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A B S T R A C T 

We present the first intensive study of the variability of the near-infrared coronal lines in an active galactic nucleus (AGN). We 
use data from a 1-yr-long spectroscopic monitoring campaign with roughly weekly cadence on NGC 5548 to study the variability 

in both emission line fluxes and profile shapes. We find that in common with many AGN coronal lines, those studied here are 
both broader than the low-ionizaton forbidden lines and blueshifted relative to them, with a stratification that implies an origin 

in an outflow interior to the standard narrow line region. We observe for the first time [S VIII ] and [Si VI ] coronal line profiles 
that exhibit broad wings in addition to narrow cores, features not seen in either [S IX ] or [Si X ]. These wings are highly variable, 
whereas the cores show negligible changes. The differences in both the profile shapes and variability properties of the different 
line components indicate that there are at least two coronal line regions in AGN. We associate the variable, broad wings with 

the base of an X-ray heated wind e v aporated from the inner edge of the dusty torus. The coronal line cores may be formed at 
several locations interior to the narrow line region: either along this accelerating, clumpy wind or in the much more compact 
outflow identified with the obscurer and so emerging on scales similar to the outer accretion disc and broad-line region. 

K ey words: galaxies: acti ve – galaxies: Seyfert – quasars: emission lines – quasars: individual: NGC 5548 – infrared: galaxies. 
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 I N T RO D U C T I O N  

ctive galactic nuclei (AGN) display emission lines from both 
ermitted and forbidden transitions. The latter are usually associated 
ith the narrow emission line region (NLR), which is formed by 
as of low densities (log [ n H /cm 

−3 ] ∼ 3–6) located at relatively large
istances from the central ionizing source (from a few pc up to several
00 pc). But some of these forbidden emission lines require energies 
 100 eV to form the corresponding ions, have higher critical densi-

ies for collisional deexcitation ( log [ n crit 
e / cm 

−3 ] ∼ 7–10) and broader
rofiles (full widths at half-maxima [FWHM] ∼500–1500 km s −1 ) 
han the low-ionization narrow emission lines (e.g. Penston et al. 
984 ; Appenzeller & Oestreicher 1988 ; Giannuzzo, Rieke & Rieke 
995 ; Erkens, Appenzeller & Wagner 1997 ; Rodr ́ıguez-Ardila et al.
002 , 2011 ): these are the so-called ‘coronal lines’, named after their
resence in the spectrum of the solar corona (Oke & Sargent 1968 ).
oronal lines are forbidden fine-structure transitions arising from 

ighly ionized states of heavy metals. Low-energy electrons or weak 
nteractions with high-energy electrons can efficiently excite these 
ransitions from the ground state; ho we ver, the formation of the ions
hemselves requires relatively high energies. 

Both types of AGN display coronal lines (Osterbrock 1977 ; Koski 
978 ), but they are stronger in broad-line (type 1) than in narrow-line
type 2) AGN relative to their low-ionization narrow emission lines 
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Murayama & Taniguchi 1998 ). Therefore, it is likely that the coronal
ine region has two components, one compact and one spatially 
xtended, with only the latter remaining unobscured by the dusty 
orus in type 2 AGN. Support for this assumption comes from the fact
hat the emission from this region is often extended but much less so
han that from the low-ionization NLR (on scales of ∼80–150 pc; e.g.
rieto, Marco & Gallimore 2005 ; M ̈uller S ́anchez et al. 2006 ; M ̈uller-
 ́anchez et al. 2011 ; Mazzalay et al. 2013 ; Riffel et al. 2021 ; although
e gus et al. 2021 hav e recently reported coronal line emission on kpc

cales). Furthermore, coronal lines are often blueshifted relative to 
he lo w-ionization narro w lines (e.g. Penston et al. 1984 ; Erkens et al.
997 ; Rodr ́ıguez-Ardila et al. 2002 ), which indicates an outflowing
ind component. Given their similar physical conditions, it could be 

hat the partly ionized gas that produces absorption lines and edges
n the soft X-ray spectra of AGN, i.e. the so-called ‘warm absorber’,
lso produces the coronal lines in its (colder) outer regions (Netzer
993 ; Erkens et al. 1997 ; Porquet et al. 1999 ). In any case, the
oronal line region is most likely dust free since strong emission from
efractory elements such as iron, silicon, and calcium are observed, 
hich would be severely reduced in a dusty environment (Ferguson, 
orista & Ferland 1997 ). 
The high ionization potentials ( χ ) required for the coronal lines can 

e found either in a hot, collisionally ionized plasma or be produced
y the hard continuum in AGN if the gas is photoionized. In the first
ase, the electron temperatures would be of the order of log ( T e /K) ≈
 and in the second case much lower (log [ T e /K] ∼ 4–5). Currently,
hotoionization is fa v oured, since for most AGN the observed flux
atios between different coronal lines can be reproduced within a 
actor of ∼2–3 by these models (Oli v a et al. 1994 ; Ferguson et al.
997 ; Landt et al. 2015a , b ), whereas in the case of a hot plasma,
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ither its temperature needs to be fine-tuned within a very narrow
ange (Oli v a et al. 1994 ) or no acceptable fit can be obtained (Landt
t al. 2015a , b ). 

More recently, growing interest in near-IR coronal lines has arisen
ue to their potential for yielding estimates of the black hole mass
n AGN (Cann et al. 2018 ; Rodr ́ıguez-Ardila et al. 2020 ). Since
hese coronal lines can potentially probe the accretion disc spectral
nergy distribution (SED) at far-UV/soft-X-ray energies, a regime
ifficult to observe but most influenced by the mass of the black
ole, the y could unco v er the long-sought population of intermediate
ass black holes, which are crucial for our understanding of black

ole growth o v er cosmic time (Hopkins et al. 2012 ). Even more
mportantly, if near-IR coronal lines can help identify AGN in dwarf
alaxies in large numbers (Bohn et al. 2021 ; Cann et al. 2021 ),
t would open up a unique opportunity to understand the role of
GN feedback in galaxy evolution and to test cosmological models.
ince dwarf galaxies are believed to be dark matter-dominated, these
ources serve as important probes in the low-mass halo regime, in
articular for the Lambda Cold Dark Matter ( � CDM) paradigm
Navarro 2019 ). 

Variability studies can strongly constrain the properties of the
oronal line region, in particular, if several lines can be studied
imultaneously and together with other AGN components such as
he broad emission line region (BLR) and the UV/X-ray continuum.
o we ver, since these emission lines are relatively weak and so require
igh-quality spectroscopy, very few studies of this kind have been
ttempted so far. Veilleux ( 1988 ) presented the only systematic
tudy of coronal line variability. In a sample of ∼20 AGN, he
ound firm evidence that both the [Fe VII ] λ6087 and [Fe X ] λ6375
mission lines varied (during a period of a few years) for only one
ource (NGC 5548) and tentative evidence for another seven sources
including NGC 4151). Then, within a general optical variability
ampaign on Mrk 110 for about half a year, Kollatschny et al. ( 2001 )
eported strong [Fe X ] v ariations. Strong v ariability of the coronal
ines manifested mainly as a fading of the flux was first reported for
C 3599 (Brandt, Pounds & Fink 1995 ; Grupe et al. 1995 ) and is now
sually associated with a new class of non-active galaxies, the so-
alled ‘strong coronal line emitters’ (or ‘coronal line forest AGN’).
ost of these sources have been detected in the Sloan Digital Sky

urv e y (SDSS: York et al. 2000 ) and a stellar tidal disruption event
eems to be the most plausible explanation for the strong fading of
heir coronal lines o v er a time period of several years (Komossa et al.
008 , 2009 ; Gelbord, Mullaney & Ward 2009 ; Wang et al. 2011 ,
012 ; Yang et al. 2013 ; Rose, Elvis & Tadhunter 2015 ; Winkler
016 ; Cerqueira-Campos et al. 2021 ; van Velzen et al. 2021 ). 
Landt et al. ( 2015a , b ) presented the first e xtensiv e studies of the

oronal line variability in individual AGN. Their data sets for the
earby, well-known sources NGC 4151 and NGC 5548 included a
andful of epochs of quasi-simultaneous optical, near-IR, and X-ray
pectroscopy spanning a period of sev eral years. The y found very
if ferent v ariability behaviours for the two sources, with only weak
ariations detected for the coronal lines in NGC 4151, but strong
ux variability (mainly a decrease) by factors of ∼2–4 observed

n NGC 5548. In both sources, the coronal line gas density was
onstrained to relatively low values of log ( n e /cm 

−3 ) ∼ 3 for a
elatively high ionization parameter of log U ∼ 1, which put it at
 distance from the central ionizing source of a few light-years and
o well beyond the hot inner face of the obscuring dusty torus.
herefore, they proposed that the coronal line region in AGN is an

ndependent entity rather than part of a continuous gas distribution
onnecting the BLR and low-ionization NLR, possibly an X-ray
eated wind as first suggested by Pier & Voit ( 1995 ). 
NRAS 516, 4397–4416 (2022) 
Here we revisit the variability of the near-IR coronal lines in
GC 5548 with a much-impro v ed data set that allows us to study in
etail both flux and profile shape variations. Our paper is structured
s follows: In Section 2 , we briefly discuss the near-IR spectroscopy,
hich we analyse in detail in Section 3 . In Section 4 , we present the

esults on the coronal line profiles and their variability, which we
ompare to theoretical photoionization simulations in Section 5 . In
ection 6 , we discuss the likely origin of the near-IR coronal lines in
GC 5548. Finally, in Section 7 , we present a summary of our main

esults and conclusions. We quote all laboratory line wavelengths as
acuum wavelengths and define velocities as negative if they are in
he blue-shifted (outflowing) direction. 

 T H E  DATA  

andt et al. ( 2019 ) observed NGC 5548 between 2016 August
nd 2017 July with the SpeX spectrograph (Rayner et al. 2003 )
t the NASA Infrared Telescope Facility (IRTF), a 3-m telescope
n Maunak ea, Haw aii. The main aim of this near-IR spectroscopic
everberation mapping campaign was to measure the time delay of
he hot dust in the obscuring torus together with estimates of the torus
adius based on thermal equilibrium arguments. Another important
oal was to study the variability of emission lines, such as those from
he coronal line region. 

The campaign achieved a total of 18 near-IR spectra with an
verage cadence of about ten days, excluding a 3.5-month period
hen the source was unobservable. They used the short cross-
ispersed (SXD) mode (0.7–2.55 μm) and a 0.3 ′′ ×15 ′′ slit oriented
t the parallactic angle, resulting in an average spectral resolution
f R = 2000 or FWHM ∼150 km s −1 . The spectra have in general a
elatively high signal-to-noise (S/N) ratio with an average continuum
/N ∼ 100. 
Care was taken to ensure a posteriori an accurate absolute flux

alibration. As described in detail in Landt et al. ( 2019 ) (see
heir section 3.3), they used the narrow forbidden emission line
S III ] λ9531 to align the flux scale of the spectra and verified it with
 photometric light curve. Furthermore, the impact of the extended
ow-ionization emission line region on the enclosed flux in the slit was
ssessed based on a near-IR Integral Field Unit (IFU) observation.
or our following analysis, we used the observed spectra with their
ultiplicative photometric correction factors applied. We estimated

hat the uncertainty on the wavelength calibrations of our spectra is on
verage 0.15 Å, which corresponds to ≈2–5 km s −1 at the location
f the lines studied. We report velocity shifts of the coronal lines
easured relative to the [S III ] λ9531 narrow emission line, and the
avelength calibration uncertainty was added to the measurement
ncertainties. 

 T H E  SPECTRAL  ANALYSI S  

he large wavelength range our cross-dispersed near-IR spectra
o v ers four strong coronal lines in NGC 5548. Two of them are
roduced by highly ionized sulphur ([S VIII ] and [S IX ]) and two
y highly ionized silicon ([Si VI ] and [Si X ]). We list their basic
roperties in Table 1 . Our main aim was to reliably isolate the coronal
ines in the individual spectra in order to measure their flux es, v elocity
hifts, and profile shapes and study their v ariability. Ho we ver, since
oronal lines are in general weak emission lines, we analysed them
rst in the high-quality mean spectrum presented by Landt et al.
 2019 ) and then used these results as a guide for our analysis of the
ndividual spectra, which have a lower S/N in the wavelength regions
f interest. 
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Table 1. Coronal emission lines and their contaminants. 

