arXiv:1607.01062v1 [astro-ph.HE] 4 Jul 2016

A deep X-ray view of the bare AGN Ark 120. I. Revealing the SofiX-ray Line Emission
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ABSTRACT

The Seyfert 1 galaxy, Ark 120, is a prototype example of theated class of bare nucleus
AGN, whereby there is no known evidence for the presence rozédl gas along the direct
line of sight. Here deep{ 400 ks exposure), high resolution X-ray spectroscopy of Ark 120
is presented, frolXMM-Newtonobservations which were carried out in March 2014, together
with simultaneousChandrdHETG exposures. The high resolution spectra confirmedatie |
of intrinsic absorbing gas associated with Ark 120, withahéy X-ray absorption present orig-
inating from the ISM of our own Galaxy, with a possible sligitthancement of the Oxygen
abundance required with respect to the expected ISM vatue iSolar neighbourhood. How-
ever, the presence of several soft X-ray emission lines ereated for the first time in the
XMM-NewtonRGS spectrum, associated to the AGN and arising from the deHalike ions
of N, O, Ne and Mg. The He-like line profiles of N, O and Ne appeaocity broadened, with
typical FWHM widths of~ 5000 kms~!, whereas the H-like profiles are unresolved. From
the clean measurement of the He-like triplets, we deduddhkeaoroad lines arise from gas of
densityn, ~ 10! cm~2, while the photoionization calculations infer that the #img gas cov-
ers at least 10% ofr steradian. Thus the broad soft X-ray profiles appear cogmtidith an
X-ray component of the optical-UV Broad Line Region on sabspales, whereas the narrow
profiles originate on larger pc scales, perhaps coincidétht tive AGN Narrow Line Region.
The observations show that Ark 120 is not intrinsically bamne substantial X-ray emitting gas
exists out of our direct line of sight towards this AGN.
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1. Introduction

Photo-ionised or “warm” absorbers are commonly observed isast 50% of the UV/X-ray spectra of
Seyfert 1s and type-1 QSO and are an important constituek®bdf (Reynolds 1997, Crenshaw, Kraemer &
George 2003, Porquet et al. 2004, Blustin et al. 2005, Mc&ret al. 2007, Turner & Miller 2009). Indeed
the Seyfert warm absorbers that are frequently observeidlaspectral resolution wittMM-Newton and
Chandraare now known to give rise to numerous narrow absorptiorsjinsually blue-shifted — implying
outflowing winds — of a few hundred knt§ up to a few thousand knT$. These arise from various elements
over a wide range of ionisation levels and column densiéspgecially from iron, oxygen, carbon, nitrogen,
neon, silicon and sulfur (Kaastra et al. 2000, Kaspi et 8022 McKernan et al. 2003, Blustin et al. 2003).
Signatures range from the lowly ionised Unresolved Tramsifrray (UTA) of M-shell iron « Fexvii) at
~ 16 — 17A (Sako et al. 2001, Behar et al. 2001), to absorption fronmligigonised (H-like and He-like)
iron which may originate from an accretion disk wind (Reegeal. 2004, Risaliti et al. 2005a, Braito et
al. 2007, Turner et al., 2008, Tombesi et al. 2010, Gofforal.e2013). These spectroscopic measurements
can reveal crucial information on the outflow kinematicsygtal conditions and locations relative to the
central continuum source — ranging from the inner nucleul(pc) to the galactic disk or halo (10 kpc).

However a small class of nearby Seyfert galaxies exist whiatw no (or very little) X-ray or UV
absorption. These AGN are the so-calldire nucleus” Seyferts or bare AGN. In principle the lack of
intrinsic absorbing gas in these bare AGN allows a clean oreagent of the innermost regions of the AGN
and of the central engine closest to the black hole, remairyguncertainties as to how the absorbing gas is
modeled. Ark 120 (or Arakelian 120) is a nearby=£ 0.032713, Osterbrock & Phillips 1977, Theureau et al.
2005) and X-ray bright&p 5_1pxev = 5.3 x 10~ ergent? s, Fiu_1951ev = 7.0 x 10~ ergenr?s71;
Patrick et al. 2011, Baumgartner et al. 2013) bare nucleyiefd. Along with its sister AGN, Fairall 9
(Emmanoulopoulos et al. 2011, Lohfink et al. 2012), it is thetq@type example of a bare AGN. Indeed it
is one of the brightest and cleanest bare AGN known, dispéageither intrinsic reddening in its IR/optical
continuum nor evidence for absorption in UV and X-rays (Ghaw et al. 1999, Reynolds 1997), allowing
a clear view of the innermost regions of the AGN. A further kalvantage for studying Ark 120 is that it
has a well determined reverberation based black hole mhdgpe=1.5x10° M, (Peterson et al. 2004).

An open question is whether Ark 120 is intrinsically bare desioid of circumnuclear X-ray emitting
and/or absorbing gas, which may pose a challenge for unitibdnses of AGN that imply the existence
of wide scale obscuring and emitting gas (Antonucci 1993)dekd, Vaughan et al. (2004) presented
an initial 100 ksXMM-Newtonobservation of Ark 120 in 2003, which from the spectra olsdimvith the
RGS (Reflection Grating Spectrometer, den Herder et al. 26fidwed no significant soft X-ray emission
or absorption features associated to the AGN. Furthermmre<tray continuum was found to be smooth
from the soft X-ray band up to 10 keV, with a large but featessl soft X-ray excess present at energies
below 2 keV. This was also confirmed irsaizakustudy by Nardini et al. (2011), who favored a relativistic
accretion disk reflection origin for the soft X-ray excesd broad iron Ky line. In an alternative explanation
for the broad band spectrum, Tatum et al. (2012) accountethéiron Ko emission through Compton
scattering off an accretion disk wind, which had to be viewead of the direct line of sight in this AGN.
Most recently, Matt et al. (2014) presented a simultaneod80 ks XMM-NewtorandNuSTARbbservation



—-3_

of Ark 120 obtained in 2013 and showed that the bare broad-aray spectrum could be explained by
Comptonization of UV photons through a warm scattering mnedassociated to an accretion disk corona.

