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ABSTRACT

Context. Our consortium performed an extensive multi-wavelength campaign of the nearby Seyfert 1 galaxy NGC 5548 in 2013—-14.
The source appeared unusually heavily absorbed in the soft X-rays, and signatures of outflowing absorption were also present in the
UV. He-like triplets of neon, oxygen and nitrogen, and radiative recombination continuum (RRC) features were found to dominate
the soft X-ray spectrum due to the low continuum flux.

Aims. Here we focus on characterising these narrow emission features using data obtained from the XMM-Newton RGS (770 ks
stacked spectrum).

Methods. We use SPEX for our initial analysis of these features. Self-consistent photoionisation models from CLOUDY are then
compared with the data to characterise the physical conditions of the emitting region.

Results. Outflow velocity discrepancies within the O VII triplet lines can be explained if the X-ray narrow-line region (NLR) in
NGC 5548 is absorbed by at least one of the six warm absorber components found by previous analyses. The RRCs allow us to
directly calculate a temperature of the emitting gas of a few eV (~10* K), favouring photoionised conditions. We fit the data with a
CLOUDY model of logé& = 1.45 + 0.05 erg cm 5!, log Ny = 22.9 + 0.4 cm™2 and log vy, = 2.25 + 0.5 km s™! for the emitting gas;
this is the first time the X-ray NLR gas in this source has been modelled so comprehensively. This allows us to estimate the distance

from the central source to the illuminated face of the emitting clouds as 13.9 + 0.6 pc, consistent with previous work.

Key words. X-rays: galaxies — galaxies: Seyfert — quasars: emission lines — quasars: individual: NGC 5548

1. Introduction
1.1. Recent observational history of NGC 5548

NGC 5548 is a well studied, nearby (z = 0.017175) AGN histor-
ically showing typical Seyfert 1 behaviour, with strong broad
emission lines and a small number of narrow emission lines
across its optical and UV spectra (e.g., Korista et al. 1995;
Peterson et al. 2002; Chiang et al. 2000). In the soft X-ray band
there are also broad and narrow emission lines, seen by Chandra
LETGS in 2000 (Kaastra et al. 2000).

Article published by EDP Sciences

As presented in Kaastra et al. (2014), NGC 5548 has recently
undergone a drastic change in its observed spectrum, with the
soft X-ray flux 25 times lower than the typical median in obser-
vations taken by Chandra in 2002. This suppression of the soft
X-ray spectrum continued throughout all 14 XMM-Newton ob-
servations within the Kaastra et al. (2014) campaign. Six of the
14 XMM-Newton observations were taken simultaneously with
UV spectra which display new broad absorption features. The
UV spectra also show narrow absorption lines at velocites asso-
ciated with the classical WAs in this source, but at lower ioni-
sations than previously observed. Kaastra et al. (2014) conclude
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Table 1. Parameters of the 2013—-14 warm absorber components (WA comp.) from Kaastra et al. (2014).

WA logé Ny v o, WA logé Ny v o

comp. (10° Wm) (10%* cm™2) (kms™") (kms™') | comp. (10 Wm) (10*° cm™?) (kms™") (kms™h)
A 0.33 20+0.6 —588 + 34 210+40 | D 1.91 10.7 £ 11.6 —-254 £ 25 68 + 14
B 1.06 7.0+0.9 -547 + 31 61 £15 E 2.48 28+8 —-792 £ 25 24 + 12
C 1.70 15+£3 —1148 + 20 19+6 F 2.67 5717 —-1221+25 34+13

this is due to the presence of a new “obscurer” located closer to
the source than the classical warm absorbers (WA) and narrow-
line region (NLR), which must have entered our line of sight
between 2007 and 2011. This “obscurer” directly causes the ad-
ditional absorption in the soft X-ray band and the broad absorp-
tion features in the UV. The classical WAs known in this source
(in both X-ray and UV) are shielded from the ionising UV/X-
ray radiation by the “obscurer” so are now at lower ionisations
than their historical values. The 2013—14 ionisation parameters
for each component of the X-ray WAs are shown in Table 1.

This view of the soft X-ray band (0.1-2 keV) has revealed
a rich emission spectrum dominated by narrow emission lines
and radiative recombination continuum (RRC) features, never
previously observed this clearly in NGC 5548.

This paper is one of a series exploring different aspects of
the 2013—14 observational campaign (Mehdipour et al. 2015a).
Here we focus on the revealed soft X-ray narrow emission lines
and RRC features, as they are excellent probes of the physical
characteristics of the emitting region.

1.2. AGN emission features

There are two main emission line regions thought to occur
around AGN systems; the broad-line region (BLR) and narrow-
line region (NLR). In NGC 5548, the HB-emitting BLR extends
from at least ~4 to ~27 light days and the higher-ionization lines
arise even closer to the central source (e.g., Peterson et al. 2004;
Bentz et al. 2009). While the NLR is sufficiently large to be spa-
tially resolved in some AGN:s, it is unresolved in NGC 5548.
However, Peterson et al. (2013) measure a size for the [O III]-
emitting region of 1-3 pc based on emission-line variability,
consistent with the photoionization prediction of Kraemer et al.
(1998). Similarly, Detmers et al. (2009) estimate a radius of
1-15 pc for the X-ray NLR.

In some cases the high ionisation emission lines from AGN
(of which the X-ray narrow lines would be part) are referred
to as originating from the “coronal line region”, distinct from
the “standard” optical NLR (characterised by [O III]) by the
higher ionisation species and larger line widths (see e.g., Erkens
et al. 1997; Rodriguez-Ardila et al. 2002). On the other hand,
the spatial extent and morphology of the optical and the X-ray
NLRs have been found to be remarkably similar in some sources
(Bianchi et al. 2006). In this work we continue to distinguish
between the X-ray and optical NLRs, instead of using the term
“coronal line region” to refer to the narrow X-ray emission lines.

Narrow emission lines from AGN are historically thought to
remain constant in flux, but there is growing evidence that, in
at least some cases, these lines vary over timescales of years.
Variability has been presented by Detmers et al. (2009), using
O VII f (forbidden line) in the X-rays, and both Peterson et al.
(2013) and Denney et al. (2014), using [O III] in the optical (the
papers refer to NGC 5548 in the former two cases and Mrk 590
in the latter).
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RRC features are from free electrons directly recombining
into the bound state of an ion. The free electrons involved in this
process can have a range of energies, as long as they are above
the transition threshold, therefore the RRC features are asym-
metrical and can be very broad. The width of these features gives
a direct measurement of the energy of the electrons and therefore
of the temperature of the plasma. Broad (narrow) RRCs indicate
a large (small) range of electron energies above the recombi-
nation threshold, and therefore imply high (low) temperatures.
RRC widths have previously been used to determine the temper-
ature of the emitting gas in both obscured Seyfert 1 (e.g. Nucita
et al. 2010) and traditional Seyfert 2 spectra (e.g. Kinkhabwala
et al. 2002).

Narrow emission triplet lines from He-like ions are used as
diagnostic tracers of the physical state of the emitting region. In
particular, the G = (f+i)/r and R = f/iratios (Porquet & Dubau
2000) between fluxes of the forbidden (f), intercombination (7)
and resonance (r) lines have been applied to give information
on the temperature and density of emitting plasmas, although
concerns on the limitations to their use in photoionised plasmas
have been expressed by Porter & Ferland (2007) and Mehdipour
et al. (2015b).

Here we use the ionisation parameter & = L/nr* where L is
the ionising luminosity in the 1-1000 Ryd band, » is the hydro-
gen number density and r the distance from the ionising source
(Tarter et al. 1969). The parameter £ is used to characterise com-
ponents of the warm absorbers (WAs), which imprint absorption
features in the soft X-ray band.

Several authors have reported results using the photoioni-
sation code CLOUDY to model narrow emission line data from
XMM-Newton RGS observations of both Seyfert 2 and low flux
states of Seyfert 1 galaxies. A range of results are summarised
in Table 2. The authors quoted used a different formulation of
ionisation parameter to that adopted in the present work. They
used U = Q/4nr’cny where ny = hydrogen number density, r =
radius to the inner face of the gas, 0 = number of hydrogen-
ionising photons emitted per second by a central source of lumi-
nosity L and c is the speed of light. U and & cannot be directly
compared without taking the spectral energy distribution (SED)
of the central source into account, therefore here we have quoted
the values of U from each work.