Coronal emission line Contaminant emission line 
Ion λ χ log 

(
n crit 

e 

)
Ion λ

[ μm] [eV] [cm 

−3 ] [ μm] 
(1) (2) (3) (4) (5) (6) 

[S VIII ] 0.9914 281.0 9.5 [C I ] 0 .9827 
[C I ] 0 .9853 
H I (Pa δ) 1 .005 
He II 1 .0126 

[S IX ] 1.2523 328.8 9.4 Unknown 1 .248 
[Fe II ] 1 .2570 
Unknown 1 .262 
H I (Pa β) 1 .282 

[Si X ] 1.4305 351.1 8.1 
[Si VI ] 1.9650 166.8 8.5 H I (Pa α) 1 .875 

H I (Br δ) 1 .9440 
H 2 1 .957 

Note. The columns are: (1) Ion; (2) vacuum rest-frame wavelength; (3) 
ionization potential; and (4) critical density calculated with CLOUDY for the 
coronal emission lines at temperature log ( T e /K) = 4; (5) ion; and (6) vacuum 

rest-frame wavelength for the contaminating broad and narrow emission lines. 
The emission line parameters of all these lines are listed in Table 2 . 
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We performed the emission line and continuum fits using custom 

ython scripts employing the package LMFIT (Newville et al. 2014 ), 
hich is a non-linear, least-squares, curve-fitting routine based on 

he Levenberg–Marquardt algorithm. The majority of the emission 
ines can be adequately modelled with Gaussian profiles. From these 
ts, we have calculated the emission line fluxes and FWHMs and the
ssociated uncertainties. All narrow emission lines were allowed to 
ave widths varying in the range of FWHM = 100–900 km s −1 and
he widths of broad Gaussian components were allowed to vary in 
he range of 1000–9999 km s −1 . Values quoted for the FWHMs of the
mission lines have been corrected for instrumental broadening. The 
elocity shifts of the near-IR lines are determined from the centroids 
f the fitted Gaussians and measured relative to the [S III ] λ9531
ine, which is assumed to have zero velocity shift. The uncertainties 
n the velocity shifts incorporate the uncertainty on the wavelength 
alibration of our spectra. More details on the fitting procedures for
pecific lines and blends are given in the following subsections. 

.1 The mean spectrum 

ig. 1 shows the wav elength re gions around the four near-IR
oronal lines in the mean spectrum. Out of these, only [Si X ] is
ree from contaminating neighbouring emission lines, whereas the 
ther coronal lines are located close to a hydrogen Paschen broad 
mission line and other chemical species (Table 1 ). Therefore, rather 
han isolating the coronal lines by ‘clipping’ the profiles to the local
ontinuum on the red and blue sides of the line, we carefully modelled 
ll the line comple x es around the coronal lines in order to deblend
hem from neighbouring features (Fig. 2 ). The resultant coronal line 
uxes, their blends, and other observed emission lines are listed in 
able 2 . In the following, we give details of the analysis. 

.1.1 The continuum 

irst, the underlying pseudo-continuum is modelled and subtracted 
n four spectral regions: 0.7–1.22, 1.12–1.33, 1.39–1.53, and 1.65–
.4 μm. The 1.12–1.33 and 1.39–1.53 μm regions could be sat-
sfactorily fit with a simple power law, whereas the 0.7–1.22 and 
.65–2.4 μm regions required polynomial models to reproduce the 
urvature of the pseudo-continuum. 

There are no other emission lines in the vicinity of [Si X ], therefore
ts profile could be obtained by simply subtracting the local pseudo-
ontinuum flux. Whilst [Si X ] is free from other emission lines, this
pectral region is affected by telluric absorption, particularly on the 
lue side of the line. We were therefore careful to a v oid the inclusion
f residual telluric features when modelling the pseudo-continuum 

see Fig. 2 ). The coronal lines [S VIII ], [S IX ], and [Si VI ] are all
lended with other emission lines. We determined their profiles by 
odelling the emission line comple x es as further described below. 

.1.2 The [S IX ] line 

he [S IX ] coronal line is located on the blue wing of broad Pa β.
ch ̈onell et al. ( 2017 ) analysed a high-spectral resolution near-IR
pectrum of NGC 5548 obtained in 2012 with the Near-Infrared 
ntegral Field Spectrometer (NIFS) at Gemini North. They reported 
hat Pa β has two kinematically distinct components producing a 
ouble-peaked broad emission line. Therefore, we decomposed the 
a β emission line using two Gaussians, one red and one blue of the

ine centre. 
The widths of all Gaussians modelling the narrow lines were 

ied together. In addition to the narrow, forbidden [Fe II ] lines at
.2570 and 1.2791 μm, we find two unidentified lines at ≈1.2483
nd ≈1.2612 μm. The former unidentified line appears to be present
n the spectrum of Sch ̈onell et al. ( 2017 ), but was not mentioned by
he authors, whereas the latter unidentified line is not seen in their
pectrum. No transitions near these two wavelengths are reported 
n observations of classical novae (Wagner & Depoy 1996 ). We fit
hese unknown features with narrow Gaussians, but the 1.2612 μm 

ine is very weak and we could only obtain an upper limit on its flux.
herefore, we have not considered this line further in the fits of the

ndividual spectra. In order to not make any prior assumptions about
he [S IX ] line profile, the narrow window containing the [S IX ] line
 as mask ed and not used in the fitting process. Having fit for Pa β,

Fe II ] 1.2570 μm and the unidentified line at 1.2483 μm, we take
he residual flux in the emission line complex as the [S IX ] profile
Fig. 2 ). 

.1.3 The [Si VI ] line 

he [Si VI ] coronal line is blended with both the red wing of the
eak hydrogen Br δ broad line and the extreme red wing of the
ydrogen Pa α broad line. A very weak H 2 line is also expected
t 1.9570 μm, although we did not convincingly detect it. A narrow
indow containing the [Si VI ] line w as mask ed, and all other emission

ines were modelled with Gaussians. 
We assumed that the broad components of the hydrogen lines Pa α

nd Br δ have the same double-Gaussian profile as the Pa β broad
omponent (see Section 3.1.2 ). The amplitude of the broad Br δ
rofile was fixed so as not to exceed the observed flux. Since the width
f the narrow Br δ line hit the maximum allowed value, we fixed it to
hat of the narrow Pa β line and fitted only for the flux and velocity
ffset. The resulting ratio between the Br δ and Pa β narrow line
uxes is 0.14 ± 0.03, which is similar to the value of 0.11 expected
or Case B and a gas temperature of 15000 K (Osterbrock & Ferland
006 ). We note that an additional, weak broad Gaussian component
as required by the fits in order to adequately model the red wing
f Pa α, but we do not ascribe a particular physical meaning to this
omponent. The residuals of our best-fitting model reveal the profile 
MNRAS 516, 4397–4416 (2022) 
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Figure 1. Spectral regions in the mean spectrum around the four near-IR coronal lines studied. The coronal lines are labelled in magenta, whereas contaminating 
permitted and forbidden transitions are labelled in green and red, respectiv ely. F orbidden transitions of iron are labelled in cyan. The wavelengths and fluxes of 
all the marked emission lines are listed in Table 2 . 

Figure 2. The decomposition of emission line blends around the four near-IR coronal lines using the mean spectrum. All coronal lines were masked out and not 
used in the fitting process. Individual emission lines are shown as blue dotted lines, and the total models are shown as the red solid lines. The bottom panels for 
each coronal line show the flux residuals across the full emission line complex. All velocities are relative to the expected rest-frame wavelength of the coronal 
line, except in the case of [S IX ], where velocities are relative to Pa β. See Section 3.1 in the text for more details. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/3/4397/6687815 by U
niversity of D

urham
 user on 12 D

ecem
ber 2022

art/stac2443_f1.eps
art/stac2443_f2.eps
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Table 2. Emission line parameters measured in the mean spectrum. 

Ion λ Line Velocity FWHM Flux 
[ μm] component offset [km s −1 ] [10 −15 erg s −1 cm 

−2 ] 
(1) (2) (3) (4) (5) (6) 

[S III ] 0 .90711 378 ± 11 13.3 ± 0.5 
[S III ] 0 .95332 365 ± 7 33 ± 3 
[C I ] 0 .98268 + 48 ± 24 483 ± 27 0.5 ± 0.2 
[C I ] 0 .98530 + 48 ± 24 483 ± 27 2.1 ± 0.2 
[S VIII ] 0 .99138 Core −119 ± 15 � 737 ± 39 7.3 ± 0.4 
’’ Blue wing 1.7 ± 0.4 
’’ Red wing 2.8 ± 0.7 
H I (Pa δ) 1 .00521 Narrow −69 ± 25 461 ± 26 2.9 ± 0.2 
H I (Pa δ) Broad 1 −2961 5091 
H I (Pa δ) Broad 2 + 1680 5149 109 ± 11 
He II 1 .01264 Narrow −7 ± 18 461 ± 26 2.9 ± 0.2 
He II Broad + 1576 ± 1025 8847 ± 956 49 ± 11 
Unknown 1 .2475 334 ± 13 1.3 ± 0.2 
[S IX ] 1 .2523 −120 ± 14 � 554 ± 24 4.3 ± 0.2 
[Fe II ] 1 .25702 + 25 ± 18 334 ± 13 2.2 ± 0.2 
Unknown 1 .2612 380 ± 15 < 0.45 
H I (Pa β) 1 .28216 Narrow −55 ± 12 � 334 ± 13 6.4 ± 0.3 
H I (Pa β) Broad 1 −2961 ± 125 5091 ± 197 
H I (Pa β) Broad 2 + 1680 ± 112 5149 ± 141 215 ± 7 
[Si X ] 1 .430 −138 ± 14 � 734 ± 43 7.9 ± 0.6 
H I (Br δ) 1 .94509 Narrow −69 ± 41 334 0.9 ± 0.2 
H I (Br δ) Broad 1 −2961 5091 
H I (Br δ) Broad 2 + 1680 5149 39 
[Si VI ] 1 .9650 Core −384 ± 14 � 607 ± 25 13.0 ± 0.6 
’’ Blue wing 3.6 ± 0.4 
’’ Red wing 8.7 ± 0.6 
H 2 2 .0332 −66 ± 17 � 174 ± 25 0.8 ± 0.1 
H I (Br γ ) 2 .16612 Narrow 0 ± 22 389 ± 46 1.3 ± 0.2 
H I (Br γ ) Broad 1 −2961 5091 
H I (Br γ ) Broad 2 + 1680 5149 43.3 ± 0.3 

Note. The columns are: (1) Ion; (2) vacuum wavelength; (3) fitted emission line component; (4) velocity offset of 
the emission line peak relative to [S III ] 0.95332 μm: narrow line shifts with a significance > 3 σ are marked � ; (5) 
full width at half maximum of the emission line component corrected for an instrumental broadening of 150 km s −1 ; 
and (6) integratedline flux. We give 1 σ errors. We note that all H I emission lines are assumed to have the same 
double-peaked broad-line profile as Pa β and that we list for them only the total broad line flux. 
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f the relatively strong [Si VI ] line. It shows a prominent and extended
ed wing and excess blue flux in addition to a narrow core (Figs 2
nd 3 ). The width, flux and velocity offset of the core component
ave been determined by fitting a Gaussian to a region spanning 
800 km s −1 across the peak of the line (the solid red line in Fig. 3 );

hese are the values reported for the ‘core’ component in Table 2 .
o determine the fluxes in the wings, we have integrated the excess
ux from the peak of the core out to ≈−2000 km s −1 on the blue
ide of the core and ≈+ 3000 km s −1 on the red side. The integration
imits for the wings were determined by a visual inspection of the
pectrum to determine the maximum velocity extents of the excess 
ux. Since the red wing in particular is shallow at its extremity, it

s likely that an appreciable amount of the integrated flux is just
oise. To account for this, we estimate the noise contribution to the
ntegrated flux. We first calculate the noise in the pseudo-continuum 

n two windows adjacent to the wings. Using this value, we then
imulate 1000 Gaussian noise ‘spectra’ on the same velocity grid 
 v er which the wings are integrated. The positive fluxes in these
ock spectra are integrated, and the mean v alue gi ves us an estimate

f the amount of noise included in the wings’ flux, which we take to
e the uncertainty. These values are reported for the ‘blue wing’ and
red wing’ components in Table 2 . 
.1.4 The [S VIII ] line 

he [S VIII ] coronal line is located near the emission maximum of
 blend between the hydrogen Pa δ and He II broad emission lines
nd close to their respective narrow components. This complex also 
ontains the narrow, forbidden lines [C I ] 0.9827 and 0.9853 μm
nd [S II ] 1.0290, 1.0323, 1.0339, and 1.0373 μm. We fitted the
av elength re gion of 0.975–1.027 μm, which e xcludes the [S II ]

ines. We again used the broad Pa β profile as a template for the
road hydrogen lines (here Pa δ) and we fitted for its flux only. On
he red side of the emission line blend, a single broad Gaussian was
dequate to fit the remaining flux from broad He II . Single Gaussians
ere included to model the [C I ], Pa δ, and He II narrow lines. The
elocity offsets of the two [C I ] lines were tied together. 

