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Abstract

Aims. We aim to investigate and characterise the photoionised X-ray emission line regions within the Seyfert 1 galaxy NGC 7469.

Methods. We applied the photoionisation model, PION, within the spectral fitting code SPEX to analyse the 640 ks reflection grating spectrometer spectrum of NGC 7469 gathered during an XMM-Newton observing campaign in 2015.

Results. We find the emission line region in NGC 7469 to be multiphased, consisting of two narrow components with ionisation parameters of log ξ = 0.4 and 1.6. A third, broad emission component, with a broadening velocity of vb ∼ 1400 km s−1 and an outflow velocity of vout ∼ −4500 km s−1 is required to fit the residuals in the O VII triplet at around 22 Å. Assuming a volume filling factor of 0.1, the lower distance limits of the narrow emission line region components are estimated for the first time at 2.6 and 2.5 pc from the central black hole, whereas the broad component has an estimated lower bound distance between 0.004 and 0.03 pc, depending on the assumed plasma parameters. The collisionally ionised plasma from the star burst region in NGC 7469 has a plasma temperature of 0.32 keV and an outflow velocity of −280 km s−1, which is consistent with previous results in this campaign. In addition, we model the photoionised plasma of the warm absorber (WA) in NGC 7469 and find that it consists of three photoionised phases with different values of ξ, NH and vout. The upper bound distances of these WA components are 1.9, 0.3, and 0.6 pc, respectively, consistent with archival results.

Conclusion. The environment of NGC 7469 is a complex mix of plasma winds absorbing and emitting X-rays. We find the picture painted by our results can be attributed to line emitting plasma located at distances ranging from near the black hole to the torus and beyond the ionised outflows.
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1. Introduction
Active galactic nuclei (AGN) are one of the most extreme environments in the universe, powered by the accretion of matter into the central super massive black hole (SMBH). Matter is also ejected away from the AGN, into the interstellar medium (ISM) of the host galaxy. The coupling of the outflowing matter from the SMBH with the surrounding galaxy is known as feedback, and is thought to be responsible for the coevolution of the black hole and its host galaxy (e.g. Di Matteo et al. 2005; Hopkins & Elvis 2010; Soker & Meiron 2011). The black hole mass correlates exceptionally well with the velocity dispersion of the stars in the galaxy bulge (Ferrarese & Merritt 2000; Gebhardt et al. 2000).
The outflowing ionised wind within an AGN is known in the X-ray literature, and similarly in the UV band, as the warm absorber (WA). Although the origins and launching mechanisms are not fully understood, there is evidence to suggest that the WA wind is part of a large scale outflow, with an ultra fast wind found closer to the black hole, originating from the accretion disc (Risaliti et al. 2005; Cappi 2006; Tombesi et al. 2010, 2012), and the less dynamic WA wind stemming from the torus (Blustin et al. 2005).
Warm absorbers were first observed by Halpern (1984), and have since been found to exhibit strong, narrow absorption lines (e.g. Kaastra et al. 2000, 2002), with blueshifted velocities between about 100 and 1000 km s−1. Around half of Seyfert galaxies contain WA winds (e.g. Reynolds & Fabian 1995) which are multi-temperature (e.g. Krolik & Kriss 2001) and multi-phased (e.g. Kaastra et al. 2002, 2014; Behar et al. 2017; Mehdipour et al. 2018).
Warm absorbers are ionised through photoionisation processes, but modelling photoionised plasma is very complex due to the various interacting processes within the plasma winds (see e.g. Mehdipour et al. 2016). However, the ionisation and thermal states of the photoionised plasma can be quantified as a single parameter, the ionisation parameter ξ. The ionisation parameter is given by
[image: thumbnail](1)
where Lion is the ionising luminosity between 13.6 eV and 13.6 keV (1–1000 Ryd), n is the hydrogen number density and r is the distance of the photoionised gas from the central X-ray source. The ionisation parameter (through photoionisation modelling) and the luminosity (via spectral energy distribution modelling), can both be measured. However, n and r2 are degenerate with respect to each other, preventing a direct derivation of the WA distance. Methods to find n and r depend on the recombination time (function of n), which measures how fast the plasma in the WA responds to changes in the X-ray ionising luminosity (e.g Kaastra et al. 2012; Ebrero et al. 2016). They also heavily rely on limiting the density and the location from the long-term changes in the WA (Mehdipour et al. 2018). Consequently, these methods require variability in the X-ray source. Alternatively, constraints on the density or distance of the WA can be derived via density sensitive metastable absorption lines (Mao et al. 2017), which do not require X-ray variability in the source.
The broad and narrow line regions (BLR, NLR) give rise to the emission features found in AGN spectra. The optical spectrum of the BLR clouds (with densities nBLR >  1015 m−3) show broad emission lines with Doppler velocity broadening of a few thousand km s−1 (e.g. Peterson 1997; Krolik 1999; Netzer 2015). The BLR is likely to be located at the outer part of the accretion disk, where the temperature is low enough for dust to form; however, this dust is broken apart into cloudlets by the radiation from the central source (see e.g. Czerny & Hryniewicz 2011; Czerny et al. 2015, 2016, 2017). On the other hand, a continuous wind could be achieved if the BLR is shielded from the radiation by some dense gas closer to the central source (Murray et al. 1995). However, for an opposing viewpoint, see Hamann et al. (2013). In comparison, the NLR is located further out than the torus and has velocity broadening of a few hundred km s−1 and number density much less than that of the BLR (nNLR ∼ 1012 m−3; e.g. Netzer 1990; Xu et al. 2007).
The NLR region is a multiphased plasma with different ionisations, extending over vast distances such that both soft X-ray and optical [O III] emissions can come from the same emission line region (Bianchi et al. 2006). The strongest emission features in the soft X-ray band are those from the He-like O VII triplet (e.g Whewell et al. 2015; Mao et al. 2018; Behar et al. 2017). In addition, the Lyα lines of C VI and O VIII, and subsequent species, are prominent in many X-ray spectra, as are radiative recombination continuum (RRC) features (e.g. Blustin et al. 2007; Whewell et al. 2015; Behar et al. 2017).
The distances to the optical and X-ray NLRs in the heavily studied AGN NGC 5548 have been calculated between 1–3 pc (Peterson et al. 2013) and 1–15 pc (Detmers et al. 2009), respectively. From photoionisation modelling, Whewell et al. (2015) derived properties of the NLR (log ξ = 1.5 and log NH = 22.9 m−2) and computed its distance at 13.9 pc. As a comparison, the WA in NGC 5548 is located between 5 and 10 pc (Ebrero et al. 2016). Interestingly, the X-ray emission line region components in NGC 5548 have been found to have blueshifted velocities between −50 and −400 km s−1 (a range of ionisation parameters were found at log ξ ∼ 0.1−1.3; Mao et al. 2018). In NGC 7469, the two X-ray emission line region components, with log ξ = 1 and −1, have outflow velocities of vout ≃ −470 km s−1 (Behar et al. 2017). Similarly, in Mrk 509, the ion lines in the UV emission line region have a range of blueshifted and redshifted velocities from −300 to +600 km s−1 (Kriss et al. 2019).
NGC 7469 is a type I Seyfert AGN, at a redshift of z = 0.016268 (Springob et al. 2005) and with a SMBH of mass MBH = 1 × 107 M⊙ (Peterson et al. 2014). NGC 7469 also contains a star burst ring, which circles the nucleus (e.g Wilson et al. 1991; Mehdipour et al. 2018). Active galaxies with both photoionised plasma and a star burst region are not uncommon. For example, NGC 1365 has been found to contain two collisionally ionised dominant plasma regions and three, weaker, photoionised components (Guainazzi et al. 2009; Whewell et al. 2016).
Previous X-ray investigations on NGC 7469 have found the X-ray WA to contain three phases, with ionisation parameters log ξ = 0.8, 2.7, and 3.6 (erg cm s−1), and two velocity domains −580 to −720, and −2300 km s−1 (Blustin et al. 2007). In the UV regime, two absorption components were found in NGC 7469, with kinematic properties of −570 and −1900 km s−1 (Kriss et al. 2003; Scott et al. 2005), with the former component having a velocity comparable to the high ionisation X-ray component found with Chandra (Scott et al. 2005).
Recently, a multiwavelength campaign of NGC 7469, using XMM-Newton, Chandra, HST, Swift, and NuSTAR (along with ground based telescopes), was undertaken in 2015 (Behar et al. 2017). The 640 ks reflection grating spectrometer (RGS) spectrum was analysed by Behar et al. (2017) and Peretz et al. (2018) and the 237 ks high-energy transmission grating spectrometer (HETGS) spectrum from Chandra was investigated by Mehdipour et al. (2018). From studying the column density variability over ten years and finding no change, Peretz et al. (2018) constrained the lower distance limit of the WA (r >  12−31 pc), concluding that the outflow wind was located far from the X-ray source. This is consistent with Chandra data where the upper limit of the WA was found at r <  80 pc (Mehdipour et al. 2018). In the same campaign, three UV components have been found at −530, −1420, and −1900 km s−1, where the distances of components 1 and 3 were found at 6 and between 60 and 150 pc, respectively (Arav et al. 2020). The broadband X-ray spectrum of NGC 7469 has been explained in terms of a two coronal model (see e.g. Petrucci et al. 2013): the primary emission was consistent with Comptonisation of photons in a hot, optically thin electron corona ([image: equation] keV) while a warm, optically thick corona (Te,  warm = 0.67 ± 0.03 keV) was found to best fit the soft excess (Middei et al. 2018).
In this paper, we model the emission lines in the same 640 ks RGS spectrum of NGC 7469 analysed by Behar et al. (2017), obtained during the multiwavelength campaign in 2015. The stacked RGS spectrum consists of seven observations, each an average of 90 ks, from both RGS 1 and RGS 2 (see Behar et al. 2017, for the observation log, Table 1, and details of data reduction via the XMM-Newton SAS pipeline.) The emission line features have been modelled previously in NGC 7469 (Blustin et al. 2007; Behar et al. 2017), but here we carry out a physically self-consistent analysis using the recently developed code PION in SPEX. PION is the only model currently available that computes explicitly all the absorption and emission lines in the spectrum, computing the photoionisation balance on the fly using the continuum fit as the ionising spectral energy distribution, allowing for the determination of ξ and NH from a simple fitting session. Before the implementation of PION, photoionisation modelling had to be manually computed using a grid of parameters (e.g. Di Gesu et al. 2013; Whewell et al. 2015). The emission line regions in Seyfert 1 AGN have been investigated in great detail in NGC 5548 (Whewell et al. 2015; Mao et al. 2018) and more recently in NGC 3783 (Mao et al. 2019). In this paper, we focus on the emission line regions of NGC 7469 and measure, for the first time, their location with respect to the central black hole. In addition, we also reanalyse the absorption features in the RGS spectrum, produced by the WA wind. Our approach makes physically self-consistent assumptions in the photoionisation modelling, giving a more physical insight; this represents an important improvement from the previous phenomenological fit of the RGS spectrum (Behar et al. 2017).
In this paper, Sect. 2 outlines the analysis and spectral modelling of the RGS spectrum, with the results shown in Sect. 3. The examination of the O VII triplet and the locations of both WA and emission line components are discussed in Sect. 4. We discuss the AGN structure in Sect. 5 and present our conclusions in Sect. 6.
2. Data analysis
We modelled the photoionised plasma in NGC 7469, fitting for both absorption and emission features, using SPEX (v3.04.00; Kaastra et al. 1996). We analysed the RGS data between 7 and 38 Å and binned by a factor of 2. For statistical fitting, we used the Cash statistic (Cash 1979; hereafter C-statistic), with errors given at 1σ confidence level. Finally, solar-abundances of Lodders et al. (2009) were used, as was a redshift of z = 0.016268 (Springob et al. 2005) for NGC 7469.
2.1. Spectral energy distribution
The broad band ionising continuum (optical-UV-X-ray), which we have adopted to fit the RGS spectrum, was modelled using the spectral energy distribution (SED) derived in Mehdipour et al. (2018). The hard X-ray continuum was modelled by a power-law (POW in SPEX), produced when the photons from the disc are Compton up-scattered in the hot electron corona. Phenomenologically, the high energy emission of the source had been found to be consistent with a high energy cut-off of [image: equation] keV (Middei et al. 2018), which we applied to the power law. A warm optically thick medium was found to best fit the soft excess and explain the UV and optical photons from the disc (Middei et al. 2018), so we modelled this with a warm Comptonisation component (COMT; Titarchuk 1994), as described by Mehdipour et al. (2015a, 2018). Finally, the FeKα line and Compton hump were modelled with a reflection component (REFL; Magdziarz & Zdziarski 1995). Although the REFL and high energy cutoff are outside the RGS energy range, PION uses the full SED continuum model to calculate both the absorption and emission spectrum and ionisation and thermal balance of the plasma at the same time, self-consistently. Therefore, including the full broad band ionising continuum allows PION to achieve more accurate photoionisation and ionisation balance results (Mehdipour et al. 2016).
The parameters for these three SED components were initially set to the values found by Mehdipour et al. (2018), with the normalisation (Npow) and photon index (Γ) of POW, and the normalisation (Ncomt) and electron temperature (Te) of COMT let free to fit to the RGS spectrum; the best fit values are shown in Table 1. The adopted SED fitted to the RGS spectrum agrees with the EPIC-PN spectrum within 10% in the RGS range (0.35–1.8 keV), 30% between 2 and 6 keV and 50% between 6 and 10 keV. The initial C-statistic, without any WA and soft X-ray emission line models, was C = 5212 (for 1546 degrees of freedom; d.o.f. hereafter).
Table 1.