In this paper we first detail the observations used (Sect. 2)
and data analysis techniques (Sect. 3), including the He-like
triplet diagnostics (Sect. 3.3). The overall best fit spectrum is
presented in Sect. 3.4. We then build a consistent photoionisa-
tion model using CLOUDY (Sect. 4). The physical implications
of our analysis are discussed in Sect. 5. Finally, the conclusions
of this work are summarised in Sect. 6.

2. Observations

The data used for this paper were taken as part of a large multi-
wavelength campaign aimed at characterising in detail the WA
in NGC 5548; the structure, data reduction techniques used and
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Table 2. Previously reported results of Seyfert galaxy narrow line region modelling using CLOUDY.

CLOUDY parameters of emitting gas
Reference Galaxy Type Wavelength band | No. of Ionization Density (cm™)
phases log U log ny
Kraemer et al. (1998) NGC 5548 Seyfert 1 Uv 2 -1.5 7
-2.5 4
CLOUDY parameters of emitting gas
Reference Galaxy Type Wavelength band | No. of Ionization Column density (cm™2)
phases log U log Ny
Armentrout et al. (2007) NGC 4151  Seyfert 1.5 X-ray 3 1.3 23
0 23
-0.5 20.5
Longinotti et al. (2008) Mrk 335 Seyfert 1 X-ray 2 04 <22
0.8 <22
Guainazzi et al. (2009)* NGC 1365  Seyfert 1.8 X-ray 1 16703 >22
Nucita et al. (2010) NGC 4051  Seyfert 1 X-ray 06<logU<1.9 21.77-22.72
Marinucci et al. (2010) NGC 424 Seyfert 2 X-ray 0.23 <log U < 141 21.77-22.11

Notes. @ These authors also found strong evidence for a contribution from collisional components, related to the known ring of starburst activity

in this object and not specified here.

other results of this campaign are explained in Kaastra et al.
(2014) and Mehdipour et al. (2015a) (the latter includes a log
of all observations taken). All spectra shown in this paper are in
the observed frame.

Where necessary we have used the redshift value z
0.017175, determined from the 21 cm Hydrogen line
(de Vaucouleurs et al. 1991), as given in the NASA/IPAC
Extragalactic Database (NED), which is slightly different to
some previous work that used a redshift value z = 0.01676 de-
termined from the optical lines (e.g. used in Steenbrugge et al.
2003).

Here we present a study of the narrow emission lines in the
spectra of NGC 5548 obtained by the RGS instrument onboard
XMM-Newton (den Herder et al. 2001). We focus on a 770 ks
spectrum in the range 5.7-38.2 A (see Fig. 1), created from com-
bining fourteen observations of ~50 ks; twelve of these were
taken each a few days apart between 22 June and 31 July 2013,
with two other XMM-Newton observations taken a few months
later (December 2013 and February 2014).

The fourteen individual observations have also been exam-
ined separately, by fitting each narrow emission line in each
spectrum with an individual Gaussian, and show no significant
variability in flux or width of the narrow emission features.
Therefore analysing the stacked spectrum of 770 ks for the re-
mainder of this work is justified in order to increase data counts
and signal to noise levels within the spectrum.

The RGS data processing was performed at a more advanced
level than the standard SAS pipelines; the details of the data
reduction techniques used are reported in Kaastra et al. (2011)
and summarised in relation to this campaign in Mehdipour et al.
(2015a).

The long wavelength part of the spectrum (in Fig. 1, around
35-38 A) has noticeably larger uncertainties, due to the decrease
in effective area of RGS in this range (den Herder et al. 2001).
There is also a decrease in effective area at the short wavelength
part of the spectrum (5—10 A) but the much higher photon count

from the source at these wavelengths slightly reduces the effect
this has on the observed spectrum.

3. Data analysis

Due to the low soft X-ray continuum flux, narrow emission lines
(including He-like triplets of oxygen, nitrogen and neon) and
radiative recombination continuum (RRC) features dominate the
2013-14 spectrum of NGC 5548. These features have not been
seen so clearly in this source during previous observations, when
the soft X-ray continuum was higher (e.g. Kaastra et al. 2000;
Steenbrugge et al. 2003).

In order to accurately analyse the narrow emission features
of this spectrum, a good model for the continuum and absorp-
tion was needed. Kaastra et al. (2014) conclude that the classical
WA previously observed in NGC 5548 is not sufficient to explain
the unexpected degree of absorption shown in this spectrum, and
identify two new “obscurer” components needed to fit the intrin-
sic and reflected continuum well, in addition to six WA com-
ponents (named from A to F; parameters shown in Table 1). The
continuum was modelled with a combination of a modified black
body and power-law, including reflection from distant material
and an exponential cut-off at high energies. The details of this
are in the supplementary materials of Kaastra et al. (2014). The
exact physical interpretation of this continuum does not affect
this work on the narrow emission features as it is used only as a
continuum level above which we measure the emission features.
Galactic neutral absorption is included with H I column density
in the line of sight set to Ny = 1.45 x 10%° cm~2 (Wakker et al.
2011). This continuum and absorption model is used throughout
the analysis in this paper.

Due to low numbers of counts per bin, y? is not the appro-
priate goodness-of-fit parameter. Instead, goodness-of-fit should
be measured by minimising the C-statistic (Cash 1979) param-
eter as it is based on the Poisson distribution and so does not
suffer from the same drawbacks when using low count statis-
tics. We therefore use the C-statistic for all analysis in this work.
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Fig. 1. The 2013—-14 770ks stacked RGS spectrum of NGC 5548 (observed frame). The strongest emission lines are labelled. The data points are

shown in black. The data have been binned by a factor of two for clarity.

The errors used in this paper are all at the 1o~ (68%) confidence
level unless stated otherwise. .

The high spectral resolution of RGS (1/A1 ~ 340 at 22 A;
den Herder et al. 2001) compared to lower resolution X-ray spec-
troscopy leads to more detailed models being needed to fully
describe the data. Our knowledge of many aspects of these mod-
els is not yet complete (for example presence of additional as-
trophysical components in the line of sight towards the source
and imperfect atomic data) and we also have to deal with im-
perfect instrumental calibration, systematic effects and statisti-
cal fluctuations, so there will necessarily be differences between
the data and the best physical model that can be found. As dis-
cussed in Blustin et al. (2002), the use of goodness-of-fit statis-
tics when modelling RGS data must be coupled with careful
consideration of the physical meaning of the models, as physi-
cal self-consistency is more important than reaching a nominally
“acceptable” goodness-of-fit value.

All the spectral fitting in this paper was done with the SPEX'
spectral fitting program (Kaastra et al. 1996) version 2.05.02.
Additional analysis compares simulated photoionisation spectral
models from CLOUDY (version 13.03; Ferland et al. 2013) with
the observational data (Sects. 4 and 4.1). The adopted cosmo-
logical parameters in our modelling are Hy = 70 km s~! Mpc~!,
Qx =0.70 and Q,, = 0.30.

I http://www.sron.nl/spex
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3.1. Broad emission lines

Although broad emission lines are difficult to identify in the
2013—-14 spectrum, Kaastra et al. (2014) include four of these in
their model (C VI Ly-a, O VII He-«, O VII He-8, O VIII Ly-a).
All of their parameters (FWHM, luminosity and outflow veloc-
ity) were initially taken from the Steenbrugge et al. (2005) analy-
sis of the Chandra LETGS 2002 spectrum, when the continuum
was higher, and we begin by setting the broad lines at those val-
ues, using a Gaussian model for each. The 2002 parameters were
estimated from knowledge of the UV broad line parameters in
this source as they could not be directly fitted. We then allowed
these parameters (FWHM, outflow velocity and luminosity of
each line) to vary so we could fit them to the 2013—-14 770 ks
spectrum where possible (see Table 3). We take the broad line
source to be interior to the obscurer, as expected from the results
of Kaastra et al. (2014), therefore (as the fitted model parame-
ters are different to the 2002 analysis) the new luminosities differ
from those found previously. We can fit the broad O VIII Ly-«
line (over the range 18.5-20 A; C-stat = 80, and d.o.f. = 41)
and the broad C VI Ly-a line (33.5-35 10\; C-stat = 75, and d.o.f.
= 44), both shown in Fig. 2.