Having modelled and subtracted emission lines other than [S VIII ]
n the complex, we take the residual flux from our model as the
S VIII ] profile (see Fig. 2 ). The [S VIII ] coronal line has a similar
rofile to that of [Si VI ] comprising of a red wing, excess blue flux,
nd a narrow core (Figs 2 and 3 ). Measurements of the line core
nd the blue and red wings have been made in the same manner
s for [Si VI ], described in Section 3.1.3 ; the results are reported
MNRAS 516, 4397–4416 (2022) 



4402 D. Kynoch et al. 

M

Figure 3. The coronal line profiles as extracted from the mean spectrum 

(black) and fit with Gaussians (red). The total profiles of the [S IX ] and 
[Si X ] lines are fit with a single Gaussian, whereas only the central cores 
of the [S VIII ] and [Si VI ] lines are fit (solid red lines). For the latter two 
lines, we additionally show the best-fitting extrapolated across the whole line 
profile (dotted red lines); blue and red excess flux is evident on these lines. 
For comparison, the [S III ] λ9531 profile (normalized in amplitude to each 
coronal line profile) is plotted with a blue dashed line. The four coronal lines 
are broader than [S III ] and blueshifted with respect to it. 
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.1.5 Other emission lines 

or our study, we have modelled also the hydrogen Br γ broad
mission line, since it is of interest for black hole mass determinations
n AGN (see Section 4.3 ), and the [S III ] λλ9069, 9531 narrow
mission line doublet, since these lines can inform us about the
ntrinsic profile of transitions from the narrow emission line region. 

There are no other broad emission lines in the vicinity of Br γ
nd we isolated the line from a linear local continuum. The broad
omponent was modelled with the same profile as the other hydrogen
ines and we fit only for its flux. In addition to a narrow Gaussian
or Br γ , a second narrow Gaussian was added to model the H 2 

.0332 μm emission line, which sits on the blue wing of broad Br γ .
The [S III ] λλ9069, 9531 narrow emission line doublet is a strong

eature in our spectra. We subtracted the hydrogen Pa ε broad
mission line from beneath the [S III ] lines, again using broad Pa β
s a template. We also subtracted a narrow Gaussian line at the rest-
rame wavelength of Pa ε from the [S III ] λ9531 line profile. Having
ccounted for the Pa ε emission, each [S III ] line was adequately
t with a single Gaussian of FWHM ≈ 370 km s −1 . No significant
elocity shift was measured between the two [S III ] lines. The centroid
elocity shifts of all other lines measured in the mean spectrum
ere measured relative to [S III ] λ9531. The observed flux ratio
f [S III ] λ9531/[S III ] λ9069 = 2.5 ± 0.1 is consistent with the
heoretical value of 2.58. 

.2 The single-epoch spectra 

ecause of the lower quality of the single-epoch spectra relative to the
ean spectrum, multi-Gaussian fits to the emission line comple x es
ere not al w ays successful in reliably isolating the coronal lines.
NRAS 516, 4397–4416 (2022) 
herefore, we used their emission-line profiles determined in the
ean spectrum as a guide. Having subtracted the underlying broad-

and continuum following the method described in Section 3.1.1 ,
e then performed a fit to the emission line blend. The mean Pa β
rofile was again used as a template for all of the hydrogen lines;
he template was rescaled in flux to match the hydrogen lines in the
ingle-epoch spectra. Each narrow line profile was modelled as a
ingle Gaussian with its parameters taken from the fit to the same
ine in the mean spectrum. If necessary, small scaling adjustments
ere made to the narrow lines to impro v e the fit. To some spectra,
e added a local continuum to correct cases in which we judged

he broad-band continuum placement could be impro v ed. The local
ontinuum and contaminating lines were adjusted to obtain a good
t to the data, then subtracted from the spectrum, leaving just the
oronal line profile. As can be seen in Figs 5 –10 , the residuals away
rom the coronal line are generally featureless (with the exception
f the wings near the [S VIII ] and [Si VI ] profiles, and some artefacts
f imperfect telluric correction around [Si X ]), indicating that this
rocedure generally w ork ed well. Ho we ver, the coronal line profiles
n a few epochs were of very poor quality, and we have excluded them
or our further studies. As for the mean spectrum, the fluxes, widths,
nd velocity offsets of the narrow line cores are determined by fitting
 Gaussian to the isolated emission line profile. Again, for [S VIII ]
nd [Si VI ] we fit only the central portion of the profiles (within a few
undred km s −1 of the peak) to a v oid the wings on either side of the
ine. 

Because the coronal lines are low-contrast features in our spectra
he FWHM and flux measurements are v ery sensitiv e to the placement
f the underlying pseudo-continuum. If the continuum is placed
oo high, for example, then both the FWHM and flux will be
nderestimated in the fitted profile. This is an issue in the single-
poch spectra, in which the precise continuum placement is less
ertain than in the high-S/N mean spectrum. We therefore calculate
he range in both FWHM and flux that results from moving the local
ontinuum to its highest and lowest plausible levels (i.e. ±1 σ ). The
alue of σ , the noise in the continuum, is calculated from the standard
eviation of flux points about the mean value in featureless windows
ear to each coronal line (and typically this noise was ∼1 per cent
f the continuum flux). This additional uncertainty was added in
uadrature to the Gaussian measurement uncertainties calculated by
he fitting algorithm. A similar approach was taken to estimate the
ncertainties on the [S VIII ] and [Si VI ] wings; we calculate the error
ange from the maximum and minimum excess flux integrated with
he continuum is mo v ed ±1 σ . Because the blue wing is weak and
he red wing is very shallow at its extremity, this results in rather
arge uncertainties for the wings (particularly in the noisy part of the
pectrum containing [S VIII ]) and there are several epochs where no
ux in excess of the Gaussian core is detected with confidence. 
Our results for the four near-IR coronal lines as well as the strong

S III ] λ9531 line are shown in Figs 5 –10 . The fluxes of the line cores
nd wings o v er the course of the campaign are recorded in Table 3 . 

.3 Optical iron coronal lines 

uring one of our other observing programmes, we obtained a high-
esolution optical spectrum of NGC 5548 in 2015 March at the

illiam Herschel Telescope (WHT), a 4-m telescope on La Palma.
e dereddened this spectrum using E ( B − V ) = 0.0168 (Schlafly &

inkbeiner 2011 ) and the extinction curve of Cardelli, Clayton &
athis ( 1989 ). The spectrum contains six high-ionization forbidden

ines of iron: [Fe VII ] λ3759, 5159, 5721, 6087, [Fe X ] λ6374, and
Fe XI ] λ7892. With the exception of [Fe X ] these lines are unblended

art/stac2443_f3.eps
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Table 3. Fluxes of the cores and blue and red wings in the profiles of [S III ] λ9531 and the near-infrared the coronal lines. 

[S III ] 
[ S VIII ] 

︷ ︸︸ ︷ [S IX ] [Si X ] 
[ Si VI ] 

︷ ︸︸ ︷ 
Date Core Blue Core Red Core Core Blue Core Red 

wing wing wing wing 

Mean spectrum 33 ± 3 1.7 ± 0.4 7.3 ± 0.4 2.8 ± 0.7 4.3 ± 0.2 7.9 ± 0.6 3.6 ± 0.4 13.0 ± 0.6 8.7 ± 0.6 

602 16/08/02 34 ± 2 3.5 ± 1.8 8.9 ± 3.4 4.4 ± 3.2 4.5 ± 1.3 7.7 ± 2.5 2.0 ± 1.1 13.2 ± 1.7 18.7 ± 2.4 
611 16/08/11 35 ± 2 1.5 ± 1.9 7.2 ± 5.0 4.7 ± 2.9 – 5.7 ± 2.6 1.7 ± 1.3 12.4 ± 1.8 16.7 ± 2.7 
743 16/12/21 – – – – 3.6 ± 1.3 6.0 ± 2.5 – – –
759 17/01/06 34 ± 2 < 4.6 8.0 ± 3.7 7.0 ± 4.1 3.6 ± 1.8 7.9 ± 2.7 2.4 ± 0.5 13.3 ± 1.7 < 2.1 
773 17/01/20 34 ± 2 4.1 ± 1.8 5.3 ± 3.4 < 6.2 5.2 ± 1.4 7.2 ± 2.7 3.9 ± 0.7 11.3 ± 1.7 3.4 ± 1.8 
777 17/01/24 33 ± 2 – – – – 6.5 ± 3.6 4.7 ± 1.1 14.7 ± 2.3 5.5 ± 2.4 
789 17/02/05 33 ± 1 3.4 ± 2.2 6.6 ± 3.3 < 7.2 6.1 ± 1.7 8.1 ± 2.6 4.3 ± 0.8 13.9 ± 1.7 3.4 ± 1.8 
799 17/02/15 35 ± 2 < 3.8 4.9 ± 3.3 3.6 ± 3.5 2.5 ± 1.3 6.6 ± 2.6 4.3 ± 0.9 14.7 ± 1.9 4.9 ± 2.0 
804 17/02/24 34 ± 1 2.4 ± 1.7 4.5 ± 3.3 3.4 ± 3.4 4.1 ± 1.5 5.5 ± 2.6 2.8 ± 1.1 11.5 ± 1.8 3.8 ± 2.4 
829 17/03/17 35 ± 2 2.9 ± 1.9 5.3 ± 3.2 3.7 ± 3.3 4.2 ± 1.7 5.8 ± 2.6 2.3 ± 0.7 11.3 ± 1.9 2.2 ± 1.7 
834 17/03/22 35 ± 2 < 2.7 6.3 ± 3.3 5.3 ± 2.4 5.5 ± 1.5 8.2 ± 3.0 2.3 ± 1.1 15.3 ± 2.0 < 5.1 
882 17/05/09 33 ± 2 – – – 3.8 ± 1.8 6.7 ± 2.6 3.1 ± 0.7 12.0 ± 1.7 4.1 ± 1.5 
898 17/05/25 33 ± 3 4.0 ± 2.7 8.9 ± 4.7 7.0 ± 4.5 5.2 ± 1.7 9.1 ± 3.1 4.0 ± 1.1 15.3 ± 1.7 4.9 ± 2.4 
914 17/06/10 34 ± 2 – – – – – 3.7 ± 0.8 13.2 ± 1.8 6.7 ± 1.7 
924 17/06/20 33 ± 2 < 6.4 12.5 ± 6.9 6.3 ± 5.0 3.2 ± 1.9 7.3 ± 4.5 4.8 ± 1.3 10.5 ± 1.7 9.9 ± 2.9 
932 17/06/28 33 ± 2 3.0 ± 1.5 7.8 ± 3.3 7.7 ± 2.8 1.6 ± 1.2 7.0 ± 3.4 5.6 ± 1.1 9.7 ± 1.8 9.3 ± 2.5 
937 17/07/03 33 ± 2 2.7 ± 1.6 9.4 ± 3.4 5.3 ± 2.9 – – – – –

rms 0.84 (2.5 %) 0.62 (20 %) 2.25 (32 %) 1.50 (29 %) 1.25 (31 %) 1.03 (15 %) 1.18 (35 %) 1.69 (13 %) 5.22 (79 %) 