This paper is the first of a series of papers to report uponribfysis of an unprecedented deep obser-
vational campaign on Ark 120, which was subsequently obthinith XMM-Newtonin 2014, with a total
exposure exceeding 400ks (PI, D. Porquet). Part of the ¥iiiyl-Newtonobservations were performed
simultaneously witiNUSTARo provide broad band hard X-ray coverage and with the HigerggnTrans-
mission Grating (HETG, Canizares et al. 2005) on-bdahéndrato provide a high resolution view of
the iron K band region. Here we concentrate on the high sigmabise and high resolution soft X-ray
spectrum obtained with the RGS spectrometer on-b&did1-Newton The primary goal is to determine
whether the soft X-ray spectrum of Ark 120 is intrinsicallgre and devoid of circumnuclear X-ray gas,
or indeed whether there are any signatures of ionized emnissi absorption, which could arise from the
accretion disk, the AGN broad and narrow line regions or feomuclear outflow. We also present a search
for any soft X-ray emission lines at high resolution from @eandra/HETG above 1keV from Mg, Si,
S. Subsequent papers will report in detail on the modelinthefiron Ko line profile obtained as part of
these observations (paper Il, Nardini et al. 2016), as vedha nature of the broad band UV to hard X-ray
continuum of Ark 120 (paper Ill, Porquet et al. 2016, in pregian).

The paper is organized as follows. In Section 2, we desclibeahalysis of the RGS observations,
while in Section 3 the overall properties of the soft X-ray R&pectrum are presented. Section 4 is devoted
to the analysis of the Galactic ISM absorption towards Ak 82d the subsequent modeling of the soft
X-ray continuum. Section 5 then describes the first deteatfasoft X-ray emission lines from Ark 120 that
have now been made possible through the deep RGS exposuBeeatioh 6 discusses their potential origin
in the broad and narrow lined regions from the AGN. Values pf=H70km s~ Mpc~!, andQ,, = 0.73
are assumed throughout and errors are quoted at 90% cordifteyé = 2.7), for 1 parameter of interest.
All spectral parameters are quoted in the rest-frame of B&lAatz = 0.032713, unless otherwise stated.
A conversion between energy and wavelengtiof (12.3984 ,5\/)\) keV is adopted throughout.

2. Observations and Data Reduction
2.1. XMM-Newton Observations of Ark 120

XMM-Newton observed Ark 120 four times between 18-24 Marti4, over 4 consecutive satellite
orbits. Each observation was approximately 130 ks in tatediibn, with the details of all four observations
listed in Table 1. First order dispersed spectra were obtawith the RGS and were reduced using the
RGSPRoOCSscript as part of the XMM-Newton SAS software v14.0. Afteresning the data for periods of
high background, the net exposures for each RGS spectruatd\astweern 02.8 — 116.6 ks (see Table 1).
Prior to spectral analysis, channels due to bad pixels olRth8 CCDs were ignored as well as the two
malfunctioning CCDs for RGS 1 and RGS 2 respectively. Theddgd net background subtracted count
rates of betweef.653+0.003 s! —0.795+0.003 s~! for RGS 1 and).746+0.003 s~ —0.90940.003 s~*
for RGS 2, with the brightest observation being the first onné series of four consecutive XMM-Newton
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orbits. In each case, the background count rate represkrsethan 5% of the total count rate and thus the
RGS observations were dominated by the AGN.

Spectra from the RGS 1 and RGS 2 were then also combined initagke KRGS 1+2 spectrum for
each of the four XMM-Newton sequences, having checked ttatdsultant spectra were consistent with
each other before and after combining the two RGS modulede that the spectral response files were
subsequently averaged over the effective areas of the twdmR@&lules. In order to provide a very simplistic
parameterization of the RGS spectra, we fitted the 0.35-€X/0dnergy range (or 6.20- 35.4&) with a
continuum comprising a powerlaw plus blackbody componehigreby the blackbody emission provides
an initial zeroth order description of the known soft exdesgrds this AGN (Vaughan et al. 2004, Nardini
et al. 2011, Matt et al. 2014). An initial Galactic absorptiaf hydrogen column density dfy; = 9.8 x
10%° cm~2 (Kalberla et al. 2005) was adopted, modeled with the “Tugdm-Boulder” absorption model
(hereafterrBABS in XSPEQ using the cross—sections and Solar ISM abundances of Veiimls (2000).

Figure 1 shows the combined RGS 1+2 spectra for each of thpesees, whereby the spectral param-
eters are all consistent within the margin of error; the agermphoton index was found to Be= 2.09+0.04,
a blackbody temperature &f" = 132 £+ 4 eV and a neutral absorbing column in the locaK 0) Galactic
frame of Ny = (8.3 4 0.3) x 10%° cm~2, slightly lower compared to the expected Galactic neutratél-
umn from 21 cm measurements above. Nonetheless the fitististdty poor, with a reduced chi-squared
of x2/dof = 3197.2/2308 = 1.385 (where dof is the number of degrees of freedom in the fit), witbng
residuals around the position of the neutral€lge as well as systematic-like residuals throughout the-sp
trum. However it can be seen that all 4 sequences are cartsigith each other, aside from some small
differences in their absolute fluxes, with the brightestctpen corresponding to the firstMM-Newton
observation (0.4-2.0keV band flu¥y 4o gy = 3.31 + 0.02 x 10~ ergent?s71) and the faintest
corresponding to the 2nd and 4th observations as aligve 6 ooy = 2.724+0.02 x 10~ ergcnr?s71).

As the four spectra are consistent in shape, aside from d diffatence in absolute flux of-10%
between the observations, they were subsequently comtin@dduce a single, deep, high signal to noise
RGS spectrum of Ark 120. This yielded net source count rait@s705 & 0.001 s~! and0.808 & 0.001 s !
for each of the combined RGS 1 and RGS 2 spectra, with net argo®f 431.9 ks and 430.8 ks respec-
tively. Note the total number of source counts over all feguences, obtained from combining both of the
RGS 1+2 modules, is 6.5 x 10° counts, with an effective total exposure of 862.7 ks praxgda very high
S/N soft X-ray spectrum of Ark120. The subsequent combimpEtisum was binned inth\ = 0.03 A
bins, which over-samples the RGS spectral resolution byaat la factor of- x2 compared to the FWHM
resolution. Due to the high count rate statistigd,minimization was employed in the subsequent spectral
fitting, as typically there are- 700 counts pe0.03,& resolution bin, corresponding to a S/Nuf25 per bin.