Final best fit parameter values for the POW, COMT, and HOT components (see Sects. 2.1 and 2.2 for details).


2.2. Galaxy absorption
The absorption through the Galaxy was taken into account throughout the spectral fitting using the HOT component in SPEX. Initially we set the Galactic column density to [image: equation] (Wakker 2006; Wakker et al. 2011), which we allowed to fit at the same time as the WA components (see Table 1). The temperature for neutral gas was fixed at TGal = 0.5 eV and the turbulent velocity was fixed at [image: equation] km s−1 (see Appendix A for details of obtaining this velocity value; no significant ΔC is achieved for a zero-turbulent velocity). The C-statistic, when fitting the SED with the addition of Galaxy absorption, was 3631 (for 1545 d.o.f.).
In addition to this neutral gas in the Galaxy, Behar et al. (2017) also identified ionised absorption from warmer gas in the ISM with a temperature of about 130 eV and column density equal to 2 × 1023 m−2. Therefore, we added a second HOT component with these parameter values, which were fixed throughout the spectral modelling (there is no significant ΔC when these parameters were fitted).
2.3. Spectral modelling
The RGS spectrum is rich in narrow absorption and emission lines. After fitting the underlying optical-UV-X-ray continuum (SED) and Galaxy absorption, the spectral features were modelled. Although the main aims of this paper are to analyse the emission line regions, we first of all have to model the absorption features in the RGS spectrum. Here, the specialist photoionisation model PION was used to analyse the photoionised plasma of both the WA and the emission line regions in NGC 7469. For absorption, the absorption covering factor (fcov) was set at unity. For emission, the emission covering factor (Ccov = Ω/4π) was allowed to vary between 0 and 1 (the absorption covering factor was set to fcov = 0 when fitting the emission).
2.3.1. Absorption
The WA components were applied one at a time to the spectrum, with initial values from Table 2 of Behar et al. (2017), in order of decreasing contribution to ΔC. We found that three absorption components fit the absorption features in the RGS spectrum, with each fit giving a significant change in the C-statistic value (see Table 2). The C-statistic after all three WA components were initially fitted is C = 2780 (for 1538 d.o.f.). A fourth component only improved the statistical best fit by ΔC = 12, significantly less than the other three components (see Table 2). After we fit the data with all four WA components, we found that this fourth component had the same ionisation parameter as component 3, but with a different blueshifted velocity of vout,  4 ∼ −920 km s−1, compared to vout,  3 ∼ −2100 km s−1. Therefore, as this component produced the same absorption lines as component three, except with a different line strength and blueshifted position, and since the C-statistic has changed little introducing it, we did not include a fourth WA component in the spectral fitting. Further to this, we tried to add WA components 1 and 6 from Behar et al. (2017) to the fit using PION. However, due to the very small column densities of these two components, no absorption features were detected. Therefore, we conclude that we require three WA components to describe the absorption features in the RGS spectrum, instead of the six found by Behar et al. (2017). The model discrepancies between these two papers are not beyond what is expected from different analysis codes (Mehdipour et al. 2016); Behar et al. (2017) used the photoionised plasma code XSTAR in their XSPEC fits.
Table 2.

Best fit parameters for the three warm absorber components.