For both of the O VII broad lines (He-a and He-8), we as-
sume their FWHM and outflow velocity values have not changed
since the values derived for the 2002 spectrum due to difficulties
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Table 3. Broad emission line parameters from the 2013—14 RGS spectra.

Line Rest 4 A Outflow velocity FWHM Luminosity
A) A) (kms™) @A) (10% W)

O VII 1s-3p 18.63 18.63 0 0.50 <1.8

O VIII 1s-2p 1897 | 18.89 +0.06 —1200 = 900 0.12+0.08 10.3+239

O VII 1s-2p 21.60 21.60 0 0.58 85+44

C VI 1s-2p 33.74 | 33.65+0.03 —-800 + 300 0.24%2 326 +12.1

Notes. All values without error bounds were fixed during fitting. The outflow velocities and widths of both O VII lines were chosen to be the same
as those used by the Steenbrugge et al. (2005) analysis of 2002 LETGS data.” Measured values in the rest frame.

Table 4. Initial parameters for the O VII triplet from the 770 ks spectrum.

Line* Rest A Measured > Flow velocity FWHM FWHM
A) A) (kms™) A) (kms™)

O VIIr | 21.602 21.601 + 0.004 -20+ 50 <0.002 <30

O VIIi | 21.807 21.772+0.020 —-480+160  0.151 +£0.024 2100 + 330

O VIIf | 22.101 22.077 £ 0.002 -320+£40 0.064 + 0.007 870 + 100

Notes. C-statistic (21.5-23 A) = 48 for d.o.f. = 49. @ r, i and f represent the resonance, intercombination and forbidden lines, respectively;
®) NGC 5548 rest frame values; © there is an additional +0.004 A error on these values due to RGS absolute wavelength uncertainty.

Counts

t, 4

T +7 Jg T

L
345 34.75

L 4
3425 35

Wavelength A

L L L ! L
19.25 19.5 19.75 3375 34

Wavelength A

19 20 335

Fig. 2. The two broad emission lines that are well fitted; O VIII Ly-a
(18.5-20 A) and C VI Ly-a (33.5-35 A). Both can be seen on the blue
side of their corresponding narrow emission line. See text for details.

fitting new values in the 2013—14 spectrum. Therefore these
two lines are set to their rest wavelength (i.e. assuming no out-
flow velocity), as they are in Steenbrugge et al. (2005). For the
O VII He-« line this gives us a luminosity estimate, but for
the O VII He-g this only gives an upper limit to the luminos-
ity (see Table 3). As we only have an upper limit, we do not
include the broad O VII He-g line in any further analysis.

The parameters for the O VIII Ly-a, O VII He-a and C VI
Ly-«a lines are fixed at the values in Table 3 throughout all the
rest of the analysis in this paper.

3.2. Initial fit and He-like triplet diagnostics

There are He-like emission line triplets of oxygen, nitrogen and
neon within the NGC 5548 stacked spectrum. The O VII triplet
is the strongest and the O VII forbidden line component is the
highest flux emission line in the data. For this reason, we have
concentrated our diagnostics on the O VII triplet.

All three emission lines within any triplet (four if taking
into account the intercombination line as an unresolved dou-
blet) are expected to have consistent velocities. When fitting the
He-like oxygen triplet by using three simple Gaussian models in
SPEX, we found the forbidden and intercombination lines to have

outflow velocities of =320 + 40 km s~! and —480 + 160 km s~!
respectively, while the resonance line had a best fit velocity con-
sistent with being at rest (—20 + 50 km s~!: all values shown in
Table 4).

First we looked at whether calibration issues could have
caused this apparent difference by comparing with a 68ks
exposure of Capella taken close to our data, on 31-08-2013
(ObsID 0510781201), and processed the same way as our
NGC 5548 data. We compared the line centroids of 8 strong
emission lines between 6.64 and 33.74 A with their labora-
tory wavelengths and found the weighted mean difference to be
2.7+ 0.4 mA, corresponding to —17 + 2 km s™! at 20 A. This
very small offset is compatible with the typical orbital velocity
of 30 km s~! of the binary components of Capella, and shows
that the uncertainties on the absolute wavelength scale are much
smaller than the offsets we find for the forbidden and intercombi-
nation lines in our NGC 5548 data. In the Capella data, between
15 and 25 A, the centroids of the five strongest lines were con-
sistent within the error bars with the weighted mean and all had
uncertainties of less than 30 km s~!. We conclude that there is
no instrumental reason to doubt the measured line centroids of
the O VII triplet in the NGC 5548 spectrum.

Further evidence that this velocity discrepancy is a real ef-
fect can be found in historical data; the same apparent velocity
difference is seen in 1999 Chandra data, analysed by Kaastra
et al. (2000, 2002), where the O VII resonance line appears
~300 km s~! redshifted with respect to the O VII forbidden and
intercombination lines, i.e. displaced in the same direction as we
find in the 2013—-14 spectrum. This previous work focussed on
the narrow absorption lines that could be seen in the data, there-
fore those authors did not investigate the velocity discrepancy
between these emission lines.

3.3. Investigation into O VII triplet velocity discrepancy

After ruling out calibration effects, we investigated various sce-
narios to explain the velocity discrepancy between the O VII
triplet lines. First we explored the case in which we may
be observing the combined emission from two ionised cones
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propagating out from the central source in opposite direc-
tions. Then we investigated the possibility that the velocity
discrepancy is due to absorption.

3.3.1. Two cone model

First we looked at the possibility that the velocity discrepancy
between the O VII triplet lines is caused by the presence of two
contributing O VII triplets of different line ratios, one redshifted
and one blueshifted with respect to the host galaxy. This could
be the case if the narrow emission lines are being produced in
two opposing cone shaped regions, each illuminated by and ex-
panding away from the central source, with more gas in the cone
closer to (and outflowing towards) the observer. In this case,
the optically thin lines (such as forbidden and intercombination
lines) would be seen from all of the gas and therefore would
have one average (measured) velocity, dominated by that of the
closer region with more gas. If the optically thick lines (such as
the resonance line) are mainly produced at the illuminated face
of the gas and shielded by the cooler gas, then we would pref-
erentially see the lines formed in the gas which faces towards
the observer (the further cone from us, outflowing away from us,
and therefore redshifted). This would cause an apparent velocity
difference between the resonance and both the intercombination
and forbidden lines.

We tested this theory in SPEX by modelling each narrow
emission line as a combination of two separate Gaussian com-
ponents, one blueshifted and one redshifted, to represent the two
opposing conical regions. The velocity difference between these
components must be small enough that the observed emission
lines retain their single peak appearance; this restriction is more
important at longer wavelengths. The narrow emission line we
observe in our data with the longest rest wavelength is C VI
1s-2p (33.736 A), therefore the single peak appearance of this
line in our data sets a limit on the velocity difference between
the two conical regions in this model.

The best fit to the C VI 1s-2p line had ouflow velocities
of =305 + 40 and +125 + 50 km s~! for the blueshifted and
redshifted components respectively. This model (with the out-
flow velocities fixed to those values) was then extended to fit all
the emission lines in the spectrum, one by one, leaving widths
and normalisations free. Finally the outflow velocities of the
Gaussian components were left free to vary to find the final best
fit for this model. The final best fit outflow velocities in this
case are —320 + 30 and +190 + 30 km s~! respectively, with a
C-statistic of 1832 (d.o.f. = 1027).