2.2. Chandra HETG Observations of Ark 120

The High Energy Transmission Grating (HETG) onbo&idandraalso observed Ark 120 from 17
March to 22 March 2014. Due to scheduling constraints,Ghandracbservations were split into 3 se-
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guences, overlapping with the 1st, 2nd and 3rd of XiMM-Newtonsequences, with the 2nd sequence
shorter than the other two, see Table 1 for details. Speotra wxtracted with theiao package v4.3.
Only the first order dispersed spectra were considered ftr the MEG (Medium Energy Grating) and
HEG (High Energy Grating) and the1 orders for each grating were subsequently combined for sach
guence. No significant spectral variability was observetivben the 3 sequences and the spectra were
consistent, with only modest 10% variations in source flux. Therefore the spectra were coatbfrom

all three sequences to yield a single 1st order spectrumafdr ef the MEG and HEG, yielding respective
net source count rates 06f868 4 0.003s™! and0.491 + 0.002s~! respectively for a total exposure time
of 120.5ks. Thus the total counts obtained exceedédx 10° and5 x 10* counts for MEG and HEG
respectively. Note that the background contribution talsahe count rate was negligible. Due to the high
flux (7 x 10~ erg cnT? s~ from 0.5-10 keV) and high count rates obtained from Ark 12@,zeroth order
image and spectra were not usable due to severe pile-up oéitteal source.

The resultant 2014 1st order source spectra were subsggbéemied toAX = 0.0LA and A\ =
0.005 A bins for MEG and HEG respectively, which over-samplesrthespective FWHM spectral resolu-
tions by a factor of<2. The C-statistic was employed in the subsequent spectsahiih the HETG, as
although the overall count rate is high, towards the lowargyn (longer wavelength) end of each grating
spectrum the total source counts per bin drops beélow 20 in some bins. In the case gf minimization,
this would lead to the continuum level being somewhat ursienated at soft X-ray energies.

3. The Soft X-ray Spectrum of Ark 120

Initially we concentrated on the analysis of the time-ageth2014XMM-NewtonRGS observations.
Figure 2 shows the overall 2014F,, RGS spectrum of Ark 120, fluxed against a powerlaw'cf 2 in the
soft X-ray band. The spectrum shown in Figure 2 is largelyoakof any strong ionized absorption lines in
the AGN rest frame, as might be expected for Ark 120 givenatst pecord as a bare Seyfert 1 galaxy and
the lack of any warm absorber in the AGN (e.g. Vaughan et al420The expected rest frame positions
of severalls — 2p resonance lines (e.g from the He and H-like ions of N, O, NeMgjlare marked in the
figure and there appears to be no significant absorption éihasy of these positions. However in the local
(z = 0) observed frame, there appears to be several absorptinmdeain particular around the position of
the neutral O edge at~ 23 A there is a strong resonance absorption line (atﬁQ3n5527 eV) which may
be identified with the I& absorption line due to Oin our galaxy (Gorczyca et al. 2013). In addition another
strong absorption line is observed near &1 @hich likewise may be attributed to the neutrakiKesonance
line of N. Thus it appears clear we need to account for therpbea in the ISM due to our own galaxy in
the soft X-ray spectrum of Ark 120, which we investigate bel&urthermore, although there appears little
in the way of intrinsic ionized absorption towards Ark 12Berte may be some indication ionized X-ray
emissiorlines associated with the AGN, for instance associated @i, Oviii, Neix or Mgxili.
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4. X-ray Absorption in the Galactic ISM towards Ark 120

Before investigating the presence of any ionized gas in®origor absorption) intrinsic to Ark 120,
we first attempt to model the absorption associated withitiesolf sight through the ISM of our own Galaxy.
Due to the relatively low Galactic latitude of Ark 120 £ —21°.1), the Galactic H column is thought to be
relatively high, withNg = 9.78 x 1020 cm~2 as measured from 21 cm surveys (Stark et al. 1992, Kalberla
et al. 2005) and thus this absorption needs to be modeledebef can accurately determine the intrinsic
emission properties of the AGN. The Galactic hydrogen coluvas allowed to vary, noting that there can
also be an additional contribution associated with mokaci/drogen (e.g. Willingale et al. 2013)

We fitted the combined mean 2014 RGS spectrum, adopting arfgawplus blackbody form to pa-
rameterize the soft X-ray continuum of Ark 120. As the RGSdpss contains a contribution from both
the hard X-ray powerlaw extending up to higher energies wugt teast 70 keV (e.g. Matt et al. 2014, Por-
quet et al. 2016), as well as the prominent soft excess beks¥,2we adopt both components in order
to account for any spectral curvature present in the sofayKkrand. The AGN continuum emission was
parameterized by a photon indexIof= 2.15 + 0.05 and a blackbody temperature &' = 110 + 10 eV.
For the Galactic absorption, we initially adopted tr®evARABS model of Wilms et al. (2000), which ac-
counts for the photoelectric absorption edges due to almimiiements in the X-ray band and allows for the
possibility of variable abundances compared to choseratsliSolar values. A neutral hydrogen column
of Ny = (9.4 + 0.4) x 10%* cm~2 was found, close to the reported 21 cm value above, with dvel®
abundance compared to those in Wilms et al. (2000) or Aspdtiadl (2009) of4dy = 1.39 £ 0.10.