The ionisation parameters of all three WA components were constrained to fit between 0 ≤ log ξ ≤ 3, to reduce the possibility that SPEX tries to find a best fit which cannot be constrained by the RGS operational range. From fitting these components, we found that WA component 2 requires log ξ = 3, which is the upper limit of the set range. Therefore, we fix the ionisation parameter value at log ξ = 3 for component 2, which also reduced the number of free parameters.
Before fitting all the emission components, we freed all the parameters of interest (the three WA components, the column density for neutral Galactic absorption and the four SED parameters – Npow, Γ, Ncomt and Te) and fitted them together. This improved the C-statistic further to a new best fit value of C = 2737 (ΔC = 43) for 1533 d.o.f.
2.3.2. Emission
The emission features in the RGS spectrum were fitted in much the same way as the WA components, with the addition of the emission covering factor (Ccov) being a free parameter. Two narrow emission components (EM1 and EM2) were fitted one at a time, improving the C-statistic by ΔCEM1 = 230 and ΔCEM2 = 34, respectively (C = 2473 for 1541 d.o.f.). A third narrow component did not have an effect on the statistical best fit.
After fitting the two narrow emission components, we detected an excess fit residual in the O VII triplet at 22 Å, which required an additional component. A broad emission component was found to significantly improve the fit to the spectra of NGC 5548 (Mao et al. 2018) and NGC 3783 (Mao et al. 2019), therefore, a third PION emission component (EM3), coupled with a Gaussian velocity broadening component VGAU (represented by the parameter vb), was also fitted. The broad component improves the fit by ΔC = 23, reducing the residuals at 22 Å (C = 2450 for 1545 d.o.f.).
2.3.3. Nuclear star burst ring
Further to the photoionised emission, emission from collisionally ionised equilibrium (CIE) plasma, within the star burst region, was modelled using the CIE component in SPEX. The electron temperature (Te), emission measure (EM) and outflow velocity (vout) were the fitted parameters. The CIE component improved the global C-statistic by ΔC = 9. This does not seem very significant, compared to the other components, but without this component, the star burst emission lines of Fe XVII at 15.3 and 17.4 Å (Behar et al. 2017) would not be accounted for; hence, we include this component in our best fit nevertheless.
2.4. Abundances
After refitting all the PION emission and CIE components together (improving the statistical fit only by ΔC = 11), we let the abundances of C, N, Ne, Mg, S and Fe free in WA component 1 and refitted. The abundances were calculated with respect to Oxygen as no Hydrogen lines are present in the RGS spectrum (Behar et al. 2017). The abundances of the remaining absorption and emission components (both PION and CIE) were coupled to WA component 1 and are displayed in Table 2. This is because we assumed that the chemical enrichment was the same throughout the AGN nucleus and star burst region. The abundances are consistent with the values, within errors, from Behar et al. (2017), except the abundance of S is three times larger in this paper. The C-statistic decreased by ΔC = 54 after freeing the above ion abundances (C = 2376 for 1544 d.o.f.).
3. Spectral fitting results
The RGS spectrum and best fit model are displayed in Fig. 1, with significant absorption and emission features labelled with their respective ions; all wavelengths are in the observed reference frame. Table 1 displays the best fit parameter values from the POW and COMT components, in addition to the parameters of the neutral HOT component.
The final model best fit C-statistic value is a fairly acceptable 2252 for 1512 d.o.f., obtained by fitting all parameters together. However, the expected C-statistic, calculated by SPEX (Kaastra 2017) is 1551 ± 56. The large difference could be due to the unaccounted for emission and absorption features in the spectrum (Fig. 1, for example at 28.5, 32.6 and 33.4 Å) by the current best fit. Behar et al. (2017) found no physical explanation for these emission lines in terms of ionic species, so we try to fit these features with a relativistically broadened emission line from the accretion disc (Laor 1991, see Sect. 4.5). Another explanation for this high C-statistic value may be RGS calibration issues, whereby the effective area requires some time and wavelength dependent corrections, up to 10% in some cases (Kaastra et al. 2018). On the other hand, a thorough understanding of the physical models outweighs the drive to obtain a further minimised statistical best fit (Blustin et al. 2002).
	[image: thumbnail]	Fig. 1.
RGS spectrum of NGC 7469 in the observed frame. The best fit model (red line) is over plotted. The significant absorption and emission features are labelled with their corresponding ions (blue and purple, respectively). Galactic absorption features are indicated in orange.
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3.1. The photoionised wind
The best fit WA parameters and abundances of the six ions are displayed in Table 2. The WA components have a range of equivalent hydrogen column densities: the total column density of the WA is [image: equation], approximately two times larger than the total equivalent hydrogen column density found by Behar et al. (2017). These WA components have three ionisation phases ranging from log ξ = 1.5−3.0 and three kinematic phases, consistent with the X-ray kinematics from Table 2 in Behar et al. (2017) and UV velocities (Kriss et al. 2003; Scott et al. 2005; Arav et al. 2020). Figure 2 illustrates the absorption lines produced by each of the three WA model components, in the observed reference frame. The Galactic absorption model (orange line) shows how much of the continuum is absorbed, especially at longer wavelengths.
Component 1, log ξ = 2.32 ± 0.01, is responsible for the H-like and He-like ions of Ne IX, Ne X and O VII, as well as the absorption lines of C V–C VI, S XII–S XV and Fe XIII–Fe XVIII. Component 2, log ξ = 3.00, accounts for the H-like and He-like ions of Mg XI, Mg XII, Ne IX and Ne X, along with the Fe XV–Fe XVIII absorption lines. Component 3 is the least ionised component with log ξ = 1.57 ± 0.04, but has the fastest outflow velocity vout = −1960 ± 20 km s−1, and is responsible for the H-like and He-like O VII and C VI. In addition, component 3 produces the unresolved transition array (UTA; Behar et al. 2001) between 16 and 17 Å, which can be seen in the bottom panel of Fig. 2.
The H- and He-like absorption lines from C VI, N VII, O VII, O VIII, Ne IX and Ne X are fitted by all three absorption components. Components 1 and 2, with different outflow velocities, fit the lower energy part of the absorption lines, and due to its high blueshift velocity, component 3 produces a second trough in the absorption lines on the high energy side, or broadens the line. This can be seen in the absorption profile of the C VI Lyα line, bottom panel in Fig. 3, which indicates at what velocity each component produces an absorption feature of that particular ion. Due to the resolution of the RGS spectrum at lower energies it is clear that the C VI Lyα absorption line contains two troughs from the three different WA components.
	[image: thumbnail]	Fig. 2.
PION absorption models for each warm absorber component (1–3 from top to bottom). These plots help demonstrate what the model looks like with the parameter values from Table 2: large ξ means absorption at higher energies; large NH means stronger absorption lines. The Galaxy absorption transmission is overlayed in orange for a comparison. The Galaxy absorption affects the continuum emission, especially at longer wavelengths, causing the transmission to decrease. As a consequence of the RGS resolution, weak narrow lines are not evident in Fig. 1 due to the low equivalent width, but can be seen in these models.




3.2. Emission line regions
The emission lines in the spectrum are described by three PION components, with the best fit parameter values shown in Table 3. The most dominant line produced by the first emission component (EM1) is the O VII forbidden line at 22.4 Å. The first emission component, EM1, also produces the N VI forbidden line (30.0 Å) and the C VI Lyα line (34.4 Å), in addition to the RRCs of C V (32.1 Å), C VI (25.7 Å), N VI (22.8 Å), and O VII (17.0 Å), with C V being the most dominant RRC feature in the spectrum.
Table 3.

Best fit parameters for the three emission components.


The strongest emission features produced by the second narrow emission component (EM2) are the C VI Lyα and O VIII Lyα (19.4 Å) lines, along with the O VII and Ne IX (13.8 Å) triplet lines. EM2 gives rise weakly to the Ne X (12.3 Å) and N VII Lyα (25.2 Å) lines and the O VII, O VIII (14.4 Å), and C VI RRCs; EM2 may also produce the Ne IX RRC feature at around 10.5 Å but the model could overestimate the spectrum here. We find that these emission features are emitted by EM2 at rest (this was also found by Mehdipour et al. 2018).
The third, broad, emission component (EM3) appears only to produce blueshifted forbidden lines of the O VII and N VI triplets, however the latter is not very evident in the spectrum. EM3 also produces a blueshifted C V RRC.
Figure 3, top panel, shows the velocity profile of the O VII forbidden line with the emission components indicated by the purple dotted lines. The bottom panel shows the emission feature of the C VI Lyα, produced at zero km s−1, with the position of the absorption components illustrated by the blue dotted lines.
3.3. Nuclear star burst ring
The star burst region in NGC 7469 is found to have a CIE plasma temperature of 0.32 ± 0.02 keV, with an outflow velocity of [image: equation] km s−1 (Table 4), consistent with previous results in this campaign (Behar et al. 2017; Mehdipour et al. 2018). In addition to the Fe XVII emission lines at 15.3 and 17.4 Å, the star burst region also emits the O VIII Lyα line at around 19 Å and the Ne IX forbidden line at 13.9 Å. The CIE component may also produce the O VIII Lyβ and Ne X Lyα lines.
Table 4.

Collisionally ionised plasma properties from the nuclear star burst region of NGC 7469.


4. Characterising the emission and absorption regions
In this section, we discuss the physical locations of the emission line region components, based on the results in Sect. 3 and Table 3, and compare them with the distances of the WA. We also investigate the O VII triplet, the most prominent feature in the RGS spectrum.
4.1. Location of the emission line regions
The NLR distance in NGC 5548 was first calculated by Whewell et al. (2015), and here we start by following their approach. We estimate the distance of the emission line regions within NGC 7469, assuming there is no absorption of the emission line region by the WA components (if we apply absorption from the WA components to each of the emission components we find no significant statistical improvement). We integrate the column density over the size of the emission line region, assuming constant ionisation parameter, as follows
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where n is substituted using Eq. (1). For a single ionisation component, the integral on the right hand side of Eq. (2) yields
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Assuming that the emission line region is a large, almost continuous cloud, then rmax ≫ rmin, which means the lower distance limit becomes
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Using the ionising luminosity of [image: equation] W, calculated from the SED, and the parameter values from Table 3, the distances of the three emission components were calculated using Eq. (4). The lower distance limits are shown in the left column of Table 5, where it is clear EM3 is further away from the central source than EM1 and EM2. This is counter intuitive if we assume EM3 is part of the BLR, which should be closer to the black hole than the NLR (EM1 and EM2).
Table 5.

Lower bound distance measurements of the emission line regions.