This model is not without problems, as the statistical best fit
does not physically match the two cone model explained above.
In this model the observed O VII forbidden line should be a com-
bination of O VII forbidden emission from both the blueshifted
and redshifted emission cones (as it is an optically thin line),
whereas in the best fit model described above, the O VII forbid-
den line only has a contribution from the blueshifted Gaussian
component (see Fig. 3). In contrast, the Ne IX and N VI for-
bidden lines in this model do have contributions from both the
blue- and redshifted components, as expected. As we discuss in
Sect. 3, physical self-consistency of our best fit model is the most
important factor for acceptance, so for this reason we do not
favour the two emission cone model as a physical explanation
of the apparent O VII velocity discrepancy.

For completeness, we do look into this scenario further in
Sect. 4.1 when investigating possible geometries for the narrow-
line emitting gas using self-consistent photoionization models
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Fig. 3. Final two cone model fit of the O VII triplet. Each emission line
is fitted with two Gaussian components, one at velocity of —320 km s~
(shown in blue) and the other at velocity of +190 km s™' (shown in
red). The data are shown in black and the overall fit is shown in
green. Clearly, the O VII forbidden line (on the right) only requires the
blueshifted Gaussian component but this does not match the physical
requirements of the two cone model (see text for details).

from CLOUDY (this is not tried with SPEX as it does not yet
include photoionisation emission models).

3.3.2. Absorption

We then explored the possibility that the shift in the resonance
line with respect to the other components of the O VII triplet
is due to absorption on its blue side. This could then allow the
true velocity of the resonance line to match the outflow veloc-
ity of around —300 km s~! measured for the intercombination
and forbidden lines. The resonance line could be more strongly
affected by absorption than the other components of the triplet
due to resonant scattering and the possible geometry of the re-
gion (Porquet et al. 2010). The comparative widths of these three
lines, when simply fitted with Gaussian models, are already an
indication that absorption may be playing a role in the appear-
ance of the resonance line. As shown in Table 4, the measured
width of the O VII resonance line is extremely small, especially
compared to the intercombination and forbidden lines within that
same O VII triplet. As all three of these lines should have the
same widths, this implies that part of the resonance line is not be-
ing observed for some reason; absorption could cause this effect.

We tested whether absorption of the triplet by any of the six
WA components applied by Kaastra et al. (2014) could explain
the shift of the resonance line in this way, as all WA compo-
nents are found to have blueshifted velocities. Previous distance
estimates for both the X-ray WA components (at least one com-
ponent <7 pc; Detmers et al. 2008) and X-ray NLR (1-15 pc;
Detmers et al. 2009) are similar, but the “obscurer” components
discovered by Kaastra et al. (2014) are known to be located much
closer to the ionising source than the NLR. Therefore these “ob-
scurer” components were not included in this absorption test.
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Table 5. C-statistic values for fitting the O VII triplet, and the whole
RGS spectrum, with WA absorption of narrow emission lines (and
RRCs when looking at the whole data range).

C-stat value for  C-stat value for

Absorption applied” O VII triplet® all RGS data“
None 104 1865
A 103 1864
B 93 1856
C 102 1861
D 114 1882
E 94 1879
F 100 1863
BandE 83 1870
B, E and D 85 1878
B,EandF 78 1871
A,Band C 90 1853
A,B,Cand D 96 1864
A,B,C,Dand E 80 1866
A,B,C,D,Eand F 78 1868

Notes. The parameters of all the WA components were fixed to the best-
fit values from Kaastra et al. (2014), as they are for all the analysis
within this work. For each of these fits, all three O VII triplet lines had
fixed outflow velocities of —300 km s~! and the widths of all three triplet
lines were coupled and fitted together. @ Letters refer to Kaastra et al.
(2014) WA components;  data range 21.5-23 A, d.o.f. = 43 ; © data
range 5.68—38.23 A, d.o.f. = 1046.

Parameters of the WA components can be seen in Table 1. For
this test the normalisations of the three O VII triplet lines were
left free to vary after being placed inside each of the WA com-
ponents in turn. The FWHM values for each of the O VII triplet
lines were coupled and left free to vary. The outflow velocities
for the three O VII triplet lines were also coupled and initially
fixed to =300 km s~! (the approximate outflow velocity of the
forbidden line), to reduce the number of free parameters at this
stage. This led to the C-statistic listed in Table 5. The outflow
velocity is left free to vary after this test.

When comparing different, non-nested best fit models with
the same number of degrees of freedom, as in this case, standard
tests (such as the F-test) are not applicable, so we must use an-
other method to determine if any improvement in the C-statistic
is significant. In this case, given the tight relation between y?
and C-statistic, we test the significance by taking the square root
of the A C-statistic (measuring the improvement in C-statistic
when comparing one model to another) and this gives us the
significance of that improvement in o. For example, AC of 9
corresponds to a 30~ improvement.

We focus on the results using only the O VII triplet wave-
length range, as the C-stat of this region is not affected by any
other regions where the continuum model does not match the
data exactly (for example the excess of data over model in the
range 35-38 A). We conclude that one model is an improve-
ment over another when the C-stat improves by >9, relating to
a 30 improvement.

As shown in Table 5 we also calculated the C-statistic values
for each scenario over the whole spectrum. Initially we consid-
ered absorption by each WA component in turn; we determined
that absorption by WA component B improved the fit substan-
tially, and more so than the other components (from a C-stat
of 104 to 93, d.o.f. =44). We then tested whether this fit further
improved by adding another absorption component and found
that including absorption by component E decreased the C-stat

S T 1 T T T T T 1
| + Data points forbidden
| — Best fit with B and E absorption
| — Best fit with no absorption ~\~
4 - .
3t .
E
|
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o |
+ intercombination
1
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21.6 21.8 22 22.2 22.4 22.6

Wavelength A

Fig.4. Best fit model to O VII triplet. The data are shown in black.
Shown in red is the best fit including absorption from X-ray WA com-
ponents B and E (C-statistic = 82, for 43 d.o.f). Shown in blue is the
best fit with no absorption (C-statistic = 104, for 43 d.o.f). In both mod-
els the outflow velocities and line widths of all three triplet lines are
coupled together. The outflow velocity, line width and normalisations
were left free to vary to find the best fit for each scenario.

(by 10, to 83). Adding a third absorbing component (F) also de-
creased the C-stat around the triplet range again, but this time
only by 5, so we do not consider this enough improvement to jus-
tify use of this model over the previous one. We also tested a dif-
ferent absorption scenario by using components A—C to absorb
the narrow emission lines. This gave a better C-statistic when
fit to the whole spectrum, but a worse value for only the O VII
triplet range (see Table 5). As this test is focussed on how well
we can fit the O VII triplet, we marginally prefer the scenario
using absorption by B and E only because it requires a smaller
number of absorbing components and gives a reasonable fit for
both the O VII triplet and the whole spectrum.

We then allowed the outflow velocity of the triplet lines
(still coupled together) to vary freely, using absorption from
WA components B and E, giving a best fit outflow velocity of
—-300 + 30 km s~! (the C-statistic reduced by 1, to 82). This fit,
compared to the fit with coupled O VII triplet line velocities but
no absorption, is shown in Fig. 4. Clearly, the inclusion of ab-
sorption shifts the fitted peak of the O VII resonance line towards
the peak seen in the data.

The evidence from these tests so far implies that WA compo-
nents B and E are doing most of the absorbing of the O VII r line;
we decided to explore how important the outflow velocities of
these components are to this determination. To do this we took
each of the other WA components and fixed their velocity to that
of B and E in turn. Absorption by component A had very lit-
tle effect on the fit around the O VII triplet, whether it was at
its measured velocity or that of component B or E. We put this
down to the fact that the measured velocities of components A,
B and E are similar (-588 + 34 kms~!, =547 + 31 kms™!
and —792 + 25 km s™! respectively, taken from Kaastra et al.
2014). When the other components (C, D and F) were set to
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Table 6. Narrow emission line best fit parameters from the 770 ks spectrum when absorption from WA components B and E is applied.