However while this model provides a reasonable first ordearpaterization of the soft X-ray con-
tinuum of Ark 120, the fit is statistically very poor, with adecedy? corresponding to2 = x?2/dof =
1561.3/938. The TBVARABS or TBABS models only include the bound—free photoelectric absompés-
sociated with the K and L-shell edges of abundant elementsjd not include any resonance absorption
line structure due to the neutral ionization states of tredements. For instance Figure 3 (upper panel)
shows the fluxed RGS spectrum (obtained against a simplesari@@dl’ = 2 powerlaw model) around
the neutral O edge region, with the abawevARABS photoelectric absorption model super-imposed upon
the spectrum. It is apparent that the prominentkv absorption line observed near 2§\50r 527eV) is
left unmodelled, whilst in reality the drop in the spectrunound the O edge (observed between 827
23.0&) is not sharp, which is likely due to the presence of severabnances around the edge threshold
energy (see de Vries et al. 2003, Gorczyca et al. 2013, Gatuak 2014). Indeed if we parameterize
the 23.58 absorption with a simple narrows(= 1eV) Gaussian absorption line we obtain an observed
frame line energy 0627.2 + 0.2eV (or A = 23.52 4+ 0.01 ,&), which is in very good agreement with the
expected energy of 527.4 eV, as also found from measurenmvasds Galactic binary systems (Gatuzz et
al. 2014). Furthermore a second strong absorption linesisgmt atF = 396.6 + 0.5eV or31.26 + 0.04 A
(e.g. see Figure 2, lowest panel), which is in agreement thighexpected position of the INK« line at
396.1 eV (Kaastra et al. 2011). The parameters of these t@addisorption lines are also listed in Table 2.
Upon addition of both of these ad-hoc Galactic absorptioedj the fit statistic to the RGS data improves to
X2 = 1392.7/934, although the model is still formally rejected by the data.
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4.1. A Comparison between ISM Absorption Models

A more physical model was then adopted to model the Galgghtdbsorption towards Ark 120, using
theTBNEW model, which is an improved higher resolution version ofdhginal TBABS or TBVARABS ISM
absorption model of Wilms et al. (2000). TheNEw model includes the various resonance absorption lines
around the positions of the neutral O K-shell, Ne K-shell &ed_-shell edg& The ISM abundance table
of Wilms et al. (2000) was also adopted for the modeling. Toweay-law plus blackbody continuum form
was retained from before, although the parameters are edldavary freely. The goodness of fit obtained
is subsequently improved compared to the simpvaARABS model (2 = 1344.0/936) and the model
is able to self consistently account for the strong K~ absorption line present observed at 527.2 eV (or
A= 23.52,&) in the z = 0 frame. Figure 3 (lower panel) also shows a zoom-in aroun@thkeshell region,
but with the best-fitrBNEW overlaid on the fluxed RGS spectrum. In addition to the Qv absorption
line, the model provides a better description of the dataraddhe O K-shell edge, due to the various higher
order resonance line structures, which produces a moreigragcrease at the position of the O K-shell
edge. Figure 4 displays the same model, but now folded thrthug RGS instrumental response, versus the
count rate spectrum and it can be seen that the model re@®thath the @ Ko edge region.

We note here that the excess emission blue-wards of the CeK-elfige region is likely associated
with emission from the @1 triplet, in the region from 561 eV to 574 eV in the AGN rest franas can be
seen in Figure 4. Indeed several ionized emission linestasereed from the AGN in the RGS spectrum,
predominantly from the He and H like ions for N, O, Ne and Mg #malfit statistic improves considerably
upon their inclusion in the model tg? = 1087.3/914. The soft X-ray emission line properties of Ark 120
are discussed in detail in Section 5.

In addition theTBNEW model also self consistently models the absorption arobacdeutral Fe L and
Ne K edges respectively, for instance some structure arthenBe L edge is also visible at 1ﬁ5but much
weaker than at Oxygen) in the fluxed spectrum in Figure 2. Wewthe absorption line structure is not
included around the NK-shell edge region imrBNEW and therefore we retain the simple Gaussian absorp-
tion line to parameterize the visible INk« absorption line at 396.6 eV. We subsequently adoptrgmesw
model of the Galactic absorption as our initial baseline ehdor the ISM absorption towards Ark 120, with
the baseline absorption and continuum (powerlaw plus blady) parameters listed in Table 2. Note that
while the O1 Ko absorption line is self consistently fitted in tieNEw model, the simple Gaussian line
parameterization obtained from before is listed also indakior completeness.

Overall the hydrogen column density obtained bytB&Ew model isNy = (8.8 £0.4) x 102 cm~2,
which is slightly below the reported 21 cm value8f; = 9.78 x 10%° cm~2. However the neutral Oxygen
abundance relative to the ISM values collated in Wilms e(2000) or Asplund et al. (2009) (¢b/H =
4.90 x 10~%) is left free to vary (other elements are fixed at Solar). Wehpect to this value, the O
abundance along the line of sight in the Galactic ISM is fotmbde mildly super-Solar, witillo = 1.62 +
0.10. Ifinstead we adopt the earlier photospheric Solar abureltable of Grevesse & Sauval (1998), which

1see http://pulsar.sternwarte.uni-erlangen.de/wiles&arch/tbabs/ for further details of theNEw model.
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has a higher absolute oxygen abundancedfl = 6.76 x 10~%), then the relative O abundance compared
to this value is lower 4o = 1.17 £ 0.08), while the hydrogen column is consistent with the previcaisie
(Ng = 9.0+ 0.4 x 1020 cm—2).

We then compared the Ark 120 soft X-ray spectrum withigeaBs absorption model (Gatuzz et al.
2014). In addition to the updated resonance line crossesiscaround the O, Ne K-shell and Fe L-shell
complexes, the model also can include the contribution i8M absorption from once and twice ionized
ions from most of the cosmically abundant elements, as has bleserved towards both Galactic sources
and AGN (Pinto et al. 2010, 2012). A further advantage ofifveaBs model is that it allows the user to
directly determine the column density of both the neutrairet of abundant elements (as well as the ionized
species), which can also be inferred indirectly from ts&iEw model from the hydrogen column and then
relative abundance ratio.