To overcome this, we use the definition of the column density which includes the volume filling factor Cv (NH = CvnΔr) adopted by Blustin et al. (2005). We integrate this column density over the length of the plasma in the emission line region, in the same way as for Eq. (4), and obtain the new distance equation
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In practice, however, the number density of the plasma is not constant and falls off as r−2 (in the case where Cv = 1 (Eq. (4)), the hydrogen number density is assumed to be constant). If, however, we take two thin slices within our extended (rmax ≫ rmin) emitting plasma, one at rmin and the other at rmax, assuming the number of hydrogen ions is the same in each shell, then the density in each shell is found to be proportional to r−2, such that nrmin ≫ nrmax. Therefore, we can assume the hydrogen number density is negligible at distances larger than rmin, allowing us to directly substitute the hydrogen number density from Eq. (1) into Eq. (2) to obtain Eq. (5). Further to this, the ionisation parameter in each emission line region is constant with respect to distance of the plasma1, such that all the ionisation occurs at rmin, where the density is largest.
There is very little information in the literature regarding the volume filling factor of the emission line regions, although the volume filling factor of the BLR is quoted between 0.001 and 0.01 (e.g. Osterbrock 1991; Snedden & Gaskell 1999). For EM3, we set the filling factor at Cv = 0.001 (see e.g. Snedden & Gaskell 1999, and references within), as we assume the BLR is made up of multiple cloudlets.
In order for the NLR to be further out from the central ionising source compared to the WA (assuming no absorption of the emission regions by the WA), we set Cv to equal 0.1 for EM1 and EM2. Again, using the parameter values from Table 3 for the three emission components, the new emission line region lower limit distances were calculated and placed into the right column of Table 5. We note that the uncertainties calculated in Table 5 do not include the large (and unknown) errors on the volume filling factor. Therefore, due to this, the uncertainties on the distance measurements are significantly greater than what is actually quoted.
For each emission line region component, we calculate the emission measure (EM) to determine, from the contribution of each component, the line luminosities. The EM is given by
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(see e.g. Mao et al. 2018; Psaradaki et al. 2018), where nH and ne are the hydrogen and electron number densities, respectively, and the other parameters are calculated from the spectral modelling (see Table 3). Equation (6) is valid for any value of the volume filling factor and is not explicitly dependant on Cv. The calculated EM values (assuming ne = 1.2nH for fully ionised plasma) are displayed in Table 3.
The latter method (using Eq. (5)) obtains a more reasonable result because Eq. (4) assumes, but does not explicitly state, a volume filling factor of 1. In NGC 5548, this means that the fraction of the total volume taken up by the single NLR was 1 (Whewell et al. 2015). In NGC 7469, with three emission components, this is unphysical as all the emission components cannot take up the whole volume. Therefore, we consider a volume filling factor such that each emission component only takes up a fraction of the total volume within NGC 7469.
Although the distances between the narrow and broad emission components (from Table 5, using Eq. (5)) are consistent with the overall picture of AGN, the distance of EM3 is still an order of magnitude larger compared to the distance of the optical BLR (rBLR = 0.004 pc; Kollatschny & Zetzl 2013). This is because the ionisation parameter of EM3 is very small (log ξ = 0.18), so Eq. (5) places this emission component further out than expected. This shows an inconsistency: if EM3 is a cloud in the BLR, then it would be bombarded with a large amount of X-ray flux, ionising the plasma greatly.
By comparing the optical BLR to EM3, the kinematics are similar: the full width at half maximum (FWHM) of the Hβ line in the optical is 2168 ± 459 km s−1 (Kollatschny & Zetzl 2013), marginally consistent with the broadening velocity [image: equation]  km s−1 of EM3 (an equivalent FWHM velocity of 3200 km s−1); the radial velocity within the radius of the torus is −4521 km s−1 (Suganuma et al. 2006), which is again consistent with the EM3 outflow velocity [image: equation] km s−1. Setting the outflow velocity as the escape velocity, the distance of EM3 results to be [image: equation] pc. This value is closer to the black hole than the one found through the ionisation method (Eq. (5)), and is consistent with the optical distance, measured using the Hβ line, of 4.5 ld, equivalent to 0.004 pc (Kollatschny & Zetzl 2013).
This distance discrepancy, between the ionisation and kinematic methods is most likely due to the large uncertainties in the volume filling factor, which may be different up to many orders of magnitude. As stated before, these uncertainties are unknown, so the errors on the distance estimates cannot be quantified accurately.
4.2. A thin shell approximation
We note that our findings depend strongly on the assumption that the clouds emitting EM1 and EM2 are continuous and that they are located in a region with the outer radius much larger than the inner one. Alternatively, a thin shell model can be applied, given by rmax = rmin(1 + ϵ), where ϵ is a small number. From Eq. (3), introducing the volume filling factor Cv, and using the approximation [image: equation]
2, we obtain a distance to the emission components as follows
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This implies that the lower distance limit of the emission line region is proportional to ϵ, meaning the “true” lower distance limit measurements will be smaller than the values calculated in the right side of Table 5.
If we set rminϵ as the thickness of the shell Δr, then we can estimate the shell thickness, and thus obtain an updated distance estimate, based on the approximation above. This means that Eq. (7) becomes
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such that the distance (rmin) is proportional to the square root of the shell thickness. The shell thickness of EM1 can be estimated if we find the distance from the central source using the escape velocity as vout = −660 km s−1 (see Table 3), which results in a value of rmin = 0.2 pc. As the outflow velocity of EM2 is zero, we cannot estimate the shell thickness of this component. Rearranging Eq. (8), substituting in rmin = 0.2 pc and using the parameters from Table 3, we obtain a shell thickness of Δr ≃ 0.01 pc. Using the relation Δr = rminϵ, ϵ = 0.05. We then multiply ϵ by the distance of EM1 in the right side of Table 5 to get the new distance from the central black hole, assuming a thin shell geometry, which is rmin = 0.13 pc for EM1. However, these two values (0.2 and 0.13 pc) are inconsistent with each other, in a similar way to the kinematic and ionisation distances of EM3 (see end of previous section), most likely because of the chosen volume filling factor of EM1.
From these estimates, we can determine the volume filling factor, based on the kinematic distance of EM1. If we use rmin = 0.2 pc and ϵ = 0.05, and Eq. (7), the volume filling factor is found to be Cv ∼ 0.15 for EM1. We can also do this for EM3, as we know the kinematic distance too. Following the method above, the shell thickness of EM3 is Δr = 4.2 × 10−4, which means ϵ = 0.11. From here, the derived volume filling factor of EM3 is Cv = 9.6 × 10−4. Both of these Cv values for EM1 and EM3 are similar to the values assumed in Table 5, right column. However, the Cv and values derived here come from kinematic distance calculations, and not from the ionisation properties of the plasma.
This new distance places EM1 closer to the black hole than WA component 1, but within the upper and lower distance ranges of WA components 2 and 3. For EM1 to be further out from the black hole than all three WA components, we would require a volume filling factor larger than 0.1 (this is discussed further in Sect. 5.2).
4.3. The O VII triplet
The Oxygen He-like triplet is prominent in many AGN X-ray spectra (e.g. Whewell et al. 2015; Behar et al. 2017). The velocities of the emission lines of the Oxygen triplet were found to differ in NGC 5548. The initial solution for this was that the emission lines were being absorbed by some of the WA components (Whewell et al. 2015). However, due to the contradictions in the implied geometry, Mao et al. (2018) considered multiple emission components, in much the same way as the WA is multiphased. Mao et al. (2018) found two narrow emission components explained this discrepancy as each had a different outflow velocity, with no influence on the geometry. In the case of NGC 3783, adding a broadened emission component significantly improved the fit by ΔC ∼ 200 (Mao et al. 2019). For this reason, we applied the same approach to NGC 7469.
Figure 4 displays the O VII triplet between 21.7 and 22.6 Å, with the best fit model (red line). The coloured lines show the contributions from each of the PION emission components one at a time, while the other two components are “switched off”, that is to say, NH is set to zero so that no emission is included. EM2 (green line) fits the forbidden line, albeit not as strongly compared to EM1 (blue line), and also accounts for some of the resonance line. In Fig. 4, it is clear EM1 does not fit the resonance line. Initially, this was thought to be due to its large column density and optical depth, implying resonance scattering is the cause of no resonance emission. However, taking into account the very small covering fraction of EM1, we test to see if a smaller column density could be achieved, by increasing the covering fraction of EM1, allowing the resonance line to be fitted. Although increasing the covering fraction does decrease the column density, the resonance line is still not fitted by EM1, ruling out the possibility of resonant scattering being the cause. A degeneracy was found by Di Gesu et al. (2017) between the column density and covering factor in their PION analysis of the Seyfert 1 galaxy 1H 0419-577. Further to this, we refit these two parameters (NH and Ccov), and the best fit is again obtained for the parameters in Table 3. Even a local fit of just the O VII triplet (between 21.7 and 22.6 Å) requires EM1 to have similar parameter values to those in Table 3; again the resonance line is unaccounted for. This, therefore, suggests that EM1 is fairly compact, with large column density and small ionisation, similar to EM3. However, we then have the problem of the narrow component EM1 having similar ionisation properties to those of the broad emission component (see the following paragraph), while EM1 does not contribute to the resonance line.
	[image: thumbnail]	Fig. 3.
Velocity plots of the O VII (f) line (top panel) and the C VI Lyα line (bottom panel), illustrating each ion’s velocity profile. Top panel: O VII forbidden line is produced by EM1 and EM2 at −657 and 0 km s−1, respectively, as illustrated by the purple dotted lines showing the outflow velocities of the emission components. EM3 falls at the position of the intercombination line because the forbidden line is blueshifted to higher energies (vout − 4464 km s−1). Bottom panel: velocities of the three WA components (vout = −631,   − 912 and  − ​1964 km s−1) and their contributions to the absorption (blue dotted lines). The C VI Lyα line is produced at 0 km s−1, which corresponds to EM2 (purple dotted line). We note that the widths of the emission lines in these two panels are determined fully by the resolution of the RGS instrument (FWHM ∼ 800 km s−1 at 22 Å and FWHM ∼ 600 km s−1 at 34 Å, for top and bottom panels respectively), and not by the turbulent velocities (vturb) in Table 3.




Although both EM1 and EM2 fit the majority of the emission features in the rest of the spectrum, the intercombination line is not accounted for by either of them. (The small peak from EM2 at 22.1–22.2 Å is not very conclusive in Fig. 4.) This is where the broad emission component came in.
EM3 appears to fill in the intercombination line in the spectrum (see Fig. 4, labelled with the purple f). However, due to the high blueshift velocity of the broad component, [image: equation] km s−1, the peak of the forbidden line (in the observed frame) is shifted towards shorter wavelengths, so falls at the position where the intercombination line would be expected. This is evident in the velocity profile of O VII (f) in the top panel of Fig. 3 (see also the purple line in Fig. 4); the intercombination line is actually filled in coincidentally. If EM3 is part of the BLR, then we would expect a strong resonance line to be emitted, due to the high density plasma in the BLR, blueshifted to higher energies. However, the forbidden line is the strongest feature produced by EM3, making the interpretation of the broad emission component doubtful. This is also supported by the ionisation parameter which is very small (Table 3). Figure 5 displays the O VII concentration as a function of ξ for EM3 as derived using the PION code. The ionisation parameter value for EM3 (log ξ = 0.18; red line in Fig. 5), shows the ionisation level is far from the peak for the O VII ion, implying this region is not ionised enough to produce a substantial amount of forbidden line. Therefore, EM3 only statistically improves the fit, and is likely to represent an unphysical, ad hoc solution.
	[image: thumbnail]	Fig. 4.
O VII He-like triplet in the observed frame of NGC 7469, with the three emission lines labelled in black (resonance, intercombination and forbidden for r, i and f, respectively). The spectrum (black crosses) is over imposed with the best fit model (red line). Two narrow components (EM1 and EM2) are shown by the blue and green lines, respectively, and a broad component (EM3) is plotted with the purple line. EM1 fits the forbidden line, EM2 fits the resonance line, as well as the forbidden line, and EM3 produces emission at location of the intercombination line, which is actually a broadened forbidden line with a large blueshifted velocity (as labelled with the purple “f”).