Line* Rest A Measured A>¢  Flow velocity? FWHM* FWHM Unabsorbed flux Previous
A) A) (kms™1) A) (kms™h) (photons m~2 s71) detections”

Ne X 1s-2p 12.138 12.138 - 1074 - <0.013 -

Ne IXr 13.447 13.447 - 0.056 £ 0.002 1230 +40 0.035 + 0.008 -

Ne IXi 13.553 13.553 - 0.056 +0.002 1230 + 40 0.016 + 0.007 S05

Ne IXf 13.699  13.695 + 0.004 -90 =90 0.056 £0.002 1230 +40 0.115 +0.008 K02, S05

O VIII 1s-3p | 16.006  16.003 + 0.006 0+110 <0.068 <1280 0.049 + 0.006 -

OVII1s-3p | 18.627 18.612 +0.015 —240 + 240 <0.086 <1390 0.047 +0.014 -

O VIII Is-2p | 18.969 18.969 + 0.001 0+20 0.079 £0.028 1250 + 440 0.238 +£0.100 K02

O VIIr 21.602  21.580 + 0.002 -300 + 30 0.082 +£0.006 1130 +80 0.307 £ 0.027 K02

O VIIi 21.807  21.785 +0.002 —-300 + 30 0.082 +0.006 1130 + 80 0.222 + 0.024 K02, S05

O VIIf 22.101  22.079 +0.002 -300 + 30 0.082 £0.006 1130 +80 0.822 +0.030 K02, S05, D09

N VII Is-2p | 24781 24.806 +0.011 300 + 130 0.177 £0.028 2140 + 340 0.169 + 0.023 -

N VIr 28.787  28.753 +£0.011 -350+110 0.058 +0.014 600 + 140 0.136 + 0.027 -

N VIi 29.084  29.060 + 0.013 —250 + 130 0.058 £0.014 600 + 140 0.086 +0.017 S05

N VIf 29.534  29.511 + 0.006 —-230 + 60 0.058 £0.014 600 + 140 0.176 £ 0.018 S05

C VI 1s-2p 33.736  33.734 +0.005 -20 + 50 <0.063 <800 0.339 £ 0.069 -

Notes. Parameters without errors were fixed during fitting. Overall C-statistic = 1870 for d.o.f. = 1036. 1, i and f represent the resonance,
intercombination and forbidden lines, respectively; ©» NGC 5548 rest frame values; © there is also 0.004 A uncertainty on these values due to
RGS absolute wavelength uncertainty : ” the O VII triplet outflow velocity values were coupled together; © the Ne IX, O VII and N VI triplets
each had the FWHM values of their three lines coupled together; /) K02 represents Kaastra et al. (2002). SO5 represents Steenbrugge et al. (2005).

D09 represents Detmers et al. (2009).

the velocities of components B and E, absorption by them caused
a substantial improvement in the fit of the O VII triplet, com-
pared to when they were set to their measured velocities. The
C-statistic improved by between 5 and 29 (d.o.f. = 44) for each
case.

The above indicates that having well determined outflow ve-
locities for these warm absorber components is vital to calculate
the effect that absorption by each one would have on the fit of
the O VII triplet. Therefore the details of this absorption sce-
nario for the narrow emission lines should be seen as strongly
dependent on the determined warm absorber properties; in the
context of this work we are testing the concept that the narrow
emission lines could be absorbed by some warm absorber com-
ponents, not the specific order of the involved warm absorber
components.

While this absorption scenario does not give a perfect fit, it is
the only physically plausible explanation for the O VII velocity
discrepancy so far. Therefore we have used absorption by WA
components B and E as our best fit scenario for the remainder of
this work.

Using this absorption scenario for the O VII triplet, we re-
calculated the parameters of all narrow emission lines and RRCs
(using the RRC model in SPEX, see Sect. 3.4.2) assuming that all
are absorbed by the same combination of WA components. The
results of this can be seen in Table 5. Absorbing all the narrow
lines and RRCs by WA components B and E led to the best fit
for the O VII triplet, but not for the whole spectrum. The best
fit for the whole data range (5.7-38.2 A) is obtained when the
narrow lines and RRCs are all absorbed by WA components A,
B and C; while this could be another physically acceptable sce-
nario, the improved fit around the O VII triplet when absorbed
by WA components B and E leads to our decision to focus on the
latter for this work.

The best fit values for the narrow-line and RRC parame-
ters over the whole spectrum, after absorption from WA com-
ponents B and E, are presented in Sect. 3.4 and in Tables 6 and 7
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respectively. These parameters are of course dependent on which
scenario is used; here we adopt the simplest absorption scenario
that gives the best fit to the O VII triplet region (with AC > 9
from any simpler scenario).

3.4. SPEX best fit for the 770 ks stacked spectrum
3.4.1. Narrow emission line parameters

There are 14 narrow emission lines detected and an upper limit
to one further narrow emission line in the stacked spectrum; their
best-fit parameters are in Table 6. These were obtained using the
absorption scenario (B and E absorption) described in detail in
Sect. 3.3.2. We have checked all the best-fit values we would
measure for parameters in Tables 6 and 7 if we had used ab-
sorption from WAs A—C (instead of B and E) and all are within
30 uncertanties from the ones we provide. This shows that, for
the X-ray narrow lines in this source, choosing a different spe-
cific absorption scenario does not significantly alter the overall
results. The presence of this absorption is more important than
which specific components are causing it.

Three complete emission triplets, of forbidden, intercombi-
nation and resonance lines (O VII, N VI and Ne IX) are present,
plus four Ly-a (Ne X, N VII, O VIII and C VI), O VII He-a and
O VIII Ly-p lines. These lines, with a few exceptions, were fit-
ted using the simple Gaussian model in SPEX with the outflow
velocity, FWHM and normalisation kept as free parameters. The
exceptions to this are the NeIX, O VII and N VI triplet lines,
which had some values coupled together (see Table 6 for details),
and the Ne X Ly-a and the Ne IX resonance and intercombina-
tion lines, which were fixed at their NGC 5548 rest frame wave-
lengths. The rest wavelengths were all taken from the internal
SPEX line list.

Table 6 also shows which of these narrow lines have
been previously detected in NGC 5548 (Kaastra et al. 2002;
Steenbrugge et al. 2005; Detmers et al. 2009).
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Table 7. RRC parameters for the 770 ks spectrum, including absorption from WA components B and E, as discussed in Sect. 3.3.2.

RRCname Recombiningion Emission measure’ Temperature Emission measure”
for overall fit for pair fit for pair fit
(10% m=3) eV (K) (10% m~3)
CcVv C VI 15007250 4.1+0.7 1110 + 200
CVI C VIl 900* 3% (4.8 +0.8 x 10 620 + 110
N VI N VII 130+ 70 6.6 130 + 80
N VII N VIII 60 + 30 (7.7 x 104 70 + 30
ovi O VIII 650 + 40 6.6 +£0.6 700 + 50
O VIII O IX 130 + 20 (7.7 + 0.7 x 10%) 140 + 20
Ne IX Ne X 60+ 10 94+0.3 80 +20
Ne X Ne XI 20+ 10 (109794 x 10%) 30 +20
Overall 59+05eV
Temperature (6.8 £0.5 x 10* K)

Notes. Overall C-statistic = 1870 for d.o.f. = 1036.  Of recombining ion; ® fixed to oxygen best fit value, see text for details.

3.4.2. Radiative recombination continuum feature
parameters

We detect eight RRC features in this spectrum; the final best fit
parameters are presented in Table 7. All eight RRC features were
simultaneously fitted with one RRC model in SPEX, which uses
one temperature and allows different emission measures for each
ion. This first RRC model gives an electron temperature in eV
which is shown (along with the emission measures for each ion)
in Table 7 (third column). The RRC features were then split into
element pairs (e.g. O VII and O VIII together) and fitted with one
RRC model for each pair. The carbon, oxygen and neon RRC
models all give temperatures of the same order of magnitude
(Table 7). The nitrogen RRC features are very weak in this spec-
trum, therefore the temperature for the nitrogen RRC model was
fixed at the best fit value for that of the oxygen RRC model as
the O VII RRC is the strongest, non-contaminated RRC feature
in this spectrum. Nitrogen RRC emission measure values using
this temperature are shown in Table 7. Fitting the RRC features
in this “paired” way marginally improved the overall C-statistic
by AC = 10 compared to using just one RRC model (and there-
fore one temperature) for all features. The best-fit temperatures
for the carbon and neon RRC pairs are inconsistent with each
other at the 30 level (the uncertainties in Table 7 represent 10),
which gives some evidence for stratification of the emission re-
gions producing these RRC features.