Applying theismABS absorption model to the Ark 120 RGS spectrum results in asienitar fit as per
the TBNEW model (withx? = 1086.6/911) and the comparison of the parameters between these two ISM
models are tabulated in Table 3. The hydrogen column deakityg the line of sight through our galaxy is
also similar, withNy = (8.5 4 0.4) x 102° cm~2. The neutral O column density was also allowed to vary,
which primarily contributes towards thel®& « absorption line as well as the higher order absorption, as pe
the TBNEw model. The neutral O column density is found toMg = (6.540.3) x 10'” cm~2, which thus
corresponds to an abundance raticOofil = (7.7 + 0.5) x 10~4, which is a factor ofdg = 1.57 4 0.10
above the relative O/H abundance value tabulated in Wilrak €2000), although again it is consistent with
the higher O abundances tabulated by Anders & Grevesse ) 4883Grevesse & Sauval (1998).

The column densities of neutral N, Ne and Fe were also allawedary, the best fit values obtained
from the ISMABS model are:-Ny = (7.2 + 2.7) x 101%cm=2, Nyo = (1.2 £ 0.3) x 10!"cm~2 and
Nre = (2.6 & 0.6) x 10'® cm~2 respectively. (see Table 3). Note the’H and Fe/H abundances are
consistent with the Solar values in Wilms et al. (2000), aslated in Table 3, while thde/H abundance
appears slightly higher compared to these tabulated val@disother elemental column densities were
fixed according to their default Solar abundances inigheaes model, which otherwise assumes values
calculated from Grevesse & Sauval (lﬁgbr a given hydrogen column.

Finally there appears to be no evidence for any ionized ghisarassociated with the Galactic ISM
towards Ark 120. If for thesmABs model we allow the column densities of once ionized O (dah@i€)
and twice ionized O (denoted?®) to vary (atz = 0), then only upper limits are found corresponding to
No+ < 4.2 x 10" cm™2 andNg2+ < 0.6 x 106 cm™2. These limits are at least a factor 010 and x 100
smaller respectively than the neutral O column through calagd. Neither is there any evidence for any
ISM absorption associated with the host galaxy of Ark 12@harest frame at = 0.032713. The limit on
the column of any neutral O absorptionzat 0.032713 is No < 2.5 x 10'6 cm~2, which translates into a
hydrogen column ofVyy < 5 x 10'? cm~2 assuming a Solar abundance@fH = 4.9 x 10~* according
to Wilms et al. (2000). This is perhaps not surprising upapéttion of the RGS data; at a redshift of

2Note thatismABS also assumes that the He abundance is 10% of that of hydrogen
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z = 0.032713, the O Ko absorption line at 527.2 eV (or 23,&)2corresponds to an observed energy of
510.5eV (or 24.2§) and there is subsequently no evidence for absorptioreaetpositions in either Figure
3or4.

4.2. Dependence on the Soft X-ray Continuum

The above analysis suggests that at least the Oxygen almendand possibly Ne) in the Galactic
ISM towards Ark 120 could be somewhat higher than some ofdhalated Solar ISM values (Wilms et
al. 2000, Lodders 2003, Asplund et al. 2009). However whike ¢olumn densities of O, Ne and Fe are
well determined from the discrete atomic features (absmrdines and edges) in the RGS spectrum, the
absolute hydrogen column density is inferred from the doangle curvature of the spectrum towards the
lowest energies. Thus the measuréd values may depend on how the soft X-ray continuum is modeled.
Therefore instead of the simple powerlaw plus blackbodytinaom form, a continuum consisting of a
powerlaw (responsible for the continuum above 2 keV) and m@onized disk blackbody spectrum was
adopted, parameterized in this case bydbeiPTTmodel (Sunyaev & Titarchuk 1985, Titarchuk 1994). The
latter component represents the Compton upscattered \Alieof the optically-thick inner disk emission,
which may be produced by a warm scattering layer above theadid it has been suggested that such an
emission component could reproduce the mainly featurél&sso soft X-ray excesses observed in many
AGN (Done et al. 2012, Jin et al. 2012). The main effect on fhesum is that this produces a broader
soft excess than a single unmodified blackbody componethgdatter would peak only in the UV band.

Upon adopting insteadomMpPTT form for the soft X-ray excess, it is found that the hydrogefumn
density was somewhat higher compared to the powerlaw packbbdy case. The absorption parameters
are tabulated in Table 3 and applied to boththaEw andismABS absorption models (denoted BBNEW2
andISMABS2 respectively in Table 3). It can be seen that the neutratdggh column has increased for
both cases, e.g. for theBNEW case, theriVy = (11.1+£0.4) x 10%° cm~2, slightly higher than the Galactic
value reported from 21 cm measurements. On the other hamdobihmn density of neutral oxygen remained
consistent regardless of which form is adopted for the safaiykcontinuum, i.e. for theBNEW absorption
model, thenNo = (7.0£0.5) x 1017 cm~2 (for the blackbody case) v&Vp = (6.540.3) x 107 cm~2 (for
the coMPTT case). Thus when the soft X-ray spectrum is modeled with tmaEonized disk spectrum,
due to the higher impliedvy; values, the relative abundances are lower, largely camsistith the Solar
values. Thus for Oxygen, the relative abundances with otdpehe Solar values of Wilms et al. (2000) are
Ap = 1.20 + 0.04 (for TBNEW) and Ap = 1.10 + 0.08 (for ISMABS) respectively.

4.2.1. The Form of the Soft X-ray Excess

Finally we note the continuum parameters associated witlcdmMPTT model. As the hard powerlaw
constrained primarily above 2 keV is not well determined photon index has been fixéd= 1.8 (close
to the best-fit value obtained for the EPIC-pn data, Nardimile2016), with a corresponding photon flux
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(normalization) at 1keV ofVp;, = (9.33 4 0.13) x 1072 photons cm?s~!. For the Comptonized disk
spectrum, an input temperature for the seed photordgf= 20 eV is assumed, which may be reasonable
for the emission from the inner optically thick disk arountlack hole of masg.5 x 108 M, in Ark 120,

with a bolometric luminosity o2 x 10%° ergs™!, as determined from the broad-band SED (Porquet et al.
2016), which suggests accretion occurs at a rate of at |€8stdf the Eddington value. These input seed
disk photons are then assumed to be upscattered by a warriscamedium, which we initially assume
has an electron temperature/df, = 2 keV; for this temperature the optical depth required to aotdor

the soft excess is = 3.6 + 0.3. HoweverkT, andr are largely degenerate upon each other; if instead we
adopt a lower temperature bf, = 0.5 keV for the Comptonizing electrons, then a higher opticagtdef

7 = 8.5 £ 0.5 is obtained. In either case, the soft excess correspondstaebn~ 40 — 50% of the total
unabsorbed 0.4-2.0 keV band fluxob x 10~ ergcnm?s~!. Note that thecomPTT model produces a
similar goodness of fit compared to the simple powerlaw plaskibody model, given the relatively narrow
band of the RGS spectrum.