4.4. The missing O VII intercombination line
After ruling out the physical validity of EM3 to explain the residuals between 22.0 and 22.2 Å, where the O VII intercombination emission line is, we investigate why EM1 and EM2 do not produce the intercombination line. One reason why the intercombination line is weak (or non-existent), could be due to a low plasma density, which would also enhance the forbidden line. For high density plasma, the excitation from the upper level of the forbidden line occurs from electron collisions, and this would therefore result in a stronger intercombination line, which is not seen here. With the PION model, we tried to calculate the densities of the narrow emission components, however we were unable to constrain the values (see e.g. Fig. 9 in Porquet et al. 2010). Instead, upper limits to the densities in EM1 and EM2 were calculated using Eq. (1), where the ionisation parameters are from Table 3, the lower limit distances are from the right side of Table 5 and Lion = 1.39 × 1037 W. The density upper limits were found to be n1 ≤ 1 × 1012 m−3 for EM1 and n2 ≤ 7 × 1011 m−3 for EM2; these values are consistent with the densities found in the NLR (nNLR ∼ 1012 m−3; e.g. Netzer 1990). This relatively low density is consistent with a strong forbidden line.
An alternative solution to the lack of intercombination emission could be Li-like absorption (Mehdipour et al. 2015b). This is where the O VI ion self-absorbs the intercombination emission line of the O VII triplet at around 22 Å (in our reference frame; Figures 1 and 4). This can be seen in the rest frame in Fig. 1 of Mehdipour et al. (2015b).
To test this out, we use the SPEX model SLAB, which applies a single absorption phase. By keeping all the best fit parameters fixed, we multiplied a SLAB component to the two narrow emission line components and fitted the O VI column density, with inital value of log NO VI = 22 m−2 (Mehdipour et al. 2015b). However, there is no significant change in C-statistic, nor any absorption features in the spectrum that would be produced by O VI. One problem is that SLAB models only the foreground absorption, and not the self-absorption in the plasma; the transmission calculations within the plasma are more complex. In conclusion, it is still unclear how to explain the presence of emission at the position of the O VII intercombination line given the emission components which best fit the rest of the spectrum of NGC 7469.
4.5. Searching for LAOR broadened emission
In the NGC 7469 spectrum, both in Fig. 1 and in Behar et al. (2017), there are some unaccounted for emission features at 32.6 and 33.4 Å (in our reference frame). We investigate these features using a LAOR component (Laor 1991), which accounts for relativistically redshifted and broadened emission from the accretion disc; a similar method was used by Branduardi-Raymont et al. (2001) on two AGN with peculiar spectra. Reflection at low energies is blurred by relativistic effects from the accretion disc (e.g. Blustin & Fabian 2009), which may be an explanation for the soft excess, found from soft X-ray time lags (see e.g. De Marco & Ponti 2019, and references within). To model these emission features, we swap the VGAU component for a LAOR component, coupled this to the third PION emission component and fitted, fixing all the best fit parameters except for EM3.
This new fit removes the intercombination line of the O VII triplet modelled by EM3 (increasing the residuals at 22.2 Å), but reduces the residuals at 23.5 Å, where the Galaxy O I absorption is present. However, the unaccounted for emission features at 32.6 and 33.4 Å are not fitted. The fit only improves by ΔC = 14, too small to determine any significant change to the spectrum, therefore, LAOR emission is not investigated further.
4.6. The WA location
Although this paper focusses on the emission line region within NGC 7469, the absorption features from the WA had to be reanalysed as well. Therefore, from the best fit parameters of Table 2 that describe the WA components, we were able to estimate their locations. The location of the WAs in many AGN is still debated, and their origins are still unclear; most researches favour the launching site to be at the torus (e.g. Krolik & Kriss 2001; Blustin et al. 2005). To estimate the WA distances from the black hole, we used the lower and upper distance limits, following Blustin et al. (2005), given by
[image: thumbnail](9)
where MBH is the black hole mass (MBH = 107 M⊙; Peterson et al. 2014), using the expression for the escape velocity from the gravitational potential of the central SMBH, and
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where Cv is the volume filling factor. The upper distance limit (Eq. (10)) is derived from NH ≈ nCvΔr, where n can be substituted for using Eq. (1), and we assume the size of the WA (Δr) to be equal to or smaller than its distance (R) to the SMBH ([image: equation]; Blustin et al. 2005). To calculate Cv, we use
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where Ω = 1.6, generated by assuming a quarter of near AGN are type 1, with an outflow covering factor of at least 0.5 (Blustin et al. 2005). The derivation of Cv assumes that the momentum of the outflowing wind is related to the momentum of radiation being absorbed (Pabs) plus the momentum of the scattered radiation (Pscat), which depends on the size of the WA, related to Cv. Here, Ṗabs and Ṗscat are
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where τT is the optical depth, σT is the Thompson scattering cross-section and Labs is the absorbed luminosity. To calculate Labs, we assume that each WA component is separate to each other and that there is no overlap between them in our line of sight to the central engine. However, this is unlikely to be the case, and when we measure Labs for all three components combined, the absorbed luminosity is larger than the three individual values, implying there is some overlap. Using the WA parameter values from Table 2 and Eqs. (9)–(11), the values of Ṗabs, Ṗscat, Cv, Rmin, and Rmax are calculated (see Table 6).
Table 6.

Change of momentum (due to absorption and scattering), volume filling factor (Cv) and distance measurements of each WA component, along with mass outflow rates, kinetic luminosities, and their fractions with respect to the bolometric luminosity (Lbol = 2.5 × 1037 W; Petrucci et al. 2004).


Here, the torus distance (due to dust sublimation) is estimated using
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where [image: equation] W is calculated from the SED, and Rtorus is measured in metres and Lion is in Watts; this equation is an amendment to Eq. (1) from Ashton et al. (2006) where Rtorus was measured in cm and Lion was measured in erg s−1. From this, the torus is at a distance of [image: equation] pc. The escape velocity from the black hole at the torus is then ∼189 km s−1, which is far less than the outflow velocities of the three WA components. Therefore, these WA components can originate, or be located, closer than the torus.
In addition, the mass outflow rate and kinematic luminosities of each WA component were calculated. This gave us an insight on the amount of matter being carried away by the AGN outflow, and the luminosities of these individual components. The mass outflow rate (Ṁout) and kinetic luminosity (LK) are given by (Blustin et al. 2005)
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and
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where mp is the proton mass, Ω = 1.6 is the solid angle, Cv is from Table 6, and Lion = 1.39 × 1037 W is the ionising luminosity from the central source.
The WA component values for the mass outflow rate and kinematic luminosities are displayed in Table 6. The total mass outflow rate of the three components is 0.042 M⊙ yr−1, which is somewhat less than the total of 0.052 M⊙ yr−1 for the three components in archive data (Blustin et al. 2007).
We compare the mass outflow rate (Eq. (14)) with the mass accretion rate, [image: equation], and find Ṁout ∼ 2 Ṁacc (for all three WA components summed together). Using the relation [image: equation], where LEdd = ηṀacc c2 is the Eddington luminosity, and assuming η = 0.1 and v ∼ 3000 km s−1 (a smaller velocity would give a larger mass outflow rate), the ratio Ṁout ≃ 10 Ṁacc is found. This difference indicates that there could be some other driving mechanisms at work, in addition to the spherically symmetric radiation outflow assumed here, such as a thermally-driven (e.g. Krolik & Kriss 2001) or magnetohydrodynamic (e.g. Fukumura et al. 2010) outflow.
The LK values are consistent between the two epochs (31.7 to 32.7 W from Blustin et al. 2007). We also measure LK as a fraction of the bolometric luminosity Lbol = 2.5 × 1037 W (Petrucci et al. 2004). The values for this fraction are shown in Table 6 and are between 1 and 3 × 10−3% of Lbol, consistent with previous analysis (Blustin et al. 2007). The LK of the UV outflowing material is negligible compared to the X-ray components (Arav et al. 2020), so does not need to be included here.
5. Discussion
5.1. Physical structure of NGC 7469
Figure 6 displays a schematic to demonstrate the structure and possible locations of the emission line regions and WA components in NGC 7469 with respect to each other, the torus, and the central engine. This diagram is based upon the distances of each photoionised plasma phase from the nuclear black hole, which aids in the study of the physical structures and possible scenarios.
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Ionic concentration of O VII as a function of ionisation parameter ξ (blue), calculated using PION. The red line shows the value of ξ found for EM3 through photoionisation modelling, which is much lower than the peak O VII ion concentration, indicating that this region is not ionised enough to produce a substantial forbidden line.