Note. The observation date is given in the formats MJD − 57000 and YY/MM/DD and the fluxes are in units 10 −15 erg s −1 cm 

−2 . 

s  

l  

fi  

f  

t  

s  

i  

i  

T

4

4

F  

i  

m  

b  

b  

l
 

s
d
[  

c  

p
p  

l  

T  

v
p  

o  

v
s
s

T  

d  

n  

c

4

T
t  

e  

o
N  

n  

∼  

t  

[  

t  

i  

l  

w  

t

4

T  

s  

m  

l  

v  

o  

s  

(  

t  

c  

fl  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/3/4397/6687815 by U
niversity of D

urham
 user on 12 D

ecem
ber 2022
o we simply measure their profiles with a single Gaussian plus
inear local continuum. [Fe X ] is blended with [O I ] λ6363 so we
rst determine the profile of [O I ] λ6300 and use this as a template
or [O I ] λ6363, assuming a 1:3 flux ratio. We assume [O III ] λ5007
o be at rest within NGC 5548 and measure all other line velocity
hifts relative to it. The FWHMs of the lines are all corrected for
nstrumental broadening, assuming this is ∼250 km s −1 for the ISIS
nstrument on the WHT. The properties of these lines are reported in
able 4 . 

 RESULTS  

.1 The mean coronal line profiles 

ig. 3 shows the profiles of the four near-IR coronal lines as observed
n the mean spectrum. In all four cases, the central (core) part can be
odelled well with a single Gaussian. It is intriguing to notice that

oth the [S VIII ] and [Si VI ] coronal lines show significant excess flux
lue- and red-ward of the core, whereas the [S IX ] and [Si X ] coronal
ines do not. 

In Fig. 4 we show the coronal line and [S III ] widths and velocity
hifts as a function of both their ionization potentials and critical 
ensities. The coronal line (core) profiles are all broader than the 
S III ] doublet lines, with line widths of FWHM ∼ 500–800 km s −1 ,
ompared with ≈370 km s −1 for [S III ]. Whilst we have only five data
oints, Fig. 4 shows a trend of increasing FWHM with ionization 
otential up to ≈300 eV. It is clear in Fig. 4 that all four coronal
ines have emission line peaks blue-shifted with respect to [S III ].
he [S VIII ], [S IX ], and [Si X ] lines hav e v ery similar av erage
elocity offsets of ≈−130 km s −1 ; curiously, the lowest-ionization 
otential coronal line [Si VI ] has a much greater velocity offset
f ≈−380 km s −1 , so there is no simple relationship between the
elocity shift and ionization potential. We also measured the velocity 
hifts of the other forbidden, narrow emission lines in the mean 
pectrum, with none of them having a significant velocity shift (see 
able 2 ). Although it is clear that the coronal lines have higher critical
ensities and both greater line widths and velocity shifts than [S III ],
o simple trend with critical density is observed between the four
oronal lines. 

.2 The coronal line variability 

he low-ionization narrow forbidden emission lines are assumed 
o be produced in AGN at distances from the central engine large
nough to not show significant flux variability o v er the course
f decades. But the optical narrow-line reverberation results for 
GC 5548 show that the [O III ] λ5007 line emitting region is more
uclear than expected, with an extent of only 1–3 pc and a density of
10 5 cm 

−3 (Peterson et al. 2013 ). Since our campaign extends over
he course of roughly a year, we can still assume that the flux of the
S III ] λ9531 line is not variable. This expectation is confirmed by
he results in Table 3 and Fig. 5 : the rms variability of [S III ] λ9531
s ≈8.4 × 10 −16 erg s −1 cm 

−2 , only around 2.5 per cent of the mean
ine flux. The width of this line is also stable during our campaign,
ith two-thirds of data points being consistent with the mean value

o within 1 σ . 

.2.1 The [Si VI ] and [S VIII ] lines 

he [Si VI ] line is the strongest of the four near-IR coronal lines in our
pectra; we reliably isolated its profile in 15/18 spectra (Fig. 6 ). We
easure a maximum flux variability of ∼50 per cent for the [Si VI ]

ine core, with rms ≈ 13 per cent (Table 3 ). In addition, we observe
ariable excess emission blue- and red-ward of the line core. Both
f these flux excesses are relatively broad, with the blue- and red-
hifted part stretching o v er ∼2000 and ∼3000 km s −1 , respectively
Fig. 8 ), and in the mean spectrum their combined flux is similar to
he flux in the core of the line. The red flux excess variability shows
yclical behaviour: it is most prominent in the first spectra with a
ux exceeding that in the line core, becomes weak by the middle of
MNRAS 516, 4397–4416 (2022) 
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Table 4. Properties of optical iron coronal lines and measurements from the 2015 WHT spectrum. 

Ion λ χ log ( n crit ) Velocity offset FWHM Flux 
[ Å] [eV] [cm 

−3 ] [km s −1 ] [km s −1 ] [10 −15 erg s −1 cm 

−2 ] 
(1) (2) (3) (4) (5) (6) (7) 

[Fe VII ] 3759 99.1 7.60 −207 ± 17 559 ± 38 16.9 ± 1.5 
’’ 5159 99.1 6.54 −126 ± 21 < 250 3.01 ± 0.80 
’’ 5721 99.1 7.57 −111 ± 11 485 ± 18 10.5 ± 0.5 
’’ 6087 99.1 7.64 −201 ± 9 632 ± 13 20.1 ± 0.5 
[Fe X ] 6374 233.6 8.64 −188 ± 15 605 ± 46 5.24 ± 0.51 
[Fe XI ] 7892 262.1 8.81 −212 ± 24 579 ± 57 4.44 ± 0.56 

Note. The columns are: (1) Ion; (2) vacuum wavelength; (3) ionization potential; (4) critical density for 
log ( T /K) = 4; (5) velocity offset of the emission line peak relative to [O III ] λ5007; (6) full width at half 
maximum of the emission line component corrected for an instrumental broadening of 250 km s −1 ; and (7) 
line flux. We give 1 σ errors. 

Figure 4. FWHM (top) and centroid velocity shift (bottom) of the coronal 
line and [S III ] λ9531 cores, measured in the mean spectrum, as a function of 
ionization potential (left) and critical density (right). 
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he campaign, and increases in flux again at later epochs (Fig. 6 and
able 3 ). In the second part of the campaign (after the seasonal gap),

he blue excess varies in the same manner as the red excess; ho we ver,
he blue excess is weakest in the first observing epochs, unlike the
ed excess, which is strongest. 

The [S VIII ] coronal line was strong enough to be reliably isolated
n 13/18 single-epoch spectra (Fig. 7 ). The [S VIII ] line core is much

ore variable than that of the [Si VI ] line, with maximum flux changes
y a factor of ≈3 (Table 3 ). Like for the [Si VI ] line, we observe
ariable and broad excess emission blue- and red-ward of the line
ore (Fig. 8 ), but in the mean spectrum, their combined flux is only
bout half that of the core of the line. Given that the [S VIII ] line
s also on average a factor of ∼2 weaker than the [Si VI ] line, the
solation of the excess fluxes in the single-epoch spectra is more
roblematic. Ho we ver, there is a trend for this excess emission to be
trongly variable (by factors of a few) also in the [S VIII ] coronal line.

In Fig. 8 , we o v erplot all of the single-epoch line profiles of both
S VIII ] and [Si VI ] for easier comparison. In [Si VI ], it is clear that
ost of the variability in the profile is in the broad wings, with

he narrow core showing relatively little variation from the mean.
his is reflected in the rms variability measured for the different line
omponents (Table 3 ). Because of the noisier data, it is more difficult
o see the same behaviour in the [S VIII ] line and the rms variability of
he core and blue and red wings are similar ( ≈30 per cent). In Fig. 8 ,
e highlight two spectra with strong and weak wings but similar
NRAS 516, 4397–4416 (2022) 
ores, so visually at least a similar trend as observed in [Si VI ] can
e discerned. 

.2.2 The [Si X ] and [S IX ] lines 

he [Si X ] line is the second strongest coronal line in our spectra and is
ree of blends. Ho we ver, it is located in a region of telluric absorption,
hich is strongest blueward of it. We extracted its profile in 15/18

ingle-epoch spectra (Fig. 9 ). Its rms flux variability (15 per cent) is
ery similar to that of the [Si VI ] core. 

[S IX ] is the weakest near-IR coronal line in our study but was
trong enough to be reliably isolated in 13/18 single-epoch spectra.
t shows a similar variability range to the [S VIII ] line core, with
aximum flux changes by a factor of ∼3 and rms of 31 per cent, but
ithout a clear trend (Fig. 10 ). 

.2.3 Trends in coronal line variability 

s can be seen from Table 3 , the coronal line cores show a slightly
igher degree of variability than that of [S III ] λ9531: rms ≈ 10–
0 per cent for the coronal lines compared with rms = 2.5 per cent
or [S III ]. Figs 6 , 7 , 9 , and 10 suggest that there is a correspondence
etween the measured FWHM and flux of the coronal line cores,
n the sense that as the flux increases, the line becomes broader.
o we ver, this v ariability is not statistically significant and simple
ts for a constant line flux return χ2 

ν = 0 . 27, 0.77, 0.14, and 0.85 for
he [S VIII ], [S IX ], [Si X ], and [Si VI ] line cores, respecti vely. Gi ven
he substantial uncertainties, we cannot make strong statements about
he variability of the narrow line cores. 

It is clear from Figs 6 –8 that most of the variability in the coronal
ine profiles is in the wings of [S VIII ] and [Si VI ]. Flux variations in
he [Si VI ] red wing are statistically significant and we can reject the
ull hypothesis that the variability is purely statistical with greater
han 99.99 per cent confidence. A fit of constant flux to the [Si VI ]
lue wing light curve is poor ( χ2 

ν = 1 . 45), suggesting variability
f the blue wing also, but the variability is less significant than in
he red wing ( p ≈ 0.12). In Fig. 11 , we show the variability of the
Si VI ] and [S VIII ] broad red wings and compare them to those of
he hot dust. Because of the noisier data, trends in the raw [S VIII ]
ed wing light curve (Fig. 7 d) are less clear. We have therefore
inned the light curve to better show the long-term trend, and in
ig. 11 , we show the error-weighted average and standard deviations
rom the mean of consecutive flux points, as indicated. The dust
ight curve is derived from spectroscopic data, with fluxes integrated
 v er a narrow emission line free region near the centre of the H

art/stac2443_f4.eps
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Figure 5. The [S III ] λ9531 emission line in the mean and single-epoch spectra. Left-hand panel: [S III ] emission line profiles isolated from other emission 
lines and the underlying continuum (black). The location of the subtracted contaminating emission lines is indicated with a grey dashed line. The [S III ] profile 
extracted from the mean spectrum is shown in the individual spectra by the thin orange line. In each spectrum, the blue-shaded region was fitted with a single 
Gaussian (red line). Each spectrum is labelled with the observation date in the formats MJD − 57000 and YY/MM/DD. Right-hand panels (a) and (b) show 

variations of the line core flux and FWHM obtained from the Gaussian fit. The error-weighted mean flux and FWHM are shown by the orange dashed lines, and 
the orange shaded regions are the mean ±σ . We plot 1 σ errors. 
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hotometric band (1.55–1.60 μm; Landt et al. 2019 ). We observe a
trong similarity in the shapes of the dust and the coronal line red
ing light curves (particularly [Si VI ]): the fluxes are initially high,
ut weaken substantially during the gap in observations between 
JD 57621 and 57743; the fluxes remain low in the middle of the

ampaign, before a systematic rise from MJD 57882 onwards. 