A further more detailed discussion into the nature of thé exdéess will be presented in a subsequent
paper (Porquet et al. 2016), which will investigate the dbbmand XMM-Newton andNuSTARbbservations,
as well as the modeling of the optical to hard X-ray SED oladifrom simultaneous data as part of the
2014 campaign.

5. The Emission Line Spectrum

Having adequately described the Galactic line of sight adtem towards Ark 120, the intrinsic emis-
sion spectrum of Ark 120 was then investigated. It is knovat trk 120 is a bare Seyfert 1, which contains
no intrinsic absorption associated with the AGN, such asmavabsorber, which is also confirmed later in
Section 5.5 from the contemporary 2014 observations. Hewere open question is whether the AGN is
truly bare, or indeed whether there is evidence for emisimm photoionized gas surrounding the AGN
instead of absorption along our line of sight through the A@sImight be expected in the context of AGN
orientation dependent Unified Schemes (Antonucci 1993; BifPadovani 1995).

As a baseline model, the powerlaw plus blackbody continuumdehwas adopted, using tHT@NEW
model for the Galactic ISM absorption, with parameters regabin Table 2 and described in the previous
section. Note that any dependency of the emission line spaain either the continuum form or the Galac-
tic ISM model was checked and the subsequent parameters foure consistent within errors. To provide
an initial inspection of the contribution of any emissiomgmnent, the summed 2014 RGS spectrum was
first binned to a more coarse resolution/of = 0.1A per spectral bin. This is a little worse than the intrin-
sic resolution of the RGS, which is typicallxA = 0.06 — 0.08A (FWHM) over the 638, bandpass, but
serves to highlight any prominent emission lines in the spet

The RGS spectrum binned to this resolution is shown in Fi§ufhe baseline continuum and Galactic
absorption model overall provides a very good descriptibthe shape of the RGS spectrum (see upper
panel), however several strong positive deviations 8t level are apparent in the lower panel. Indeed the fit
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statistic of the baseline model to the binned RGS spectrymads withy?2 = 464.4/273 = 1.701, formally
rejected with a corresponding null hypothesis probabiiifyt.1 x 10~'2. Indeed the addition of seven
Gaussian emission lines to the model significantly imprdiesfit statistic toy? = 296.3/254 = 1.165,
which is now statistically acceptable (null hypothesishatoility of 3.5 x 10~2). The centroids of the
Gaussian profiles are close to several strong expected IK#stes of N through to Mg; their centroid
energies and likely identifications aré62 +2eV (NVil Lya), 568 +2 eV (Ovil Hex), 654+ 1 eV (Ovii
Lya), 865+5 eV (Fexvill 3d — 2p or Ovill RRC),905+4 eV (Nelx Hex), 1343+9 eV (Mg XxI Hea) and
1476 + 9eV (Mgxll Lya). Thus most of the emission lines appear to be associatédiédtHe and H-like
transitions of abundant elements. Several of the He-likesliappear to be resolved, especially foriQ
which when modeled with a single Gaussian requires a linghwatlc = 6.8 + 1.4 eV. If these line widths
are intrinsic, they would imply a significant degree of vétpbroadening, with FWHM values in the range
~ 5000 — 8500 kms~!. On the other hand, the widths may be the result of a blend mfibations from
the forbidden, intercombination and resonance emissiomponents associated with the triplet emission,
which is investigated further in Section 5.3.

5.1. The High Resolution Line Spectrum

In order to provide a more accurate parameterization ofriiegon line spectrum and the line profiles,
we reverted back to the spectrum binned at a finer resolutiuinhnadopted spectral bins of widih\ =
0.03 A over-sampling the FWHM resolution of the RGS by a factorxdf — 3. The multiple spectral
panels in Figure 6 show the data/model ratio of the RGS gecit this resolution to the baseline absorbed
(TBNEW) continuum model, over the 0.4-1.6 keV range, whereby theebed rest energies or wavelengths
of the main emission lines are marked with vertical dasheeislion the panels. The above emission line
profiles are revealed in the residuals, in particular spestructure is resolved around the He-like triplets
especially from O/t and Nex. Furthermore positive residuals are also present in tHemexj the He-like
N vI triplet around~ 430 eV, although this part of the spectrum has been more coaogahed by a factor
of x3 as the signal to noise of the spectrum declines below 0.5 keV.

As before, the fit statistic improves considerably, now ugua addition of 8 Gaussian line profiles
including the emission from Mi, with the fit statistic decreasing substantially frofp = 1344.0/936
without any line emission (null hypothesis probability26 x 10717) to x2 = 1087.3/914 with the lines
included. Initially the He-like line profiles have been mtetkewith single broad Gaussian emission lines
and their properties, along with the H-like emission liness reported in Table 4. For instance theiO
profile is resolved with a width of = 6.8ﬂ;§ eV, noting that the fit is significantly worse (ldyy? = 68.1)
if the line width is restricted ta < 1eV. Similar widths are also derived from the other He-likefpes
(although Mgxi is less well determined, as is its centroid energy). Theroghenergy of the Q1 line
at 568.2ﬂ;g eV suggests an identification with the intercombinationssimon from He-like Oxygen, which
may imply a high electron density (Porquet & Dubau 2000, RBetet al. 2010), which is discussed further
later. The Nvi triplet (seen in the upper panel of Figure 6) is similar irsttégard, the line centroid energy
of 428.4 + 2.3 eV is consistent with the majority of the emission origingtifrom the intercombination
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transitions (near 426.3 eV), but is inconsistent with thpeeted energies of the forbidden (at 419.8 eV)
and resonance (430.7 eV) emission lines. Conversely thieoigrenergy of the He-like triplet of Nix
measured a®04.8 + 3.6 eV is consistent with the expected energy of the forbiddea &t 905.1 eV, but
appears inconsistent with the positions of the intercomatimn and resonance lines at 914.8 eV and 922.0 eV
respectively. The modeling of the He-like triplets and thesfion of whether they are intrinsically velocity
broadened or instead arise from a combination of the fodmidohtercombination and resonance components
is discussed later in Section 5.3.