The threshold energies (E) of all the RRC features are of the
order of several hundred eV, and the electron temperatures (AE)
are measured to be of the order of a few eV, therefore AE/E < 1
which is strong evidence for photoionised conditions dominating
within the emitting gas.

4. Testing the absorption model using Cloudy

In order to test the physical self-consistency of our modelling (as
SPEX does not include a photoionised emission model) we use
the spectral synthesis program CLOUDY (Ferland et al. 2013).
We created a number of simulated spectra for a range of phys-
ical parameters and compared them to our NGC 5548 data us-
ing the absorption scenario described above. We assume a plane
parallel geometry, with the central source illuminating the inner
face of the cloud and with a flux density dependent on a chosen
ionisation parameter, &.

The spectrum produced by photoionisation processes
strongly depends on the shape of the ionising continuum,
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Fig. 5. The two SED shapes used as input for CLOUDY. CLOUDY scales
the input SEDs using either luminosity or intensity values, so absolute
values on the y-axis are not relevant.

described by the SED. Two sets of CLOUDY results were com-
pared with the 770 ks RGS spectrum; one was generated us-
ing the historical unobscured SED of NGC 5548 and one used
the new obscured SED from 2013-14, both shown in Fig. 5.
These SEDs are smoothed and simplified compared to those pre-
sented in Mehdipour et al. (2015a), but qualitatively very sim-
ilar in shape, which is enough for this analysis. Both sets of
CLOUDY spectra were compared with the data in order to de-
termine which gave the best fit. If the unobscured SED gives a
better fit to the data, this would be evidence that we see the X-ray
NLR as still receiving and reacting to the unobscured flux from
the central source. If the obscured SED gives a better fit, then
this would suggest that the NLR is located close enough to the
central source that we see it as already receiving and reacting to
the obscured flux.
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Table 8. Results from automated fitting of the 770 ks stacked spectrum with CLOUDY simulated spectra.

Best fit CLOUDY parameters

SED Spectrum range  Absorption” C-statistic log ¢ logvyw  log Ny
A (d.o.f) kms™! cm™?
obscured 5.7-38.2 B,E 2213 (1084) | 2.3 2.5 22.5
obscured 5.7-38.2 A-C 2178 (1084) | 2.3 2.5 22.5

unobscured 5.7-38.2 B,E 2298 (1084) 1.5 2.0 23

unobscured 5.7-38.2 A-C 2272 (1084) 1.5 2.0 22.5
unobscured 21.5-23 B.,E 97 (49) 1.7 2.5 23.25
unobscured 21.5-23 A-C 106 (49) 1.7 2.0 22.25
unobscured 5.7-38.2 B,E 2273 (1084) | 1.45 2.25 22.9
unobscured 5.7-38.2 A-C 2243 (1084) | 1.45 2.25 22.9

Notes. For each fit the CLOUDY spectra are given an outflow velocity of —300 km s~

!, in order to match the O VII f line (the strongest in the

spectrum). The emboldened rows show the best-fits to both absorption scenarios when using the fine grid of CLOUDY models.  Letters refer to

Kaastra et al. (2014) WA components.

For both SEDs, the CLOUDY simulated spectra explored a
parameter range of log ¢ = 0.1-3.3 (with 0.2 step size), hy-
drogen column density = 10*'-10%* cm=2 (with 10%° step size)
and turbulent velocity = 10' =103 km s~! (with 107 step size).
The electron density was set to 108 cm™ because as long as
this remains under the critical density® for the species of inter-
est (10°—10'° cm™3; see Porquet & Dubau 2000; and Porter &
Ferland 2007 for details) its value is unconstrained by the data
we are comparing to.

The 1326 simulated spectra within this parameter grid for
each SED were compared with the stacked 770 ks spectrum.

Each one of the CLOUDY generated spectra was imported
into a SPEX file model and compared with the data using an au-
tomated fitting process, with the normalisation of the simulated
spectra left free to vary. This fitting process used a Python script
to run SPEX and generate a C-statistic value for each one of the
simulated spectra. Throughout this process there is no interpo-
lation between the 1326 CLOUDY models in the grid specified
above. Unless otherwise stated, the CLOUDY spectra were all
given an outflow velocity of —300 km s~! to match the measured
value of the strongest emission line in the data, the O VII f line.

There are numerous possible outputs from CLOUDY because,
depending on the geometry of the system, the user may want to
model emission in different directions. In terms of emission from
the cloud, there are two directional components: reflected and
transmitted. The reflected emission is from the illuminated face
of the cloud (illuminated by the source), travelling back towards
the source. The transmitted emission is the emission from the
shielded face of the cloud and travels outwards (away from the
source).

For this first test we chose to use the reflected spectrum out-
put to model the narrow emission lines (as done in e.g. Bianchi
et al. 2010; Guainazzi et al. 2009). This is of course only one
potential geometry of the NLR region; more geometrical possi-
bilities are explored in Sect. 4.1.

Each CLOUDY reflected spectrum includes diffuse emission
from within the cloud and scattered (absorbed and re-emitted)
radiation from the intrinsic continuum, therefore it includes only
the narrow emission lines and a scattered continuum. This means
the incident continuum itself, WAs, obscurer and broad emission

% The critical density for any species is the density at which collisional
and radiative de-excitation rates are equal; collisional processes become
more (less) important for higher (lower) densities.
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lines must be modelled separately. The observed continuum,
WASs and obscurer are modelled as in Kaastra et al. (2014) and
the 2013—-14 broad emission line parameters from Sect. 3.1 in
this paper are used. We tested whether the continuum should
be left free to vary to allow any extra flux from the scattered
CLOUDY continuum to be included in the model without du-
plicating flux, but this did not change the results. There is not
enough scattered continuum in the CLOUDY spectra for this to
be an important factor in the RGS band.

The narrow emission lines CLOUDY produces are intrinsi-
cally narrower than those we see in the RGS data because, while
CLOUDY takes the effect of turbulence within the gas into ac-
count for the line strengths, it does not use this to broaden
the lines in the produced spectra®. Therefore for the absorp-
tion to be applied properly, the narrow emission lines in the
CLOUDY spectra must be broadened. This was done using the
vgau model in SPEX, set to a sigma velocity of 450 km s~! as
this was manually found to be the best overall fit to the data; it
is also consistent with the average Gaussian sigma broadening
value (460 + 30 km s~!) found for all the narrow emission lines
in Kaastra et al. (2014) and overall with the FWHM values in
Table 6.

When fitting the whole 770 ks spectrum, we found that, with
absorption from WA components B and E applied, the CLOUDY
results based on the obscured and unobscured SEDs gave best
C-statistic values of 2213 and 2298 respectively (d.o.f. = 1084).
All the C-statistic values from the CLOUDY fits are collected in
Table 8.

At this point we compared how well the CLOUDY mod-
els from obscured and unobscured SEDs fit the data. In the
RGS data range the CLOUDY simulated spectra using the ob-
scured SED gave a better fit to the data (AC = ~ 90). We tested
to see if this is compatible with the rest of the NGC 5548 spec-
trum extending to the hard X-rays by applying our best fit model
for the RGS band to the EPIC-pn data from the same campaign
(see M. Cappi, in prep. for details of the analysis of the EPIC-pn
data). This showed a severe excess of flux in the higher energy
(>2 keV) range of the obscured SED CLOUDY model in compar-
ison to the EPIC-pn spectrum, and leads us to conclude that the
CLOUDY results from the unobscured SED are more physically

3 See Hazy 1 documentation, page 162.
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Cloudy Emission Model: log & =1.45, log Vs = 2.25, log Nu = 22.9
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Fig. 6. Best fit self-consistent photoionisation model from CLOUDY for all emission features (5.7—38.2 A), including absorption from X-ray WA
components B and E (see Kaastra et al. 2014 for details). C-statistic: 2273, d.o.f. = 1084. The data are shown in black, the best fit model is shown
in red and the components of that model are shown in different colours and line styles.

appropriate, despite the slightly worse statistical quality of the
fit in the RGS band.

