transition
	μ = 1
	μ = 4
	μ = 100



	




	Hβ
	10.29 ± 0.32
	9.99 ± 0.32
	9.29 ± 0.32



	Mg II
	10.45 ± 0.34
	10.14 ± 0.34
	9.45 ± 0.34



	C IV
	10.54 ± 0.31
	10.22 ± 0.31
	9.48 ± 0.31



	λEdd



	




	Transition
	μ = 1
	μ = 4
	μ = 100



	




	Hβ
	1.1 ± 0.8
	0.5 ± 0.4
	0.11 ± 0.08



	Mg II
	0.8 ± 0.6
	0.4 ± 0.3
	0.08 ± 0.05



	C IV
	0.7 ± 0.4
	0.4 ± 0.2
	0.08 ± 0.05





      

      

Notes.The C IV-based estimates rely on the work by Saturni et al. (2016). The Eddington ratio has been computed using a bolometric luminosity derived according to Runnoe et al. (2012a,b).
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