The H-like lines from Nvii, Oviil and Mgxii are all significantly detected close to their expected rest
frame energies or wavelengths, with only the H-like line @&X\not being formally detected, as listed in
Table 4. At first sight, unlike the emission from the He-likmg, the H-like lines generally appear to be
unresolved, with the corresponding upper-limits givenhieirt1o Gaussian widths in Table 4. The H-like
profiles are also discussed in further detail in the nexti@ectThe only uncertain identification is for the
emission measured &64.7 + 1.9 eV, which may be associated to L-shell emission from irog.(Eexviii
3p — 2s), but could also contain a contribution from the radiatieeambination continuum (RRC) of
Ovii.

None of the higher order lines are detected, generally wgtht upper limits. For instance the upper-
limit on the flux from the Qvii Hes emission £ = 661 — 666 eV) is < 0.92 x 10~° photons cm?s~!
(or an equivalent width ok 0.2 eV), which implies a ratio of thélea/He3 emission of> 20. Likewise
the ratio of fluxes of Qvill Ly« to Lyg lines is> 5. This may imply the line emission is associated
with recombination (and subsequent radiative cascadeyfivlg photoionization rather than radiative decay
following photo-excitation, as the latter process gemgtabdosts the strengths of the higher order (e.g5 Ly
and He5) emission lines (see Kinkhabwala et al. 2002). If this isdase, detectable RRC emission may be
expected. The data are consistent with the presence of the GRC as noted above, with a total flux of
1.4 x 10~ photons cm? s~!, while the limit obtained on the temperaturekis < 10eV (or < 6 x 10* K).
Formally the Ovii RRC is not detected, with an upper limitaf2.3 x 10~ photons cm? s~! on the photon
flux. Note that in the latter case, it may be difficult to det@ectRRC feature, due to the large velocity width
of the Ovil emission, resulting in a weak and broadened profile. Ovehalline emission is consistent with
a photoionized plasma, a view supported byxlsear emission modeling presented later in Section 6.4.

The X-ray spectrum does not allow for any strong contributimm a collisionally ionized plasma,
which appears consistent with the lack of any strong iromé&Hsemission lines. Furthermore, any resonance
components in the He-like triplets are weak (Section 5.8jctvgenerally implies a low temperature plasma.
For akT = 0.5 keV temperature plasma with Solar abundances, the upp#rdimthe luminosity of any
emission from a collisionally ionized plasmads2.5 x 10* ergs™!, which is < 0.25% of the total 0.4—
2.0keV band soft X-ray luminosity from the AGN. In comparisthe total luminosity derived from the
Gaussian emission line profiles4s1.0 x 102 erg s!, thus any thermal plasma contributes less than 25%
of the total line emission. In practice, the contributioraafollisionally ionized plasma towards the observed
emission lines is likely much smaller, as a significant prtpo of the luminosity of any collisional plasma
arises in the thermal bremsstrahlung continuum, ratheriththe lines themselves.
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5.2. Emission Line Profiles

In order to derive further constraints on the kinematicshefline emitting gas, velocity profiles of six
of the strongest emission lines were constructed, from taupphe data/continuum model ratios for each
line and transposing them into velocity space, with respetieir expected lab rest frame energies, with
negative values denoting blueshift. For the He-like linedocity profiles were constructed for\N, Ovii
and Nex, which are the best defined He-like complexes (Mdpeing poorly constrained in the RGS). For
the NvI and OviI He-like line complexes, the velocities were centered (ab zelocity) on the expected
positions of the intercombination emission, as from theiptes fits it appeared that both of these line profile
centroids lie close to these transitions. In contrast, thexNorofile is centered (with zero velocity) at the
expected position of the forbidden line at 905.1 eV, as aldcated in the above spectral fits.

Velocity profiles were also created for the H-like (Lymahemission lines of N1, Oviil and Mgxit,
centered at zero velocity on the expected centroid enerdlyeoEémission line doublets (the separation of
which is unresolved in the RGS data). The velocity profilethefthree H-like and three He-like profiles are
plotted in Figure 7. The profiles have initially been fittedtwsingle Gaussians, with the centroid position
and 1o width (in velocity space) as well as the Gaussian normadinafflux) allowed to vary. For the
He-like complexes, the vertical (dashed-dotted) linescite the relative positions in velocity space of the
resonance, intercombination and forbidden emission limeponents compared to the line centroids, while
for the H-like profiles, the expected center position of thefet is marked with a vertical line (at zero
velocity). The results of these single Gaussian fits to théirse profiles are also tabulated in Table 5.

The centroid emission of the H-like profiles are generallysel to zero velocity and do not appear
to be resolved in terms of their widths compared to the resoiof the RGS spectrometer. Indeed, after
correcting for the instrumental width due to the responsetion of the RGS, only upper-limits are obtained
for the intrinsic velocity widths of the H-like N, Oviil and Mgxii lines. For instance the limit on the
width of the Nvii profile iso < 290 kms™! (or FWHM, < 680 km s~1), while for Oviii the velocity width
is restricted tar < 470kms™! (or FWHM, < 1100 kms™!); see Table 5 for details. There is an marginal
indication that the line centroids are slightly bluestdfi@ the case of NI and Oviil (with velocities
of vouy = —410 £+ 120kms™! and —250 4 130kms™! respectively). There is also a hint of positive
residuals on the blue-wing of the\NI line (between—2000 to —3000 kms~!) and on the red-wing (near
+2000 kms™1) of the Ovinl profile, although neither are statistically significant.u§halthough we cannot
exclude an underlying broad component to either of thesklgspit is likely to be weak. Finally for the
Ovin profile, there appears to be a marginally significant (atth&r level) absorption feature, observed
at £ = 0.643 keV and redshifted by-4500 km s~ with respect to the @111 Ly-a centroid. However this
may be spurious, as no other absorption lines are assotiatey of the other profiles at a similar velocity.