.3 The black hole mass from near-IR emission line ratios 

odr ́ıguez-Ardila et al. ( 2020 ) presented a no v el method to calculate
lack hole masses using the flux ratio of coronal lines to low-
onization permitted lines (see also Prieto et al. 2022 ). From flux

easurements made by Riffel, Rodr ́ıguez-Ardila & Pastoriza ( 2006 ), 
odr ́ıguez-Ardila et al. ( 2020 ) calculate the flux ratio [Si VI ]/Br γ
 (9.97 ± 0.86)/(16.27 ± 2.0) = 0.61 ± 0.09 from which they 

etermined a black hole mass of 6.7 × 10 6 M �. Considering the total
ux (core + wings) in the [Si VI ] line, we calculate [Si VI ]/Br γ =
25.3 ± 0.9)/(43.3 ± 0.3) = 0.58 ± 0.02 from our mean spectrum, 
hich is consistent within the uncertainties with the value determined 
y Rodr ́ıguez-Ardila et al. ( 2020 ) and therefore gives the same black
ole mass. Therefore, although the absolute fluxes of the lines differ
y more than a f actor tw o between the 2002 IRTF spectrum of Riffel
t al. ( 2006 ) and our 2016–17 mean spectrum, the flux ratio has not
hanged, as one would expect if the flux ratio reflects the black hole
ass. 
We note that using the [Si VI ] core flux only results in the flux

atio = 0.31 ± 0.01 and so the estimated black hole mass is
pproximately four times greater at 2.6 × 10 7 M �, much closer to the
.2 × 10 7 M � obtained by Pancoast et al. ( 2014 ) via reverberation
apping. The mass obtained from the total [Si VI ] line flux is 0.66 dex

iscrepant with the Pancoast et al. ( 2014 ) estimate, whereas the mass
rom the core flux is only 0.09 dex discrepant. These compare with
 0.44 dex scatter in black hole mass reported by Rodr ́ıguez-Ardila
t al. ( 2020 ) for their scaling relation. 

 P H OTO I O N I Z AT I O N  M O D E L S  

GN coronal lines are thought to be photoionized by the soft X-ray
uclear continuum. Since ionic species are most ef fecti vely produced
y photons with energies just abo v e their ionization potentials, the
ux ratios of lines with different ionization potentials will depend 
n the shape of the ionizing SED. The shape of the ionizing
ED depends not just on the properties of the accretion flow (the
lack hole mass, accretion rate, electron temperature and optical 
epths of the warm and hot coronae, etc.) but also on extrinsic
actors such as obscuration of the ionizing source by gas and dust.
his is of particular rele v ance in studies of NGC 5548 in which a
ersistent obscurer, first reported by Kaastra et al. ( 2014 ), strongly
bsorbs the nuclear soft X-ray emission along certain lines of sight.
aastra et al. ( 2014 ) described the obscurer as a persistent, clumpy,

onized gas outflow on scales of only a few light-days from the
ucleus. Dehghanian et al. ( 2019 ) interpreted it as the upper, line-
f-sight component of an accretion disc wind; the wind originates 
nterior to the BLR and its dense base shields the BLR from the
uclear continuum source. We know that this obscurer was present 
uring the 2016–17 near-IR spectroscopic campaign because of the 
MNRAS 516, 4397–4416 (2022) 
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Figure 6. The [Si VI ] coronal line in the mean and single-epoch spectra. Left-hand panel: [Si VI ] emission line profiles isolated from other emission lines and 
the underlying continuum (black). The locations of the contaminating emission lines are indicated with grey dashed lines; the rest-frame velocity of the coronal 
line is indicated by the magenta dotted line. The [Si VI ] profile extracted from the mean spectrum is shown in the individual spectra by the thin orange line. 
In each spectrum, the light blue shaded region was fitted with a single Gaussian (red line). Each spectrum is labelled with the observation date in the formats 
MJD − 57000 and YY/MM/DD. Right-hand panels (a) and (b) show the flux and FWHM (in km s −1 ) of this Gaussian. The error-weighted mean flux is shown 
by the orange dashed line, and the orange shaded region spans the mean ±σ . Panels (c) and (d) show the excess flux abo v e the fitted Gaussian on the blue 
and red sides of the line centre, respectively. The excess fluxes which were integrated are shaded blue and pink in the left-hand panel. All fluxes are in units 
10 −15 erg s −1 cm 

−2 . We plot 1 σ errors. 
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ow-flux state NGC 5548 was observed in and the presence of per-
istent, broad He I 1.08 μm absorption associated with the obscurer
Wildy et al. 2021 ). 

Mehdipour et al. ( 2015 ) presented two SEDs based on 2013–14
-ray observations: one seen through the obscurer, and the intrinsic
uclear SED. We show these SEDs in Fig. 12 , where we also mark
he ionization potentials of the near-IR coronal lines. Clearly, the
oronal line emission would be strongly affected by the obscurer if
t intervenes between the coronal line gas and the X-ray source. We
o not know a priori the location of the coronal line emitting gas,
nd therefore we can explore whether the line emission predicted
y the obscured or unobscured SED better match our observations.
herefore, we used both SEDs in the photoionization code CLOUDY

v17; Ferland et al. 2017 ) to make predictions about the resultant
ine emission. 

.1 The CLOUDY parameter region 

e used the fluxes of the coronal line cores reported in Table 2 , 1 

nd calculated the equi v alent widths (EWs) of the lines relative to
he 1215 Å continuum flux of the Mehdipour et al. ( 2015 ) SEDs.
ubsequently, we searched the parameter space for regions which
NRAS 516, 4397–4416 (2022) 

 For [S VIII ] and [Si VI ] these are the line core fluxes (excluding the wings). 

l  

c  

a

eproduced the observed emission line EWs within uncertainties of
30 per cent. Because we expect that the [S III ]-emitting gas is not

ospatial with the coronal line gas, the CLOUDY predictions for [S III ]
mission can be used to discriminate between models. For example,
egions that predict substantial [S III ] emission or o v erpredict the
bserved flux may be ruled out as potential sites for the coronal line
as. On the other hand, regions that produce little or no [S III ] are
till viable, since this emission line flux could come from elsewhere.
e additionally considered the EWs of the optical Fe coronal lines

Section 3.3 ) to aid our search. We note that these lines were
easured in a spectrum from 2015 March and are therefore non-

ontemporaneous with our near-infrared data from 2016–17. Flux
ariability of a factor ∼2 was seen in the [Fe VII ] lines o v er ≈5 yr
Landt et al. 2015b ). Gi ven this le vel of intrinsic variability (and some
ncertainty in the absolute flux scaling of the optical spectrum), we
easonably expect the optical coronal lines to have fluxes within a
actor ≈2–3 of those we measured in the 2015 spectrum. 

Our CLOUDY models are ‘luminosity cases’ similar to the studies
f Ferguson et al. ( 1997 ) and Baldwin et al. ( 1995 ). This means
hat we have used the obscured and unobscured SEDs with their
orresponding bolometric luminosities estimated by Mehdipour
t al. ( 2015 ). In particular, for the unobscured case, the bolometric
uminosity is log ( L bol / erg s −1 ) = 44 . 2, whereas, for the obscured
ase, it decreases to log ( L bol / erg s −1 ) = 43 . 5. Below, we compare
ll results to the observed values of the coronal lines from the 2016–
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Figure 7. The [S VIII ] coronal line in the mean and single-epoch spectra. Description as in Fig. 6 . 

Figure 8. The variability of the [Si VI ] and [S VIII ] coronal line profiles. All extracted profiles are shown in grey and the mean line profiles in orange. An epoch 
with strong (weak) wings is highlighted in blue (red). The single-epoch [S VIII ] profiles have been smoothed slightly for clarity. 
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7 campaign of Landt et al. ( 2019 ). While a three-year time span
etween the SEDs and the coronal lines probably slightly affects the 
esults, it is also possible that the SEDs were quite different in 2016,
hich would lead to very different predictions. For this reason, we 

hoose not to fine-tune the CLOUDY results, and we only propose 
hem as a possible solution while we emphasize the importance of
he approach. For the future application of the method, it would be
eneficial to measure both the emission lines and ionizing continuum 

n the same time period. 
Another source of uncertainty is the column density: the hydrogen 

olumn density of the possible coronal line emitting cloud is 
nknown. The stopping criteria for the CLOUDY models is set to be the
olumn density of the cloud, which is assumed to be log ( N H /cm 

−2 ) =
3 during most of our calculations. This is a typical value assumed
or the coronal line emitting regions; ho we ver, it is not measured
nd can be a different value, so we have also created some models
sing log ( N H /cm 

−2 ) = 22 and 22.5. The cloud has an ionization
tructure with the highest ionization lines forming near its illuminated 
ace and the lowest ionization lines forming near the shielded face.
ecreasing the column density of the cloud will not dramatically 

ffect the higher ionization lines but will reduce the intensity of the
ow-ionization lines. To check this claim, we created two obscured 

odels with different column densities (log [ N H /cm 

−2 ] = 22 and 23)
nd a similar hydrogen density of log ( n H /cm 

−3 ) = 5. Both clouds
ere located at the same distance of log ( R /cm) = 18. The CLOUDY

alculations indeed show that decreasing the column density by 1 dex
from log [ N H /cm 

−2 ] = 23 to 22) reduces the EW of high ionization
ines only by 15–30 per cent, while the low ionization lines become at
east 60 per cent weaker. Therefore, we think that the variation of the
olumn density does not strongly affect the high-ionization lines but 
MNRAS 516, 4397–4416 (2022) 
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Figure 9. The [Si X ] coronal line in the mean and single-epoch spectra. Description as in Fig. 5 . 

Figure 10. The [S IX ] coronal line in the mean and single-epoch spectra. Description as in Fig. 5 . 
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Near-IR coronal lines in NGC 5548 4409 

Figure 11. Top: The H band (1.55–1.60 μm) dust flux, from Landt et al. 
( 2019 ). Middle and bottom: The [Si VI ] and [S VIII ] broad red wing fluxes, 
from this work. We have binned [S VIII ] measurements from consecutive 
epochs and plot the error-weighted averages and standard deviations. All 
fluxes are normalised to their mean value. 

Figure 12. The unobscured and obscured SEDs of NGC 5548 (Mehdipour 
et al. 2015 ) are shown as solid black and red lines, respectively. Dotted green 
lines indicate the ionization potentials ( χ ) of the low-ionization lines (LIL) 
H I , [Fe II ], and [S III ]. Dashed magenta lines show the ionization potentials 
of the coronal lines (CL), ranging from 166.8 eV for [Si VI ] to 351.1 eV for 
[Si X ] (see Table 1 ). 
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oes impact on the low-ionization lines. It is worth mentioning that 
ests have shown that the cloud can be highly ionized in some cases.
n such cases, the temperature at the illuminated face of the cloud
ets very high ( > 10 6 K in some cases), resulting in almost no near-IR
nd UV high-ionization lines being produced at the illuminated face. 
n those cases, the EWs of all coronal lines will significantly change
y varying the column density. 
Fig. 13 shows the results for the models with log ( N H /cm 

−2 ) = 23.
he obscured case is shown in plots 13 (a) and (b), and the unobscured
ase is shown in plots (c) and (d). Plots (a) and (c) illustrate how the
W of each near-IR coronal line (and also [S III ]) depends on the

ocation (vertical axis) and the hydrogen density (horizontal axis) 
f the cloud. The lower-right-hand panel in these plots shows the 
ontours for [S VIII ] and [Si VI ] o v erlaid. Plots (b) and (d) show the
ontours for the optical coronal lines ([Fe VII ] λ3759, [Fe X ] λ6374,
nd [Fe XI ] λ7892). The lower-right hand panels of this series of plots
ave been created using the approach introduced by Dehghanian et al. 
 2020 ). In these panels, each coloured line shows the observed value
f one specific coronal line. By tracing these lines, one might be
ble to find the place where they (almost) cross o v er each other. The
rosso v er point would indicate the location and the density of the
loud that produces the observed line strengths. 