In order to derive the errors in the best fit parameters for the
emitting gas we created a finer grid of models with CLOUDY,
using the unobscured SED.

From this we calculate uncertainties on the parameters of the
emitting gas for both absorption scenarios investigated above (B,
E and A-C), giving 1o uncertainties of log & = 1.45 + 0.05,
log Ny =229+04 cm~2 and log v = 2.25+0.5km s~ Itis
clear that the ionisation parameter of the emitting gas is much
better constrained than the column density (and by extension
the turbulent velocity, as this depends strongly on the column
density).

This model is plotted in Fig. 6.

4.1. Testing further geometries with CLOUDY

In the previous section we have investigated fitting the 770 ks
spectrum with the reflected output from CLOUDY models. As
stated above, this is only one geometrical possibility for the
NLR region, and so here we look into other potential geometries
using different CLOUDY outputs*.

In Sect. 4 we briefly described the outputs that CLOUDY cal-
culates are produced in different directions from the modelled
cloud. The main transmitted (away from the source) output from

4 For detailed information of CLOUDY’s geometry see Hazy 1, page 6.

CLOUDY contains both the emission from the cloud itself and
the attenuated emission from the source; for this work we do not
want to include the attenuated emission from the source, so we
additively combine the more specific CLOUDY outputs of trans-
mitted line emission and diffuse emission from the cloud. This
approximates the outwards emission from the cloud without in-
cluding the transmitted attenuated continuum emission, which
is not appropriate as we are only using CLOUDY to model the
narrow emission lines, not all components of the total spectrum.

We compare three main different geometries to draw some
simple conclusions; this is by no means a full investigation into
all possible geometries of this system. These tests were all done
with the CLOUDY grid of models used in the previous section,
but with varying outputs used.

Geometry 1) The simplest interpretation of the reflected out-
put, adopted in the previous section, is that we are observing
emission from the illuminated face of NLR clouds on the oppo-
site side of the source to our line of sight.

Geometry 2) We could be observing emission from the
shielded face of NLR clouds on the same side of the source
as our line of sight. The CLOUDY outputs of transmitted lines
and diffuse emission were additively combined to approximate
this geometry. The best fit parameters for this geometry gave
a C-stat value of ~300 larger than the best fit for geometry 1),
with smaller Ny, but very similar & and vy, values (logé = 1.5,
log Ny = 22 and log vy, = 2.5).
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Geometry 3) We could be observing a combination of the
two above geometries: emission from both the illuminated face
of NLR clouds on the far side of the source and the shielded face
of NLR clouds on the near side of the source, with respect to our
line of sight. To model this we used a combination of the outputs
used for geometries 1) and 2) above. To restrict the permutations
of this geometry, and therefore reduce computational time, we
made the simplifying assumption that both the near and far NLR
clouds have the same parameters (£, Ny and vy,p). The reflected
output (representing emission from clouds on the far side of the
source) was given a positive velocity shift (+300 km s~') and
the transmitted outputs (representing emission from clouds on
the near side of the source) were given a negative velocity shift
of (=300 km s™!), so that both are outflowing away from the
source. We tested this geometry in three ways: i) with no absorp-
tion of either emission components; ii) with absorption of the far
clouds’ emission (the reflected output) by WA components B
and E and no absorption of the near clouds’ emission; and iii)
with absorption of the far clouds’ emission (the reflected out-
put) by all WA components (A—F) and no absorption of the near
clouds’ emission. The first form of this geometry, i), also repre-
sents the two-cone scenario we discussed in Sect. 3.3.1; while
our previous tests using SPEX indicated this geometry is not ap-
plicable to NGC 5548, we have included it here for completeness
within our CLOUDY tests. In all three cases, 1)—iii), the best fit pa-
rameters were: logé = 1.5, log Ny = 22.25 and log vy, = 2.5.
The best of these cases, in terms of C-statistic value, is ii), but
even in this case the C-statistic value is ~200 larger (d.o.f. =
1083) than the best fit for geometry 1).

These tests have shown that, when comparing these three
simple geometries, emission from the illuminated face of the
cloud modelled in CLOUDY is the best match to the narrow
emission line data of NGC 5548. The simplest interpretation is
that the NLR we see is emission from the illuminated face of
clouds on the far side of the source. Assuming there are absorb-
ing clouds (WAs) closer to the source than the NLR (or on the
near side of the source), then absorption of the NLR emission by
these clouds would explain the velocity discrepancy seen in the
O VII triplet (see Sect. 3.3.2). The problem with this interpreta-
tion is that these emission lines are blueshifted, therefore if this
emission was coming from the far side of the source the emitting
material would be inflowing towards the source, not outflowing
from it, as we would expect.

It is very likely that the geometry in this system is more com-
plex than the plane-parallel cloud assumed in CLOUDY to cause
this, so we cannot be more specific at this stage.

5. Discussion

As previously stated, the 2013—14 770 ks RGS spectrum shows
the largest number of soft X-ray narrow emission lines and
RRC features ever observed in NGC 5548. In total, fourteen nar-
row lines and eight RRCs are detected, with upper limits for one
more narrow emission line. Due to the low soft X-ray continuum
flux during these observations, we identify six narrow lines and
six RRCs which had not previously been detected in NGC 5548.
We also present new parameters for eight narrow emission
lines and two RRCs identified in previous observations of this
source.

We detect six of the ten narrow lines found by Steenbrugge
et al. (2005); one of their lines (C V f) falls outside our wave-
length range, and the other three (Mg XI f, Al XII f and Si XIII f)
are in the steep, noisy short wavelength part of our spectrum,
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so it is very difficult to set stringent limits to their parameters
using these data.

Using photoionisation models from CLOUDY we have con-
strained the emitting gas to an ionisation parameter of logé =
1.45 + 0.05, column density of log Ny = 22.9 + 0.4 cm™? and
turbulent velocity of 1og vy = 2.25 + 0.5 km s™!. Using the
same conversion between the ionisation parameters of & and U
as in Arav et al. (2015) for the historical SED of NGC 5548
(log & =log U +1.6), we gain an estimate for our emitting gas of
log U = —0.15 £ 0.05. We can now compare both the ionisation
parameter and column density from this work to similar work
on other Seyfert objects (see Table 2 for a summary of previous
work). The column density value we find (10229%04 cm~2) s
similar to the highest values found for other objects. For exam-
ple NGC 4051, NGC 4151 and NGC 1365 (by Nucita et al. 2010;
Armentrout et al. 2007; Guainazzi et al. 2009, respectively) are
all found to need emitting gas with column densities of the
order of 10% cm™ in order to model their X-ray NLR emis-
sion. Our NGC 5548 ionisation parameter, converted to log U =
—0.15+0.05, is lower than most for other Seyfert galaxies, except
for the low ionisation component of the three phase model for
NGC 4151 (Armentrout et al. 2007). As expected, our ionisation
parameter is higher than that needed to model the UV narrow
emission lines in NGC 5548 itself (Kraemer et al. 1998). Due
to the much higher soft X-ray continuum flux in previous ob-
servations of NGC 5548, and therefore a much smaller number
of measurable X-ray narrow emission lines, this is the first time
photoionisation modelling has been used to constrain the ioni-
sation parameter and column density of the X-ray narrow-line
emitting gas in this galaxy.

5.1. Warm absorption of the NLR

Our initial fit (using a Gaussian model in SPEX for each nar-
row line) to the 2013—14 stacked spectrum of 770 ks shows
a difference in velocity between the O VII resonance line
(=20 + 50 km s™!) and the forbidden and intercombination lines
(-320 + 40 km s~! and —480 + 160 km s~!, respectively). This
result is hard to interpret physically; the triplet lines should all
be formed by the same plasma and therefore have consistent ve-
locities. We investigated possible explanations for this mismatch
of velocities such as calibration effects, emission from two ioni-
sation cones, and absorption, concluding that absorption is most
likely (as detailed in Sect. 3.3).