The ionisation parameters of both EM2 and WA component 3 are log ξ = 1.6, suggesting that they could be part of the same, extended photoionised plasma (e.g. Kinkhabwala et al. 2002; Blustin et al. 2003; Behar et al. 2003, 2017). However, there is not enough evidence to conclusively deduce this, as the location of EM2 is very different compared to WA component three. The outflow velocity of EM2 is fixed at rest in the best fit model (Table 3), suggesting that it does not have any radial velocity (or it is at least small relative to the other emission line components). Therefore, in Fig. 6, EM2 is placed as close to the plane of the torus as possible, but such that it can still receive the full ionising continuum from the central source. Consequently, although these two components share the same ionisation parameter, it is unlikely that they are part of the same, extended wind, because of their varying outflow velocities and the location of EM2 with respect to the WA components.
On the other hand, both EM1 and WA component 1 have similar outflow velocities, but different ionisation parameters. This suggests that the emission line region could also be part of the outflowing wind. If these two components were part of the same outflowing wind then EM1 may have a smaller ionisation parameter because WA component 1 is obscuring the ionising flux getting to it. However, whether the plasma emits or absorbs ultimately depends on the underlying densities of the plasma regions.
From Fig. 6, it looks like EM3 (r​ = ​0.03 pc; vout​ ∼ ​4500 km s−1) could catch up with WA component 2 (rmin = 0.1; vout ∼ 1000 km s−1) in just over 30 years. However, this is not a secure prediction for many reasons. Firstly, there is a difference (by an order of magnitude) between the calculated distances of EM3, depending on if we use the ionisation parameter (Eq. (5)) or the kinematics (Eq. (9)). Secondly, a large uncertainty in the volume filling factor means the distance could be very different to the value quoted in the right side of Table 5; in addition, a Cv <  0.001 could mean the ionisation distance is similar to the kinematic distance. Finally, the warm absorber distances calculated here are at least 10 times smaller than the distances from variability arguments (Mehdipour et al. 2018), meaning WA component 2 could be much further away from EM3, thus implying it is very uncertain whether EM3 could catch up to WA component 2.
Therefore, we cannot conclusively say that some of the plasma clouds are made up of both absorption and emission regions in the nucleus of NGC 7469. Furthermore, it becomes obvious, when comparing the upper distances of the three WA components in Table 6 to the distances of the components found by Mehdipour et al. (2018) (2 <  r <  31, 12 <  r <  29, r <  31, and r <  80 pc for the four WA components), and the derived lower distance limits from Peretz et al. (2018) (r >  12−31 pc), that the different analysis methods adopted can lead to different results, which therefore gives alternatives to the schematic in Fig. 6. Mehdipour et al. (2018) used the variability technique and a recombination time of 13 years to determine how the WA winds changed to the shape of the SED. Alternatively, we have assumed a thin shell for each WA component, where all of the ionisation occurs (see e.g. Blustin et al. 2005) because we are only using data from 2015, and the spectrum does not show variability (Behar et al. 2017). Therefore, it is unsurprising that, using the method from Blustin et al. (2005), the distances found here are consistent with previous findings of the WAs within NGC 7469 (0.1–1.6 pc; 0.012–1.7 pc, Blustin et al. 2005, 2007, respectively). The ability to constrain distance estimates from variability arguments naturally depends on the timescales covered by the data; given the long intervals between observations, the derived distances are generally (large) lower limits. Here we try to find a way to reconcile our results with the expectations based on the standard model of AGN by adjusting the Cv parameter.
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Schematic display of the possible locations of the WAs (green) and emission line regions (orange) with respect to the central black hole. This graphic is not intended to show the exact locations of the photoionised plasma clouds, but can give insight into studying the physical scenarios. Next to each plasma cloud are the distances, ionisations and outflow velocities, depicted for an easy comparison. (The distances for the emission line regions are the lower limits, as obtained from Eq. (5).) As a comparison to the X-ray broad emission component (EM3), the optical BLR is at a distance of 0.004 pc in NGC 7469 (Kollatschny & Zetzl 2013).




5.2. Comparison with other AGN
In NGC 5548, the X-ray NLR was found to be located at a distance of 13.9 pc (Whewell et al. 2015), but the volume filling factor was set at 1 by these authors (see Sect. 4.1). If Cv = 0.1, then the NLR would be situated at 1.39 pc, which is consistent with the optical NLR, found between 1 and 3 pc (Peterson et al. 2013). However, this is in variance with the overall picture of AGN in NGC 5548 if the WAs are located between 5 to 10 pc (Ebrero et al. 2016), as the narrow emission line regions are generally expected to be found further out than the WAs (e.g. Mao et al. 2018). In NGC 7469, the WA distances derived from variability arguments have a lower limit of r >  12−31 pc (Peretz et al. 2018; Mehdipour et al. 2018), meaning that our current narrow emission line distances (∼2.5 pc, right column in Table 5) would be too small. If the volume filling factor of the NLRs were 1 (Eq. (4)), then the lower limit distance values for EM1 and EM2 would become 25 and 26 pc, respectively (see left side of Table 5), taking these distances to be of the same order as the WA components. Using the emission parameters from the Chandra data (Table 3 in Mehdipour et al. 2018), we calculate the minimum distances of the narrow emission line regions at 2.4 and 22.3 pc (with Cv = 0.1), consistent with the results in the right column of Table 5. Therefore, both sets of results (RGS and Chandra) can be consistent with the narrow emission line regions being further out that the WA components (Peretz et al. 2018; Mehdipour et al. 2018) if the filling factor is between 0.1 and 1 for the emission line regions. The range in Cv allows for this discrepancy of the NLR distances in NGC 7469, and in NGC 5548, to be overcome.
We have also calculated the distances of the emission line regions within NGC 5548 and NGC 3783, both analysed with PION, by Mao et al. (2018) and Mao et al. (2019), respectively, using Eq. (5) (for the narrow emission components Cv = 0.1, and for the broad components Cv = 0.001). The lower distance limits of the emission line regions within these AGN are displayed in Table 7. For NGC 5548, we find the lower distance limits of the narrow emission line regions for Model D and Model T, which has the addition of the broad emission component (see model explanations in Mao et al. 2018). The results for Model D are consistent with the NLR distance of 13.9 pc from Whewell et al. (2015). The large, measurable, difference in distances between NGC 7469 and NGC 5548 is due to the column densities in NGC 7469 being an order of magnitude larger than the equivalent values in NGC 5548. However, as the SMBH mass in NGC 5548 is about 7 times more massive than the SMBH in NGC 7469 (Bentz et al. 2007; Pancoast et al. 2014), it is expected that the emission line regions in NGC 5548 are found further out from the black hole (the distance is proportional to the black hole mass, for example Eq. (9)).
Table 7.

Lower distance limits of the emission line regions in NGC 5548 and NGC 3783, using the results from Mao et al. (2018) and Mao et al. (2019), respectively.


In NGC 3783, we derive the lower distance limits of the emission line regions from the results found by Mao et al. (2019), from three observations: 2000/01, and 11 and 21 December 2016 (see Table 7). From these results, it appears extremely unrealistic to have component 2 move over 10 pc in the 15 years or so between observations; the broad component has not moved within this time frame. On the other hand, what is striking here is that the first narrow emission component has a distance comparable to that of the broad component. This could be because the ionisation parameter of emission component 1 is greater compared to the other two components, and the volume filling factor of the broad component is set at 0.001. Again, this is at variance with the generally accepted view of the central region of AGN, whereby the NLR is further away from the central engine than the BLR. Once again, the volume filling factor for the narrow emission line region needs to be between 0.1 and 1, such that the upper limit allows for the narrow emission component 1 in NGC 3783 to be 10 times further away than the BLR. Alternatively, it is possible that the volume filling factor of the broad emission component is less than 0.001, similar to why EM3 has an ionisation distance an order of magnitude larger than the kinematic distance (see Sect. 4.1).
Further investigation of the filling factor value for the NLRs within AGN needs to be carried out, much like the work done for the BLR and its filling factor (e.g Osterbrock 1991).
6. Conclusion
We have investigated the high resolution, RGS spectrum of NGC 7469, using the photoionisation model PION, in SPEX, to characterise both the emission line regions and the WAs. For the first time in NGC 7469, limits on the distances of the narrow emission line regions from the central black hole have been estimated. The main conclusions from this investigation are detailed as follows:

	
The emission line regions are found to be made up of three components: two narrow line and one broad line components. The two narrow emission components (log ξ = 0.4 and 1.6; log NH = 27.8 and 26.7, respectively) were found to fit the majority of the emission features.



	
Assuming a volume filling factor value of 0.1, the two narrow components, EM1 and EM2, are found to be located at 2.6 and 2.5 pc away from the central source, respectively.



	
A broad emission component, with an outflow velocity of vout = −4460 km s−1 and broadening velocity of vb = 1360 km s−1 (similar to the optical BLR values; Suganuma et al. 2006; Kollatschny & Zetzl 2013), is found to reproduce emission at the position of the intercombination line of the O VII triplet. However, we found that this broad component is actually the forbidden line, blueshifted to higher energies, coincidentally filling in the intercombination line. The distance of EM3 is found at either 0.03 pc (assuming a volume filling factor of 0.001) or 0.004 pc, depending if the ionisation parameter or the outflow velocity is used in the distance determination, respectively.



	
The RGS spectrum also shows emission features from collisionally ionised plasma, produced in the starburst region of NGC 7469. Here, the electron temperature is found to be 0.32 keV, with the plasma moving towards us at −282 km s−1, consistent with Behar et al. (2017), Mehdipour et al. (2018).



	
We find the WA is explained by three ionisation (log ξ = 2.3, 3.0, and 1.6) and three kinematic (vout = −630, −910, and −1960 km s−1) phases, with the highest outflow velocity having the smallest ξ (Blustin et al. 2003; Kriss et al. 2003). The WA kinematics are also similar to the UV velocity components from this campaign (Arav et al. 2020) and from archive results (Kriss et al. 2003; Scott et al. 2005).



	
We find that the total column density of the WA is [image: equation] m−1, about twice as large as the total found by Behar et al. (2017).



	
The upper distances of the WA components are found to be 1.9, 0.3, and 0.6 pc for components 1 to 3, respectively, consistent with previous findings (Blustin et al. 2007). The location of the torus is estimated at around 1.2 pc.



	
We find that it is very unlikely that any of the plasma components are made up of both emission and absorption regions. This is due to the large uncertainties associated with the respective volume filling factors and different distance measurements of the WA components from this work and from variability arguments (e.g. Mehdipour et al. 2018).



	
The total mass outflow rate of all three WA components combined is 0.042 M⊙ yr−1, and the kinematic luminosities are measured between log LK = 32 and log LK = 33 W. The fraction of the kinematic luminosity compared to the bolometric luminosity (Lbol = 2.5 × 1037 W; Petrucci et al. 2004) is ∼1−3 × 10−3%, similar to the fractions found by Blustin et al. (2007).