.2 Solution for the coronal line cores 

onsidering Fig. 13 , we ran o v er a hundred location-density points
or three column densities of log ( N H /cm 

−2 ) = 22, 22.5, and 23.
ables 5 and 6 show some of the results from the mentioned CLOUDY

imulations. We mainly selected those clouds that produce zero to 
ne hundred per cent of near-IR coronal lines within a reasonable
ange of uncertainty (a tolerance of ≈30 per cent). Models 3 and 5
 v erproduce [S VIII ] beyond this uncertainty, but are still presented
n the table since they produce the right amount of [Si VI ]. 

Regarding the optical coronal lines ([Fe II ], [Fe VII ], and [Fe X ]), as
xplained in Section 5.1 , since we lack contemporaneous measures 
f these lines we search for models that agree with the observed
alues to within a factor ≈2–3. 

As both tables indicate, there is not a single location-density 
olution for which the cloud produces all of the observed coronal
ines, implying that we must be seeing emission from different 
egions. By comparing the models, we note that while [S VIII ] and
Si VI ] are produced by the same cloud, [S IX ] and [Si X ] are emitted
y different cloud(s). Also, since we could find more solutions in
he obscured case, it is most likely that the coronal line regions saw
he photonionising source through the obscurer during this near- 
R spectroscopic campaign. Ho we ver, it is also possible that the
ontinuum source was unobscured to some coronal line production 
ites (i.e. the coronal line gas was located between the obscurer and
he source), but obscured at other locations (i.e. the gas was located
etween the obscurer and the observer). The CLOUDY simulations 
ndicate that models 3 (or 5) and 7 are most likely responsible for
roducing the observed values of the near-IR coronal line cores. In
his scenario, cloud 7 produces almost all of the [Si X ], while cloud
 (or 5) produces [S VIII ], [S IX ], and [Si VI ]. Model 4 is also a good
hoice to produce the right amount of [S VIII ] and [Si VI ], ho we ver
his cloud does not produce enough [S IX ]. 

In general, it is difficult to produce sufficient [Si X ] emission
ithout underestimating the emission from the other near-IR coronal 

ines. Furthermore, the [Si X ] region requires on average a gas density
educed by a factor of ∼1000 (and a somewhat larger distance from
he central continuum source). 

.3 Solution for the coronal line wings 

he values listed in Tables 5 and 6 are fluxes relative to the mean flux
f the narrow emission line cores. In our mean spectrum, the wings of
S VIII ] and [Si VI ] are 62 ± 11 and 95 ± 7 per cent of the core fluxes,
espectively. The ideal model to explain the coronal line wings will
herefore produce a flux in [S VIII ] equi v alent to ≈62 per cent of its
ore flux, a flux in [Si VI ] equi v alent to ≈95 per cent of its core flux,
nd 0 per cent of the core flux of all of the other lines (none of which
isplay wings). For the unobscured SED, we find a solution (model
, Table 6 ) at a radius log ( R /cm) = 17.25 that produces fluxes in
Si VI ] and [S VIII ] that are v ery similar to the observ ed flux es in
he broad wings of these lines. The model predicts a flux equi v alent
o 94 per cent of the narrow core flux of [Si VI ] will be produced at
his location (precisely what we measure for the flux in the wings
n the mean spectrum). It also predicts an equi v alent of 92 per cent
f the [S VIII ] flux will be produced here (an o v erprediction, since
e measure 62 per cent). Furthermore, no [Si X ] and very little [S IX ]

mission (equi v alent to 3 per cent of the core flux) are produced in
his region. Model 8 is therefore a near-ideal solution for the coronal
MNRAS 516, 4397–4416 (2022) 
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Figure 13. CLOUDY simulations for the four near-IR coronal lines, three optical coronal lines and [S III ] λ9530. Plots (a) and (c) (plots [b] and [d]) show the 
radius and density of the S and Si (Fe) line-emitting gas. Contours trace the equi v alent widths (EWs) of the emission lines with respect to the continuum at 
1215 Å. The blue dashed line shows the ionization parameter log U = 1 in the parameter space. Plots (a) and (b) have been calculated using the obscured SED; 
plots (c) and (d) using the unobscured SED. The bottom right-hand panels in plots (a) and (c) show an o v erlay of the contours for [S VIII ] and [Si VI ] (the two 
coronal lines which exhibit wings) for easier comparison. The bottom right-hand panels in plots (b) and (d) show the EW contours corresponding to the observed 
fluxes of the optical coronal lines in a single panel. 

Table 5. A comparison of CLOUDY coronal line flux predictions to the observed values in the obscured case. 

Coronal line Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 
N H = 10 23 N H = 10 22 N H = 10 22.5 N H = 10 22.5 N H = 10 22.5 N H = 10 23 N H = 10 22 

R = 10 17.3 R = 10 16.3 R = 10 16.6 R = 10 16.7 R = 10 16.6 R = 10 17.6 R = 10 18 

n H = 10 7.4 n H = 10 8 n H = 10 8.3 n H = 10 8.3 n H = 10 8.2 n H = 10 7.5 n H = 10 4.5 

(1) (2) (3) (4) (5) (6) (7) (8) 

[S VIII ] 0.9914 μm 70 % < 1 % 151 % 118 % 167 % 3 % < 1 % 

[S IX ] 1.2520 μm 7 % 2 % 46 % 23 % 64 % < 1 % 4 % 

[Si VI ] 1.9625 μm 129 % 0 % 81 % 79 % 90 % 58 % < 1 % 

[Si X ] 1.4300 μm < 1 % 39 % 5 % 2 % 12 % 0 % 81 % 

[Fe VII ] 3759 Å 78 % < 1 % 19 % 18 % 23 % 20 % < 1 % 

[Fe X ] 6374 Å 23 % 97 % 188 % 77 % 309 % < 1 % 212 % 

[Fe XI ] 7892 Å < 1 % 81 % 10 % 3 % 20 % < 1 % 167 % 

Note . The columns are: (1) Ion and wavelength of the near-infrared transition; (2)–(8) the percentage of the observed flux predicted by 
different CLOUDY models. For [S VIII ] and [Si VI ] the percentages are relative to the line core fluxes (excluding the wings). 
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Table 6. A comparison of CLOUDY coronal line flux predictions to the 
observed values in the unobscured case. 

Coronal line Model 8 Model 9 Model 10 
N H = 10 23 N H = 10 23 N H = 10 23 

R = 10 17.25 R = 10 16.2 R = 10 17.55 

n H = 10 9.5 n H = 10 4.4 n H = 10 6.3 

(1) (2) (3) (4) 

[S VIII ] 0.9914 μm 92 % 0 % < 1 % 

[S IX ] 1.2520 μm 3 % < 1 % < 1 % 

[Si VI ] 1.9625 μm 94 % 0 % 0 % 

[Si X ] 1.4300 μm 0 % 58 % 110 % 

[Fe VII ] 3759 Å 8 % 0 % 0 % 

[Fe X ] 6374 Å 3 % 5 % 10 % 

[Fe XI ] 7892 Å < 1 % 13 % 35 % 

Note. The columns are: (1) Ion and wavelength of the near-infrared transition; 
(2)–(4) the percentage of the observed flux predicted by different CLOUDY 

models. For [S VIII ] and [Si VI ] the percentages are relative to the line core 
flux es (e xcluding the wings). 
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Figure 14. A cartoon of the possible geometry of the nucleus in NGC 5548. 
A wind (Dehghanian et al. 2019 ) is launched from the disc: its dense base (the 
‘obscurer’ in dark grey) partly shadows the BLR (light green clouds). The 
less dense streamlines of the wind (light grey) extend to large distances. Gas 
producing the narrow cores of the coronal lines (magenta clouds labelled ‘C’) 
is located just inside of the standard NLR (light blue clouds). The outflowing 
coronal line gas may be accelerating, as indicated by the magenta arrows. 
The blue and red wings seen on the [S VIII ] and [Si VI ] coronal lines (marked 
with the blue and red ‘W’, respectively) may be produced on the inner face 
of the torus. The torus may partially block our view of the gas producing the 
blue wing. 
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ine wings. Model 1 in the obscured case (Table 5 ) has some similar
roperties to model 8: it is at a similar radius (log [ R /cm] = 17.3), and
roduces substantial [S VIII ] and [Si VI ] emission, with little [S IX ]
nd [Si X ]. Ho we ver, more Fe coronal line emission is produced
n this model compared with model 8: ≈78 per cent of the observed
Fe VII ] λ3759 and ≈23 per cent of the observed [Fe X ]. Interestingly,
he radius of both of these coronal line emitting clouds log ( R /cm) ≈
7.3 or 70 light-days, which is exactly the radius of the inner torus
s determined from the hot dust reverberation lags by Landt et al.
 2019 ). Ho we ver, the coronal line gas density in the unobscured case
s similar to what is expected for the dusty torus material, whereas it
s a factor of ∼100 lower in the obscured case. We discuss this case
urther in Section 6.2 . 

 DISCUSSION  

e have performed an in-depth study of the near-IR coronal lines in
GC 5548, making use of spectroscopic data recorded o v er a year
ith a roughly weekly cadence. We were able to study not only the

ine profile shapes but the changes in line shapes and fluxes. We
ave shown that two of the coronal lines ([S VIII ] and [Si VI ]) have
rominent broad wings as well as narrow cores, whereas only narrow 

ores are evident on the other two coronal lines. Whilst the narrow
ine cores are persistent and clearly detected in all spectra, the wings
re highly variable; the flux in the wings is comparable to the flux in
he line cores in some epochs, and in other epochs the wings are barely
isible. In the case of [Si VI ], it is clear that most of the variability
n the line profile is in the wings. Broadly speaking, there must be
t least two coronal line regions in NGC 5548: one that produces
he persistent, narrow cores of all four coronal lines and another 
presumably more compact) region in which the conditions fa v our 
he production of [S VIII ] and [Si VI ] emission which we observe as
he broad, variable wings. 

The existence of multiple sites of coronal line emission in AGN has 
een proposed before based on comparisons between Seyfert type 1 
nd type 2, but never before shown for a single object. Murayama &
aniguchi ( 1998 ) reported excess [Fe VII ] λ6087 emission in Seyfert
 nuclei compared with Seyfert 2s, implying that some coronal line 
mission occurs interior to the dust torus (and so can be seen only in
eyfert 1s) and some coronal line emission occurs beyond the torus.
hey proposed three main coronal line regions: the inner face of the
ust torus, highly ionized clumps of gas in the NLR, and a further,
 ery e xtended re gion on kpc scales. We take up this interpretation
or the coronal line regions in NGC 5548 in more detail below and
ketch it in Fig. 14 . 