An alternative hypothesis could be considered, that the O VII
triplet may be a superposition of emission by photoionised
and collisional plasmas, such as found in star forming regions.
However, this is very unlikely; NGC 5548 does not have a high
star formation rate, and the AGN is too bright to allow any star
formation rate contribution to be detected unless it were a very
significant one (Doroshenko et al. 1998).

Our main result, which resolves the velocity discrepancy of
the O VII triplet, is by having the narrow emission lines ab-
sorbed by at least one of the six X-ray WA components found
by Kaastra et al. (2014). The implications of this in terms of the
distance of the NLR from the source are discussed in Sect. 5.3
below.

A similar result has been obtained for the UV narrow emis-
sion lines in NGC 7469, where Kriss et al. (2003) found that the
best fit to their Far Ultraviolet Spectroscopic Explorer (FUSE)
data included absorption of the narrow emission line compo-
nents by the UV warm absorbers, at the same covering fraction
as the absorption of the broad emission lines and continuum.
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Using the best fit model from the scenario with absorption
of both the narrow emission lines and RRC features by WA
components B and E, we calculated the ratio of the unabsorbed
flux of O VII RRC to the O VII forbidden line (RRC/f), as
was done in Kaastra et al. (2002). The 2013—14 absorption sce-
nario RRC/f value is 0.44 + 0.05, much closer to (and consis-
tent within 30 to) the value of 0.57 from Behar et al. (2002)
photoionisation models for an adopted temperature of 5 eV 3
than the value from the 1999 observations (0.07 + 0.12; Kaastra
et al. 2002). Within Kaastra et al. (2002) the authors suggest
that their smaller than expected RRC/f value may be due to a
combination of limited statistics and nearby WA absorption fea-
tures contaminating the RRC flux measurement. Without WA
absorption of either narrow emission lines or RRCs, a smaller
than expected RRC/f value is also observed in the 2013—14 data
(0.28 £ 0.03), which again is not at all consistent with the model
value. Therefore including the absorption by WA components B
and E of both the RRCs and the narrow emission lines greatly re-
duces the tension between observed and modelled O VII RRC/f
values, further supporting this absorption scenario.

5.2. NLR reacting to unobscured SED

Our work using CLOUDY (see Sect. 4), with both RGS and
EPIC data, shows that the narrow-line emitting gas is still re-
acting to the unobscured SED. This implies that we should not
expect any additional variation in the narrow lines compared to
previous observations and levels of variability between them. As
previous analysis of historical observations did not take into ac-
count any absorption of the narrow lines by the WAs that we now
see, in order to make appropriate comparisons we must make the
same assumptions as in previous analyses. The 2013—14 O VII f
unabsorbed flux, calculated without including any absorption by
WA components, is 0.65*)0! photons m™ s™!, which is between
values from observations between 1999 and 2001 (4 observa-
tions, with flux values 0.81 = 0.16, 0.82 + 0.18, 1.3 + 0.2 and
1.1 +0.1 photons m~2s™', in chronological order), and the 2005
and 2007 values (0.35 + 0.06 and 0.27 + 0.06 photons m~2 5!
respectively), when the source was seen in an unobscured but
intrinsically low-flux state (these historical measurements of
O VII f fluxes are collated in Detmers et al. 2009). The un-
absorbed flux of the O VII f line in 2002 (0.75 + 0.07 pho-
tons m~2 s~!) is the historical value closest to our 2013—14 mea-
surement, still differing from it by just over the 1o level. We
conclude that there is marginal evidence for variability between
2013—14 and some previous epochs, which is well within the ex-
pected range for this source (Detmers et al. 2009). This supports
our claim that the NLR is still reacting to the unobscured SED,
as it would have been during all these previous epochs.

5.3. Distance estimates of NGC 5548’s X-ray NLR

In our best fit absorption scenario, the emitting gas (determined
from CLOUDY modelling) has the parameters: logé = 1.45 +
0.05, log Ng = 229 + 0.4 and log vy = 2.25 + 0.5. Using
this result, and the definition of & (¢ = L/nr?, Sect. 1) we can
determine a lower limit to the distance of the emitting gas from
the source. We use n < 5 x 10° cm™ as this is the critical den-
sity for O VII (Porquet & Dubau 2000) and as we know this
gas is photoionised (from the presence of narrow RRCs), the

5 As the temperature dependence of this ratio is weak (Kaastra et al.
2002), and our best fit temperature from the pair of oxygen RRCs (O VII
and O VIII) is 6.6 + 0.06 eV, this is a reasonable comparison to make.

density must be below this value. L (= 11.7 x 10* erg s7') is
taken from Mehdipour et al. (2015a), and is the luminosity of
the unobscured 2013—14 SED, and ¢ (logé = 1.45) is taken
from the CLOUDY best fit to the data. This gives a (not very
restrictive) lower limit to the distance of the emitting gas of
r>93x1073 pc.

For another distance estimate, we can begin by writing the
column density, Ny, as:

P max L 1 1
NHzf nudr = "—H—(—— ) (1)
r ne & \ Fmin Tmax

‘min

which, using the same method as Behar et al. (2003) and
assuming rmax >> #min, Can be rewritten as:

(-1 -1
Fmin = (rmin ~ Fmax

-1
) _m L )
ne Ny

We can then use the simplifying relation n, = 1.2ny (for a fully
ionized cosmic plasma), and our values of L, &£ and Ny (see pre-
vious paragraph) to calculate ryin = 13.9 + 0.6 pc. This is con-
sistent with the previous distance estimate of 1-15 pc for the
X-ray NLR by Detmers et al. (2009), especially when consid-
ering that the CLOUDY modelling in this work suggests that the
narrow-line emission comes mainly from the illuminated face of
the NLR cloud(s), which would be located at ryp,.

We note that the logé value of the emitting gas found
from CLOUDY analysis, 1.45 + 0.05, is consistent with the 2002
log ¢ value of WA component B (1.51 + 0.05, when the WAs
were reacting to the unobscured ionizing flux). Combining this
with the consistent distance estimates for the X-ray NLR (7, =
13.9 + 0.6 pc, this work; 1-15 pc, Detmers et al. 2009) and
WA component B (<40 pc, J. Ebrero, in prep.), can we iden-
tify the NLR emission gas with the WA absorption gas? The
column density for the emitting gas determined with CLOUDY,
logNyg =229+04 cm~2, is higher than the combined column
densities of all WA components. However, WAs are seen along
the line of sight while the X-ray NLR emission is likely coming
from a much larger region, given the fact that it is still reacting
to the unobscured SED, so there could be column density varia-
tions over that region. The coincidence of ionisation parameters
and compatible distances of the X-ray NLR gas with one of the
WA components is not seen here as enough evidence to conclu-
sively identify any of the WA components as the same physical
gas as the narrow-line emitting gas, although it is suggestive of
that possibility.

6. Conclusions

We have used the 770 ks RGS spectrum of NGC 5548 from our
2013—14 observational campaign to show evidence that the nar-
row emission lines undergo absorption by at least one of the six
known warm absorber (WA) components in this source. There
are indications that the main absorption comes from WA com-
ponent B (labelled as such by Kaastra et al. 2014). We have es-
tablished this from careful analysis of the O VII triplet, in the
wavelength range 21.5-23 A. This solution also resolves ten-
sion between modelled and observed values of the O VII RRC/f
unabsorbed flux ratio. Unfortunately the data do not allow us to
conclusively distinguish between competing detailed scenarios
of absorption of the narrow emission lines by different combi-
nations of WA components. The presence of this absorption is a
more important result than which of the specific components are
causing it.
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Through comparison to simulated spectra produced by the
photoionisation code CLOUDY, we use both RGS and EPIC-pn
data to determine that the emitting gas can be described as re-
acting to the unobscured SED (i.e. to ionising radiation before
the intervention of the “obscurer” discovered in our observing
campaign). The emitting gas has a well constrained ionisation
parameter of log & = 1.45 + 0.05 and column density and tur-
bulent velocity of log Ny = 229 + 0.4 cm™? and log vy, =
2.25 + 0.5 km s~! respectively. This is the first time the X-ray
NLR emitting gas in this source has been characterised by an
ionisation parameter and column density. From this we estimate
the distance of these emitting clouds from the central source as
13.9 + 0.6 pc.
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