	
To compare the emission line regions of NGC 7469 with those in other AGN, we turned to NGC 5548 (Mao et al. 2018) and NGC 3783 (Mao et al. 2019), which were both analysed with the photoionisation model PION. For NGC 5548, we calculate distances which are comparable to previous analysis of the NLR (Whewell et al. 2015) and we find that the overall structure within the AGN of NGC 5548 is similar to that of NGC 7469. For NGC 3783 on the other hand, the first narrow emission line component, due to its very large ionisation parameter, is found to be at a similar distance to the broad emission component. This is at variance with the expectations of standard AGN models where the NLRs are further out from the nucleus than the BLR.



	
This problem is overcome by allowing the volume filling factor to be between 0.1 and 1 for the emission line regions. This allows the NLR distances in NGC 7469 and NGC 5548 (Whewell et al. 2015) to be further out than the WA, and would also imply that the first narrow emission component in NGC 3783 could be 10 times further away from the central source than the broad component. Alternatively, the volume filling factor of the broad component in NGC 3783 may be Cv ∼ 0.0001, which would allow the first narrow emission component to be further away than the broad component. Despite the fact that this may seem an ad hoc solution, further detailed investigations of the volume filling factor in narrow emission line regions are necessary in order to provide firmer ground to distance estimations in AGN.






1 If [image: equation], where k is the constant of proportionality, is substituted into Eq. (1), the distances cancel, meaning the ionisation parameter ξ has no dependence on the distance r, so is constant throughout the plasma.


2 Using the Maclaurin series expansion.


3 The interface to measure the H I profiles can be found at https://www.astro.uni-bonn.de/hisurvey/AllSky_profiles/index.php
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Appendix A:  The velocity structure of the Galaxy
We modelled the absorbing material of the Galaxy using HOT in SPEX (see Sect. 2.2), with the sum of H I and H II column densities initially set to 5.5 × 1024 m−2 (Wakker 2006; Wakker et al. 2011), and a temperature of 0.5 eV to mimic neutral gas. However, the velocity structure of the gas in the Galaxy was unknown, meaning we did not have any information about the turbulent velocity for the HOT components.
To determine the turbulence of the neutral (and mildly ionised) Galaxy absorbing gas in the line of sight towards NGC 7469, we used the 21 cm H I profiles from the EBHIS (Winkel et al. 2016) and LAB (Kalberla et al. 2005) surveys3. Figure A.1 shows the data from the LAB survey (black dots), displaying the 21 cm H I profile in terms of brightness temperature (TB) as a function of velocity at the local standard of rest (VLSR).
In order to obtain the information regarding the velocity, we fitted a Gaussian to the survey data, red line in Fig. A.1, given by
[image: thumbnail](A.1)
where v is the velocity (VLSR data from the two surveys) and the standard deviation (σv), mean (μ), and normalisation (A) are the three unknown parameters. We did this for both LAB and EBHIS surveys and averaged the three unknown parameters [image: equation], [image: equation] and [image: equation]. The average mean and normalisation values were [image: equation] km s−1 and [image: equation] K respectively. The average velocity dispersion is found to be [image: equation] km s−1. The H I column density (NH) is found using the LAB survey (Wakker et al. 2011), which means the [image: equation] value is needed from the H I profile of NH(v) to get the turbulent velocity in the Galaxy. However, the H I profile for NH(v) is, in fact, the same as the profile for TB(v), as the following argument proves (Chengalur et al. 2013):
[image: thumbnail](A.2)
[image: thumbnail](A.3)
	[image: thumbnail]	Fig. A.1.
Galactic 21 cm H I profile in our line of sight towards NGC 7469, of brightness temperature as a function of velocity, from the LAB survey (black dots). The red line is the Gaussian function (Eq. (A.1)) used to determine the velocity dispersion σv and the velocity mean μ. Estimates of these two parameters were obtained by averaging the values from the LAB (Kalberla et al. 2005) and EBHIS (Winkel et al. 2016) surveys. The average velocity dispersion is used as the turbulent velocity for the Galaxy in the HOT components; see text for details of this argument.




In these two equations, TB(v) is the brightness temperature (Fig. A.1), TS(v) is the hydrogen spin temperature, τ(v) is the optical depth, and K = 1.8 × 1018 is a constant. Here, it is clear NH(v)∝τ(v), meaning the optical depth, measured via absorption measurements, is used to determine the column density (Lee et al. 2015). Substituting Eq. (A.2) into Eq. (A.3) to remove TS gives
[image: thumbnail](A.4)
To estimate NH(v), we can assume that the gas in the Galaxy is optically thin (τ(v) ≪ 1) (Lee et al. 2015), which gives the final equation
[image: thumbnail](A.5)
meaning that the column density can be measured by integrating the emission spectrum of the 21 cm line (TB(v)) over the velocity interval dv (VLSR). Equation (A.5) implies NH(v)∝TB(v), so the H I profile in Fig. A.1 is the same as the H I profile for NH(v), except with the factor of K being the difference (Chengalur et al. 2013; Lee et al. 2015). Therefore, the [image: equation] found from Fig. A.1 can be taken as the velocity dispersion of the H I profile of NH(v), which we use in the HOT models as the turbulent velocity of the Galaxy.


All Tables
Table 1.

Final best fit parameter values for the POW, COMT, and HOT components (see Sects. 2.1 and 2.2 for details).

In the text

Table 2.

Best fit parameters for the three warm absorber components.

In the text

Table 3.

Best fit parameters for the three emission components.

In the text

Table 4.

Collisionally ionised plasma properties from the nuclear star burst region of NGC 7469.

In the text

Table 5.

Lower bound distance measurements of the emission line regions.

In the text

Table 6.

Change of momentum (due to absorption and scattering), volume filling factor (Cv) and distance measurements of each WA component, along with mass outflow rates, kinetic luminosities, and their fractions with respect to the bolometric luminosity (Lbol = 2.5 × 1037 W; Petrucci et al. 2004).

In the text

Table 7.

Lower distance limits of the emission line regions in NGC 5548 and NGC 3783, using the results from Mao et al. (2018) and Mao et al. (2019), respectively.

In the text

All Figures
	[image: thumbnail]	Fig. 1.
RGS spectrum of NGC 7469 in the observed frame. The best fit model (red line) is over plotted. The significant absorption and emission features are labelled with their corresponding ions (blue and purple, respectively). Galactic absorption features are indicated in orange.
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continued.
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	[image: thumbnail]	Fig. 2.
PION absorption models for each warm absorber component (1–3 from top to bottom). These plots help demonstrate what the model looks like with the parameter values from Table 2: large ξ means absorption at higher energies; large NH means stronger absorption lines. The Galaxy absorption transmission is overlayed in orange for a comparison. The Galaxy absorption affects the continuum emission, especially at longer wavelengths, causing the transmission to decrease. As a consequence of the RGS resolution, weak narrow lines are not evident in Fig. 1 due to the low equivalent width, but can be seen in these models.
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	[image: thumbnail]	Fig. 3.
Velocity plots of the O VII (f) line (top panel) and the C VI Lyα line (bottom panel), illustrating each ion’s velocity profile. Top panel: O VII forbidden line is produced by EM1 and EM2 at −657 and 0 km s−1, respectively, as illustrated by the purple dotted lines showing the outflow velocities of the emission components. EM3 falls at the position of the intercombination line because the forbidden line is blueshifted to higher energies (vout − 4464 km s−1). Bottom panel: velocities of the three WA components (vout = −631,   − 912 and  − ​1964 km s−1) and their contributions to the absorption (blue dotted lines). The C VI Lyα line is produced at 0 km s−1, which corresponds to EM2 (purple dotted line). We note that the widths of the emission lines in these two panels are determined fully by the resolution of the RGS instrument (FWHM ∼ 800 km s−1 at 22 Å and FWHM ∼ 600 km s−1 at 34 Å, for top and bottom panels respectively), and not by the turbulent velocities (vturb) in Table 3.
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	[image: thumbnail]	Fig. 4.
O VII He-like triplet in the observed frame of NGC 7469, with the three emission lines labelled in black (resonance, intercombination and forbidden for r, i and f, respectively). The spectrum (black crosses) is over imposed with the best fit model (red line). Two narrow components (EM1 and EM2) are shown by the blue and green lines, respectively, and a broad component (EM3) is plotted with the purple line. EM1 fits the forbidden line, EM2 fits the resonance line, as well as the forbidden line, and EM3 produces emission at location of the intercombination line, which is actually a broadened forbidden line with a large blueshifted velocity (as labelled with the purple “f”).
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	[image: thumbnail]	Fig. 5.
Ionic concentration of O VII as a function of ionisation parameter ξ (blue), calculated using PION. The red line shows the value of ξ found for EM3 through photoionisation modelling, which is much lower than the peak O VII ion concentration, indicating that this region is not ionised enough to produce a substantial forbidden line.
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	[image: thumbnail]	Fig. 6.
Schematic display of the possible locations of the WAs (green) and emission line regions (orange) with respect to the central black hole. This graphic is not intended to show the exact locations of the photoionised plasma clouds, but can give insight into studying the physical scenarios. Next to each plasma cloud are the distances, ionisations and outflow velocities, depicted for an easy comparison. (The distances for the emission line regions are the lower limits, as obtained from Eq. (5).) As a comparison to the X-ray broad emission component (EM3), the optical BLR is at a distance of 0.004 pc in NGC 7469 (Kollatschny & Zetzl 2013).
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	[image: thumbnail]	Fig. A.1.
Galactic 21 cm H I profile in our line of sight towards NGC 7469, of brightness temperature as a function of velocity, from the LAB survey (black dots). The red line is the Gaussian function (Eq. (A.1)) used to determine the velocity dispersion σv and the velocity mean μ. Estimates of these two parameters were obtained by averaging the values from the LAB (Kalberla et al. 2005) and EBHIS (Winkel et al. 2016) surveys. The average velocity dispersion is used as the turbulent velocity for the Galaxy in the HOT components; see text for details of this argument.