.1 The coronal line cores 

n Section 3.1 , we carefully analysed the emission line profiles in
he high S/N mean spectrum. In addition to the four near-infrared
oronal lines, we also measured the low-ionization forbidden line 
S III ] λ9531. In comparison to [S III ], the cores of all four coronal
ines are broader (ranging from FWHM ≈ 550–750 km s −1 ) and
re blueshifted with respect to it by ≈120–380 km s −1 (Fig. 3 ).
he greater widths and blueshifts of the coronal lines with respect

o the low-ionization forbidden lines are commonly seen in AGN 

pectra and were reported in early studies (e.g. Grandi 1978 ; Pelat,
lloin & Fosbury 1981 ). This implies that the coronal lines are
roduced in different gas to the standard NLR responsible for the
mission from low-ionization species such as [S III ] and [O III ]. This
s consistent with the idea that the coronal line emitting gas is part of
n outflowing wind on scales more compact than the standard NLR.
ur measurements of the coronal line cores o v er the duration of the

ampaign indicate that they are only weakly variable, if at all. In
ection 4.2.3 , we noted a positive relationship between the FWHM
nd flux o v er time in the single-epoch measurements of the line
ores. This trend (if real) could be explained if the gas producing
he broadest part of the line profiles is more compact (and varies

ore rapidly) than the gas producing the more persistent narrow 

ores of the lines. Ho we ver, in our data, the same FWHM-flux trend
an alternatively be explained by the movement of the underlying 
ontinuum within its uncertainty range, so we cannot draw any strong
onclusion on this point. In any case, the weakness of the variability
s consistent with a geometry in which the majority of the flux in the
oronal line cores is emitted at radii � 1 light-year and therefore the
ine cores have a variability time-scale longer than we can probe with
his data. Then, considering both the profile widths and variability 
roperties, we may deduce that the coronal line cores are produced
MNRAS 516, 4397–4416 (2022) 
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M

Figure 15. Orbital velocity as a function of radius for a black hole of mass 
3.2 × 10 7 M �. The black hole’s sphere of influence extends up to log ( R /cm) 
≈ 19.1. We indicate radii of the H β BLR (green: Pei et al. 2017 ); hot dust 
(red: Landt et al. 2019 ); and [O III ] NLR (cyan: Peterson et al. 2013 ). H and 
K band lags attributed to the outer accretion disc (dark red: Landt et al. 2019 ) 
suggest that the disc e xtends be yond its self-gravity radius (blue: Gardner & 

Done 2017 ). The X-ray obscurer (the base of a disc wind) must be interior 
to the BLR (Dehghanian et al. 2019 ). The stellar velocity dispersion of the 
bulge was measured to be σ� = 183 km s −1 (Ferrarese et al. 2001 ). 
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t a characteristic radius 18 � log ( R /cm) � 18.5 from the nucleus,
 scale intermediate between the BLR and NLR (Fig. 15 ). 

Although the widths and shifts of the four coronal line cores have
ommon characteristics (being broader and blueshifted with respect
o [S III ]), they are not identical. It is likely that the lines are not
mitted entirely cospatially and different coronal lines originate in
ifferent parts of the outflow. Our photoionization simulations with
LOUDY (Section 5 ) also strongly suggest this, since we do not find
ny single cloud that can account for all of the observed lines. In the
ean spectrum, [S IX ] was found to be the narrowest coronal line

FWHM = 554 ± 24 km s −1 ) and [S VIII ] the broadest (FWHM =
37 ± 39 km s −1 ). Consistent with previous studies (e.g. Pelat et al.
981 ; Filippenko & Halpern 1984 ; Penston et al. 1984 ; De Robertis &
sterbrock 1986 ; Ferguson et al. 1997 ; Rodr ́ıguez-Ardila et al. 2011 ),
e found a trend of increasing FWHM with the ionization potential
f forbidden emission lines (Fig. 4 ). 2 Rodr ́ıguez-Ardila et al. ( 2011 )
oted that this trend extended up to χ ≈ 300 eV, above which the
WHM of lines decreased or plateaued, which is what we observe

n Fig. 4 : [Si X ] ( χ = 351.1 eV) is no broader than [S VIII ] ( χ =
81.0 eV) and [S IX ] ( χ = 328.8 eV) is narrower than [S VIII ]. Since
S VIII ] has the highest critical density of the lines studied here,
ome of its emission may arise from higher density gas nearer to
he nucleus where orbital motions are greater. In this picture, it is
herefore expected that [S VIII ] will be the broadest coronal line, as we
bserve. This result suggests a degree of stratification of the coronal
ine emitting gas. 

Pelat et al. ( 1981 ) found a relationship between line width and
onization potential, as well as line width and velocity shift, with
he general trend that higher-ionization lines were broader and more
trongly blueshifted. We see such a trend to first order (the coronal
ines are broader than, and blueshifted with respect to, [S III ]);
o we ver, the re verse trend is seen within the coronal line sequence:
NRAS 516, 4397–4416 (2022) 

 Contrary to Filippenko & Halpern ( 1984 ), we observe a weaker relationship 
etween emission line FWHM and critical density, as can be seen in Fig. 4 . 

t  

o  

p  

c  
he lowest-ionization coronal line [Si VI ] has the greatest blueshift
Fig. 4 ). The [S VIII ], [S IX ], and [Si X ] lines have centroid shifts that
re consistent within error, with a mean and standard deviation of
125 and 9 km s −1 , respectively; the [Si VI ] line has a significantly

reater shift of −383 ± 10 km s −1 . This difference in blueshifts
s real, and not the result of a systematic error in the wavelength
alibration at the red end of our spectra: we assessed the centroid
hifts of the low-ionization [Fe II ] 1.644 μm line near to [Si VI ] and
id not find any significant shift of this line. Therefore, the kinematics
f the [Si VI ]-emitting gas appear to be different to that of gas emitting
he other three coronal lines. Ferguson et al. ( 1997 ) noted that their
hotoionization models predicted that lower-ionization coronal lines
[Ne V ]–[Si VII ]) would form in more extended gas than the high-
onization lines. We see this trend in our CLOUDY simulations, in
hich the contours of [Si VI ] are displaced to larger radii compared
ith the other coronal lines (see the comparison of [S VIII ] and [Si VI ]

ontours in Fig. 13 ). We also find that the core of the [Si VI ] line is
arrower than that of [S VIII ] and [Si X ], which (if interpreting the
ine widths as orbital motion) would also imply its emission occurs
t typically larger radii. If the [Si VI ]-emitting gas is located at larger
adii and greater velocities than the rest of the coronal line gas,
his implies that the gas is part of an accelerating outflo w. Outflo ws
hich accelerate from the nucleus to distances of ∼100 pc have
een observed in several other AGN (e.g. Crenshaw et al. 2000 ;
renshaw & Kraemer 2000 ; M ̈uller-S ́anchez et al. 2011 ) . 
Our photoionization simulations appear to predict a very compact

rigin for the coronal line cores (Section 5.2 ). CLOUDY models 3 or
 produce approximately the same fluxes as we observe in the cores
f the [S VIII ], [Si X ], and [Si VI ] lines, and the location of the line-
mitting gas in these solutions is log ( R /cm) = 16.6, a similar scale to
he BLR or outer accretion disc (see Fig. 15 ). The widths of the lines
o not necessarily reflect Doppler broadening by virial motion of the
mitting gas; instead, the lines may be broadened by gas turbulence,
s is the case in coronal line nov ae. Ho we ver, the blueshifts of the
oronal lines strongly suggest that the emitting gas is outflowing. It
s then reasonable to assume that the outflow is launched from the
otating accretion disc. In this case, we would expect the gas to have
 large amount of rotational as well as radial motion, and for this to
e evident in the widths of the emission lines. 
The CLOUDY simulations also suggest that the three coronal lines

S VIII ], [S IX ], and [Si VI ] may be produced in the same cloud (either
 or 5), and [Si X ] is produced in another cloud (7). Ho we ver, the most
bvious difference in the coronal line core profiles is the much greater
lueshift of [Si VI ] with respect to the other lines. This suggests that
Si VI ] emitting gas is kinematically (and spatially) distinct from the
as producing the other three coronal lines, or alternatively, has an
dditional component not seen in the other lines, which would not
e accounted for in our CLOUDY solutions. 
Landt et al. ( 2015b ) determined greater distances for the coronal

ine gas in NGC 5548 than implied here. Based on measurements of
he optical and X-ray coronal lines, they calculated that the coronal
ines were produced in a low-density gas (log [ n e /cm 

−3 ] ∼ 3) at
og ( R /cm) ≈ 18.9 ( ≈8 light-years). This distance is approximately
oincident with the [O III ] λ5007 NLR and is just within the black
ole’s gravitational sphere of influence (see Fig. 15 ). In spite of the
imilar size scale to the NLR, Landt et al. ( 2015b ) proposed that the
oronal line region w as lik ely to be an independent entity because
f its high ionization parameter ( U ∼ 1). The modest variability of
he coronal line cores and their relatively narrow widths imply their
rigin in gas interior to the standard NLR (log [ R /cm] � 18). The
hotoionization simulations in Section 5.2 suggest an even more
ompact coronal line region at log ( R /cm) = 16.6. It can be seen
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rom Tables 5 and 6 that CLOUDY generally predicts much higher 
as densities (log [ n H /cm 

−3 ] ∼ 7–9) than calculated by Landt et al.
 2015b ). Our results are not necessarily at odds with those of Landt
t al. ( 2015b ) since they derived physical parameters from optical and
-ray coronal lines, whereas we do so for the near-IR coronal lines.
ince emission lines form wherever the conditions allow them to do 
o, it is likely that different coronal lines trace clumps of differing
ensity, thus mapping out the outflowing wind that produces them. 
In summary, the kinematics inferred from the narrow line profile 

idths suggest that the coronal line cores are emitted in an accel-
rating wind just interior to the low-ionization NLR. However, at 
dds with this interpretation, we did not find photoionization model 
olutions consistent with it, although there are a number of limitations 
o this modelling, as mentioned earlier. Therefore, it is possible 
hat the line widths are not produced by virial motion within the
lack hole’s gravitational field, but rather indicate radial motion as 
n the ejecta of classical novae during their coronal line phase (e.g.
reenhouse et al. 1990 ; Woodward et al. 2021 ). 

.2 The coronal line wings 

efore proceeding, it is worth considering whether the flux excesses 
een near [Si VI ] and [S VIII ] (their ‘wings’), and the apparent
ariability of these features, could alternatively be explained by other 
pectral components unrelated to the coronal lines (i.e. the continuum 

r the blended broad emission lines). We have incorporated the 
ncertainty on the placement of the continuum (assumed to be locally 
inear) in our flux measurements, and the variability of the excess flux
edward of [Si VI ] is still highly significant; therefore, we can rule out
he excess flux changes being due to the imperfect subtraction of a
smooth) continuum. Of course, the shapes of these flux excesses do 
ot look like parts of a smooth continuum, and it does not seem likely
hat the variations could be due to variations in unexplained, local 
eatures in the continuum, either. As the spectral decomposition by 
andt et al. ( 2019 ) showed, the continuum beneath [S VIII ] 0.9914 μm

s dominated by the accretion disc, whereas the continuum beneath 
Si VI ] 1.9650 μm is dominated by emission from the hot dust. So,
ven if it were the case that the wings are in fact continuum features,
his interpretation requires there to be some physical link between 
he disc and dust emission at the specific wavelengths 0.9914 and 
.9650 μm, respectively, which creates the similarly shaped and 
imilarly varying flux excesses. So, we do not think it likely that the
ppearance and variability of these features can be attributed to the 
ust or disc continua. 
The other possibility is that these spectral and temporal features 

re caused by the imperfect deblending of the coronal lines from the
road emission lines. We used the mean Pa β profile as a (scaled)
emplate for all of the broad hydrogen lines in our extraction of
he coronal line profiles from the single-epoch spectra (Section 3.2 ). 
herefore, any deviations of the broad lines from the average profile 
hape can cause features in the residuals which we may attribute to
he coronal lines. In the case of [Si VI ], such an effect is likely to
e relatively minor. Our spectral decomposition of the high-S/N 

ean spectrum around that line (Fig. 2 ) indicates that Br δ and
articularly Pa α are very weak features beneath [Si VI ]. The flux
n Br δ beneath the [Si VI ] red wing is ≈6 × 10 −15 erg s −1 cm 

−2 , less
han the average flux in the red wing itself (8.7 × 10 −15 erg s −1 cm 

−2 ).
he flux variations we attribute to the [Si VI ] red wing are of the
rder 10 × 10 −15 erg s −1 cm 

−2 . So, if this variability were actually
ominated by variations in Br δ it would require incredibly large 
hanges in the red wing of Br δ. We would then expect to see
oncomitant changes in the other broad hydrogen line profiles, which 
e do not. So it appears that both Br δ and Pa α are too weak in this
art of the spectrum to satisfactorily explain the changes we see in
he flux e xcess. Relativ ely minor changes in the broad Pa δ profile
ould more plausibly induce a feature that we mistake for [S VIII ]
mission. But, in this interpretation, it is then a coincidence that
his flux excess on the blue shoulder of Pa δ appears at just the
ight location to give the appearance of a red wing on [S VIII ], with
 similar shape and scale to the excess around [Si VI ] (which sits
n the red wing of Br δ). Additionally, if our deblending method
id not generally work well, it is curious that we do not observe
n y e xcess flux around [S IX ] (which is blended with broad P a β).
his similarity in the profile shapes and light curves of the [S VIII ]
nd [Si VI ] wings actually strengthens our preferred interpretation 
f these flux excesses as coronal line emission, since our CLOUDY

imulations demonstrate that emission from both [S VIII ] and [Si VI ]
an be produced by the same gas cloud, on ∼light-month scales
rom the nucleus. We therefore conclude that the observed excess 
mission around the [S VIII ] and [Si VI ] lines (and the variability of
hese features) is genuinely associated with those lines. 