In the text





    Table 1. 

Final best fit parameter values for the POW, COMT, and HOT components (see Sects. 2.1 and 2.2 for details).




	Component
	Parameter
	Value





	POW
	Npow(a)
	6.70 ± 0.01



	
	Γ
	2.07 ± 0.01



	




	COMT
	Ncomt(b)
	[image: equation]



	
	Te (keV)
	0.118 ± 0.001



	




	HOT
	[image: equation](c)
	[image: equation]



	
	[image: equation] (km s−1) (d)
	5.64 ± 0.96






Notes.

(a) ×1051 photons s−1 keV−1 at 1 keV.


(b) ×1057 photons s−1 keV−1.


(c) ×1024 m−2.


(d) Fixed, see Appendix A for details.





  
    Table 2. 

Best fit parameters for the three warm absorber components.




	Absorption
	NH
	log ξ
	vturb
	vout
	ΔC



	component
	(1024 m−2)
	(10−9 Wm)
	(km s−1)
	(km s−1)
	





	1
	[image: equation]
	2.32 ± 0.01
	35 ± 2
	−630 ± 20
	592



	2
	52.0 ± 2.2
	3.00 (f)
	(a) –
	[image: equation]
	105



	3
	2.3 ± 0.1
	1.57 ± 0.04
	11 ± 3
	−1960 ± 20
	155



	




	Abundances (b)



	




	C
	N
	Ne
	Mg
	S
	Fe



	[image: equation]
	[image: equation]
	2.04 ± 0.20
	[image: equation]
	2.80 ± 0.40
	1.01 ± 0.04






Notes.

The turbulent velocity of component 2 is coupled to that of component 1 as they have the same value when both are set free. We note the ΔC values, indicating the change in statistical fits produced by each component when introduced. Also shown are the ionic abundances of the photoionised and collisionally ionised plasmas throughout the nucleus of NGC 7469 (see Sect. 2.4).

(a) Coupled to WA component 1.


(b) Abundances relative to Oxygen. The log ξ parameter of WA component 2 is followed by a (f) because this value is fixed.





  
    
      Fig. 1. 

      
        [image: thumbnail]
      

      
RGS spectrum of NGC 7469 in the observed frame. The best fit model (red line) is over plotted. The significant absorption and emission features are labelled with their corresponding ions (blue and purple, respectively). Galactic absorption features are indicated in orange.



    

  
    
      Fig. 1. 

      
        [image: thumbnail]
      

      
continued.



    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
PION absorption models for each warm absorber component (1–3 from top to bottom). These plots help demonstrate what the model looks like with the parameter values from Table 2: large ξ means absorption at higher energies; large NH means stronger absorption lines. The Galaxy absorption transmission is overlayed in orange for a comparison. The Galaxy absorption affects the continuum emission, especially at longer wavelengths, causing the transmission to decrease. As a consequence of the RGS resolution, weak narrow lines are not evident in Fig. 1 due to the low equivalent width, but can be seen in these models.



    

  
    Table 3. 

Best fit parameters for the three emission components.




	Emission
	NH
	log ξ
	vturb
	vout
	Ccov=
	EM
	ΔC



	component
	(1025 m−2)
	(10−9 Wm)
	(km s−1)
	(km s−1)
	Ω/4π
	(×1070 m−3)
	





	EM1
	641 ± 50
	[image: equation]
	[image: equation]
	[image: equation]
	2.1 ± 0.2 × 10−4
	13
	230



	EM2
	[image: equation]
	1.55 ± 0.08
	[image: equation]
	0 (f)
	2.1 ± 0.3 × 10−3
	1
	34



	EM3
	[image: equation]
	[image: equation]
	[image: equation](a)
	[image: equation]
	1.4 ± 0.2 × 10−4
	15
	23






Notes.

In addition, we measure the emission measure (EM) of each component. We note the ΔC values, indicating the change in statistical fits produced by each component when introduced.

(a) Broadening velocity (vb) from the VGAU component which is coupled to the broad PION component. The vout parameter of EM2 is followed by a (f) because this value is fixed.





  
    Table 4. 

Collisionally ionised plasma properties from the nuclear star burst region of NGC 7469.




	EM
	T
	vout
	ΔC



	(×1069 m−3)
	(keV)
	(km s−1)
	





	[image: equation]
	0.32 ± 0.02
	[image: equation]
	9







  
    Table 5. 

Lower bound distance measurements of the emission line regions.




	Emission
	R
	R



	comp.
	(pc) (a)
	(pc) (b)





	EM1
	[image: equation]
	[image: equation]



	EM2
	[image: equation]
	[image: equation]



	EM3
	30 ± 10
	0.03 ± 0.01






Notes.

(a) All values are calculated with the volume filling factor of Cv = 1.


(b) EM1 and EM2 distances calculated using Cv = 0.1; EM3 distance calculated with Cv = 0.001.





  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
Velocity plots of the O VII (f) line (top panel) and the C VI Lyα line (bottom panel), illustrating each ion’s velocity profile. Top panel: O VII forbidden line is produced by EM1 and EM2 at −657 and 0 km s−1, respectively, as illustrated by the purple dotted lines showing the outflow velocities of the emission components. EM3 falls at the position of the intercombination line because the forbidden line is blueshifted to higher energies (vout − 4464 km s−1). Bottom panel: velocities of the three WA components (vout = −631,   − 912 and  − ​1964 km s−1) and their contributions to the absorption (blue dotted lines). The C VI Lyα line is produced at 0 km s−1, which corresponds to EM2 (purple dotted line). We note that the widths of the emission lines in these two panels are determined fully by the resolution of the RGS instrument (FWHM ∼ 800 km s−1 at 22 Å and FWHM ∼ 600 km s−1 at 34 Å, for top and bottom panels respectively), and not by the turbulent velocities (vturb) in Table 3.



    

  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
O VII He-like triplet in the observed frame of NGC 7469, with the three emission lines labelled in black (resonance, intercombination and forbidden for r, i and f, respectively). The spectrum (black crosses) is over imposed with the best fit model (red line). Two narrow components (EM1 and EM2) are shown by the blue and green lines, respectively, and a broad component (EM3) is plotted with the purple line. EM1 fits the forbidden line, EM2 fits the resonance line, as well as the forbidden line, and EM3 produces emission at location of the intercombination line, which is actually a broadened forbidden line with a large blueshifted velocity (as labelled with the purple “f”).



    

  
    Table 6. 

Change of momentum (due to absorption and scattering), volume filling factor (Cv) and distance measurements of each WA component, along with mass outflow rates, kinetic luminosities, and their fractions with respect to the bolometric luminosity (Lbol = 2.5 × 1037 W; Petrucci et al. 2004).




	WA
	Ṗabs
	Ṗscat
	Cv
	Rmin
	Rmax
	Ṁ
	log LK
	LK/Lbol



	comp.
	(Ws m−1)
	(Ws m−1)
	
	(pc)
	(pc)
	(M⊙ yr−1)
	(W)
	





	1
	7.3 × 1026
	3.1 × 1025
	0.0087
	0.22 ± 0.01
	[image: equation]
	0.019
	32.4
	1.0 × 10−5



	2
	9.3 × 1026
	1.6 × 1026
	0.0290
	[image: equation]
	0.25 ± 0.02
	0.019
	32.8
	2.5 × 10−5



	3
	5.3 × 1026
	7.0 × 1024
	0.0001
	0.02 ± 0.01
	[image: equation]
	0.004
	32.6
	1.6 × 10−5







  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
Ionic concentration of O VII as a function of ionisation parameter ξ (blue), calculated using PION. The red line shows the value of ξ found for EM3 through photoionisation modelling, which is much lower than the peak O VII ion concentration, indicating that this region is not ionised enough to produce a substantial forbidden line.



    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
Schematic display of the possible locations of the WAs (green) and emission line regions (orange) with respect to the central black hole. This graphic is not intended to show the exact locations of the photoionised plasma clouds, but can give insight into studying the physical scenarios. Next to each plasma cloud are the distances, ionisations and outflow velocities, depicted for an easy comparison. (The distances for the emission line regions are the lower limits, as obtained from Eq. (5).) As a comparison to the X-ray broad emission component (EM3), the optical BLR is at a distance of 0.004 pc in NGC 7469 (Kollatschny & Zetzl 2013).



    

  
    Table 7. 

Lower distance limits of the emission line regions in NGC 5548 and NGC 3783, using the results from Mao et al. (2018) and Mao et al. (2019), respectively.




	
	N1 (pc)
	N2 (pc)
	B1 (pc)





	Model (a)
	NGC 5548



	




	D
	13
	142
	–



	T
	19
	93
	0.09



	




	Date (b)
	NGC 3783



	




	2000/01
	0.01
	1.94
	0.01



	11 Dec. 2016
	0.03
	10.4
	0.01



	21 Dec. 2016
	0.04
	15.6
	0.01






Notes.

The distances are for the narrow line components (N1 and N2), and the broad components (B1). See Sect. 5.2 for details.

(a) The two models used on NGC 5548 by Mao et al. (2018) from the 2013/14 observations: D for two emission (narrow) components; T for three emission componenets.


(b) The observation dates when the data of NGC 3783 were obtained and used in Mao et al. (2019).





  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
Galactic 21 cm H I profile in our line of sight towards NGC 7469, of brightness temperature as a function of velocity, from the LAB survey (black dots). The red line is the Gaussian function (Eq. (A.1)) used to determine the velocity dispersion σv and the velocity mean μ. Estimates of these two parameters were obtained by averaging the values from the LAB (Kalberla et al. 2005) and EBHIS (Winkel et al. 2016) surveys. The average velocity dispersion is used as the turbulent velocity for the Galaxy in the HOT components; see text for details of this argument.
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