It is then intriguing that we see broad wings on two of the near-IR
oronal lines ([S VIII ] and [Si VI ]) but not on the other two ([S IX ] and
Si X ]). Since we observe wings on one sulphur and one silicon line,
he absence of wings on some lines cannot simply be related to the
bsence of that element at that location (for example, if silicon were
epleted on to dust). Our CLOUDY models show that the appearance 
f these wings may be explained by photoionization: we observe 
ings on the two coronal lines with the lowest ionization potentials

imply due to the combination of bolometric luminosity of the central
ource and the gas density of the coronal line emitting gas. Models 8
nd 1, which we described in Section 5.3 , are appealing because they
xplain a number of observed properties. CLOUDY predicts emission 
rom [Si VI ] and [S VIII ] emission at similar fluxes to those we observe
n the wings occurring at log ( R /cm) ≈ 17.3. Additionally, very little
S IX ] and [Si X ] emission is produced at this location, explaining the
bsence of wings on these two lines. In model 8 none of the other
ines we have assessed ([S III ] or the optical Fe coronal lines) are
trongly emitted, either. Since we observe strong variability in the 
ings as they disappear and reappear over the year-long campaign, 
e can infer that the emission must arise on ∼light month scales; the

adius log ( R /cm) ≈ 17.3 equates to ≈70 light-days so the implied
patial scale is consistent with the observed variability time-scale. 
s can be seen in Fig. 15 , orbital motions of a few thousand km s −1 

re expected at this radius, which would explain the observed extents
f the wings in velocity. A value of 70 light-days is also the precise
adius of the inner edge of the torus determined by Landt et al. ( 2019 )
ia the reverberation of the dust in response to the optical accretion
isc emission. The strong similarity in the shapes of the [Si VI ] wing
nd hot dust light curves (Fig. 11 ) means that the two will have
imilar reverberation lags and so it is likely that the hot dust and
oronal line wings are emitted at the same radius from the nucleus. 

It is clear from Figs 3 and 8 that the broad coronal line wings
re much more prominent on the red side of the core than on the
lue side. If the wings are indeed produced in a wind launched off
he inner edge of the torus, then the torus may be inclined such
hat our view of the approaching gas is blocked, and we see mostly
he receding gas on its far side (see Fig. 14 ). A similar geometry
as also proposed by Glidden et al. ( 2016 ) to explain observations
f coronal line forest AGN (see their figure 1). Pier & Voit ( 1995 )
roposed that AGN coronal line emission would originate in an X-
ay heated wind e v aporated from the inner edge of the dust torus,
nd this was one of the main sites of coronal line production outlined
y Murayama & Taniguchi ( 1998 ). Our findings are consistent with
MNRAS 516, 4397–4416 (2022) 
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hese schemes. Ho we ver, our chosen model is problematic in that
he torus must see the unobscured SED, yet the obscurer is located
etween the torus and the X-ray source (see e.g. figure 4 of Kaastra
t al. 2014 ). A possible solution is that, if the obscurer is an extended
tream or wind, it presents a much higher column density along our
ine of sight than toward the torus. In any case, the torus emission
s not sensitive to the obscurer since it is heated mainly by the
V/optical nuclear emission and the obscurer is transparent at these
avelengths (Dehghanian et al. 2019 ). But the coronal lines can very
ell differentiate between the obscured and unobscured SED through

onstraints on the gas density. The value of log ( n H /cm 

−3 ) ∼ 9 in the
nobscured case (model 8) is what is expected of the material in the
usty torus. 
Whilst the shapes of the [Si VI ] wing and hot dust light curves are

trikingly similar (Fig. 11 ), it is noteworthy that the amplitude of the
Si VI ] wing variability is substantially greater than that of the dust.
he wing varies by more than an order of magnitude whereas the dust
ux variations are only at the ±25 per cent level. Stronger variability
f the coronal lines in NGC 5548 compared with the dust on time-
cales of several years was also reported by Landt et al. ( 2015b ).
his behaviour is expected if the coronal line wing emission varies
ainly in dependence on the compact X-ray source, which in turn

aries with a higher amplitude and on shorter time-scales than the
V/optical emission that heats the dust (Edelson et al. 2015 ). 
Both our spectroscopic analysis and photoionization models point

o the inner face of the torus being the origin of the coronal line
ings. But we stress that we cannot claim that our CLOUDY models
resent unique and definitive solutions and there are several caveats
o bear in mind, such as, e.g. the assumption of particular SEDs
on-contemporaneous with our emission line observations and the
ne xhaustiv e e xploration of the parameter space. Nonetheless, these

odels serve to illustrate that our proposed solution for the origin of
he coronal line wings is physically plausible. 

.3 Links to outflowing absorption systems 

e interpreted the blueshifts of the coronal line cores as evidence
f emission from outflowing gas. Outflows in NGC 5548 have been
etected via absorption lines in other wavebands, including X-rays
Ebrero et al. 2016 ), UV (Arav et al. 2015 ), and near-IR (Wildy
t al. 2021 ). Some of the X-ray warm absorber components in
GC 5548 are related to the UV absorbers (e.g. Arav et al. 2015 ;
brero et al. 2016 ) and Wildy et al. ( 2021 ) associated several narrow
e I 1.08 μm absorption features with corresponding UV absorbers.
imilarities between the inferred properties of the coronal line region
nd warm absorber (both are thought to originate in a highly ionized,
utflowing gas on scales intermediate between the BLR and NLR)
ave prompted further investigation into the possibility that they are
n fact the same medium. Porquet et al. ( 1999 ) used photoionization
odels to demonstrate that coronal emission lines could indeed

orm within the warm absorber. They found that very high gas
ensities (log [ n H /cm 

−3 ] � 10) were required to a v oid o v erproduction
f the coronal lines relative to observations and that the gas was
ocated on scales similar to the BLR. It is therefore pertinent to
nvestigate whether the near-IR emission features seen in the outflow
f NGC 5548 (i.e. the coronal lines) can be associated with the gas
esponsible for the observed absorption features. 

The associations of X-ray, UV, and near-IR absorption features
ere based on the gaseous kinematics (i.e. similar velocity shifts),
ith further consideration made of the gas properties (density, ion-

zation parameter). The velocity shifts we determined for the coronal
ines ( ≈−125 km s −1 for [S VIII ], [S IX ], and [Si X ]; ≈−380 km s −1 
NRAS 516, 4397–4416 (2022) 
or [Si VI ]) do not closely match those reported for any of the
bsorption features mentioned abo v e. Additionally, the majority of
hese absorption features arise at much greater distances from the
ucleus than we infer for the coronal lines. The estimated location
f the UV absorption clouds is at the NLR radius and abo v e ( � 2 pc
r log [ R /cm] � 18.8), whereas the coronal lines are likely to be
roduced interior to the NLR. The highest-ionization components of
he X-ray warm absorber are located on smaller scales (log [ R /cm]
 18), similar to what we infer for the coronal lines, although

hese components have much higher outflow velocities (blueshifts
f ≈250–1200 km s −1 ) and much narrower widths ( σ v ≈ 20–
00 km s −1 ) than we observe in the coronal lines. Our photoionization
odelling with CLOUDY suggests that the coronal lines observed in
GC 5548 form in gas of densities log ( n H /cm 

−3 ) ∼ 7–9, much lower
ensity than the log ( n H /cm 

−3 ) � 10 required by Porquet et al. ( 1999 ),
ut also much higher than the range of densities calculated for the
arm absorber in NGC 5548 (log [ n H /cm 

−3 ] ∼ 3–5: Ebrero et al.
016 ). 
In summary, although the outflow velocities of the coronal line

as are of the same order of magnitude as those of some of the
bserved absorbers ( ∼few hundred km s −1 ), we see little evidence
f an association between the coronal line gas and the specific X-
ay/UV absorption components previously reported in NGC 5548.
hen, if the coronal line gas and the absorbers are indeed parts of the
ame wind, they must arise from widely different clumps and so are
nlikely to be exactly cospatial. 

 SUMMARY  A N D  C O N C L U S I O N S  

e have performed the first intensive study of the variability of the
ear-infrared coronal lines in an AGN. The near-infrared spectro-
copic monitoring campaign of Landt et al. ( 2019 ) reveals a complex
nd multicomponent coronal line region. From measurements of
he high-S/N mean spectrum of the campaign, we observe some
eneral trends that have been observed in previous studies of AGN
oronal lines. The narrow cores of the coronal lines are broader
han, and blueshifted with respect to, the lower-ionization forbidden
ines. The lack of strong variability of the coronal line cores in the
ear-long campaign suggests the majority of the line-emitting gas
xists on scales � 1 light-year, whilst the line widths suggest the gas
s more compact than the standard NLR ( � 3 light-years). These
ndings suggest that the narrow near-IR coronal lines in NGC 5548
orm in an outflow just interior to the inner NLR, although our
hotoionization models show that coronal line emission originating
loser to the BLR is possible. An approximate correlation between
he FWHM and ionization potential of the coronal line cores implies
 stratification of line emitting gas, with the lowest-ionization coronal
ine [Si VI ] line forming at a greater distance from the nucleus than the
ther lines. The greater blueshift and narrower line profile of [Si VI ]
ith respect to the higher-ionization lines [S VIII ] and [Si X ] can be
nderstood if this stratified wind is accelerating. We therfore propose
hat the narrow coronal line cores form in a stratified, accelerating
utflow from the nucleus of NGC 5548 and that this emission occurs
redominantly just interior to the standard NLR. 
In addition to narrow cores, the two lowest-ionization coronal lines

S VIII ] and [Si VI ] show extended wings, particularly on the red side
f the core. The line widths, strong flux variability on a time-scale of
months, and photoionization predictions all indicate that the wings

re produced at a radius log ( R /cm) ≈ 17.3 from the nucleus. This
adius is exactly coincident with the inner dust radius determined by
andt et al. ( 2019 ). We therefore associate these wings with an X-ray
eated wind of material e v aporating from the inner face of the torus.
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This study has revealed the complex and multifaceted nature of the 
oronal line region in an AGN. The recent launch of the James Webb
pace Telescope ( JWST ) means it is an opportune time to investigate
his complexity. The high sensitivity and spectral resolution of 
WST ’s instruments will enable us to study infrared coronal lines
f AGN in much greater detail. 
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PPENDIX  A :  TA K IN G  A  L O O K  I N TO  A  

YPICAL  C O RO NA L  LINE  EMITTING  C L O U D  

ig. A1 shows the temperature inside a coronal line emitting cloud
or both unobscured (green) and obscured (red) cases. The model be-
ongs to a cloud with a column density of N H = 10 23 cm 

−2 , hydrogen
ensity of n H = 10 7.4 cm 

−3 , located at R = 10 17.3 cm from the source.
uch of our previous work rejected clouds with temperatures greater

han the ∼10 5 K peak in the cooling function since they produce
egligible optical or IR emission. Ho we ver, the large column density
louds have enough extinction to produce cooler gas near the shielded
ide of the cloud, so we include these for completeness. These clouds
ccupy the lower left quadrant of the density-radius plane shown in
ig. 13 . 
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igure A1. The variation of the temperature versus the depth into the coronal
loud is shown. 
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