5.3. The He-like triplets

In contrast, the He-like profiles shown in Figure 7 all app&gnificantly broadened when fitted with
a single Gaussian profile, with intrinsier velocity widths of betweew = 3200 — 4000 km s~ typically
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(see Table 5 for the corresponding FWHM values). In comparibe contribution of the width from the
instrumental resolution of the RGS is negligible at the pmss of these lines. The centroid of the Gaussian
profile of the NvI emission is close to that of the intercombination transgjaalbeit with a small blueshift
of vous = —1500 £ 1000 kms~!. Likewise the Ovil profile is centered at the position of the intercombi-
nation emission, with no velocity shift required, whichiigited to < 730 kms~!. Note that for the broad
Ovi profile to be primarily associated to the forbidden line vebinistead require a significant blueshift of
—4000 km s~t. However there may still be some contribution of the forkeiddine to the overall @11 pro-
file, as some excess is observed near its expected positioa mofile. In contrast the broad Ne Gaussian
appears centered at the forbidden line, with any velociify ehthe profile limited to< 710 kms™*.

Next, the He-like profiles were modeled using a combinatibthe forbidden, intercombination and
resonance components, with the widths of these compornimited to the instrumental RGS resolution, i.e.
they are initially assumed to be intrinsically narrow and tverall He-like complex consists of a blend of
these narrow lines. The fit with narrow lines to the profiles displayed in the left hand panels of Figure
8. In the case of N1, which is the least well determined of the three He-like lpmefiles, an acceptable
fit to the profile ofy?/dof = 27.0/25 is obtained from the combination of three narrow componefitss
is comparable to the fit obtained above with a single broaélierevherex?/dof = 26.5/28. However in
order to model the profile with 3 narrow components, a sigaifidolueshift (of the order-2000 kms™1)
is required, as can be seen in panel (a) in Figure 8 with réspaheir expected positions. Nonetheless,
allowing the intercombination emission to have some istdnvidth does improve the fit statistic somewhat
to x2/dof = 20.7/25, with an intrinsic width ofs, = 1840 4 820 kms™! (see Fig 8, panel b).

In contrast the @11 profile is poorly modeledy/dof = 92.1/52) with a combination of 3 narrow
lines, as is seen in Figure 8(c), where significant flux isuefinodeled by the narrow emission lines. Thus
allowing a broad component (while retaining a possible mountion from any narrow emission if required),
results in a significant improvement in the fit statisticytydof = 37.7/51. The line width then becomes
significantly broadened as before, with the line centroidstsient with the expected position of the inter-
combination emission. A weak contribution from a narrowbfdden line may still be present in the model,
as can be seen near000kms™! (wrt the intercombination emission) in Figure 8(d), whidiows the
composite narrow plus broad profile. Likewise, theiiXdine profile is also poorly modeled with a com-
bination of three narrow line components, with/dof = 73.5/34 and significant line flux is left on both
the red and the blue side of the narrow forbidden line (Fi@jrpanel €). Thus allowing the width of the
forbidden line to increase results in a substantial impmoet in the fit statistic to? /dof = 30.9/33, while
the contribution of any narrow intercombination and resmedines are negligible (Figure 8f).

It is also possible that the line triplets are composed ofeadblof broadened emission from each of
the components, i.e. with the same velocity width as migheXyected if they originate from within the
same zone of gas. To test this and to determine the relativeilmation of the three components towards
the overall broad profiles, each He-like profile was fittechwliree Gaussian components near the expected
positions of the forbidden, intercombination and resoragmnission lines. A common (tied) velocity width
was adopted between each of the Gaussians. Although thecgidrgt three Gaussian fits were statistically
identical to a fit with a single broad Gaussian profile as abtheresults give an indication of the relative
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contribution of each component towards the overall profilee results of this deconvolution are shown for
each triplet in Table 5. For the Qi triplet, the emission can be equally composed of contamstifrom
the forbidden, intercombination and resonance emissidre lihe width is then somewhat lower than for
a single broad Gaussian, but is still significantly broadenéth o, = 20001320’ kms™. In contrast the
Neix broad profile is dominated by the forbidden emission, whsafat surprising as the overall line profile
is centered very near the expected position of the forbidien The resulting common line width in this
case isr, = 230071300 kms~! (Table 5).

Thus for the He-like lines, the broad component appears mairtkie these profiles, with any narrow
line contribution representing a relatively small companef the total line flux. The high flux ratio of the
intercombination to forbidden emission, for at least thelNind Ovii triplets, suggests that the electron
density of the gas may be relatively high. In contrast, tHeciy widths of the highest ionization H-like
lines are generally narrow or unresolved, while some pofitay have a modest outflow velocity.

5.4. Constraints on the Line Emission in the Chandra HETG Spetrum

In addition to the deep RGS exposure, a 120 ks exposure waslatigined with Chandra/HETG over
the same time frame. Given the much shorter HETG exposurdosret area at the lowest energies, the
signal to noise below 1 keV does not provide any additionaktraints on the @11 or Neix line emission.
Although the primary purpose of theéhandraexposure was to measure the Fe K profile at high resolution,
the HETG does provide additional constraints on any passhtission from Mg, Si and S above 1keV,
where in particular its higher resolution compared to theSR@akes the HETG more sensitive to any
narrow components of the line emission.

The most significant soft X-ray line emission detected inHEETG spectrum arises from the Mg
He-like triplet, which is shown in Figure 9. Indeed at thisrgy, the resolution of the HEG spectrum is a
factor x8 higher compared to the RGS. Significant line emission-(80.9% confidence wittAC = 14.8)
is revealed in the HEG spectrum just bluewards of the exdegotssition of the Mg« forbidden line (at
B, = 1331.1eV), with a measured rest energy Bf = 1333.571% eV (see Table 4). The equivalent
width of the line is2.2 4+ 1.0 eV, which is consistent with the tentative detection of thg¥ line in the
RGS spectrum at lower resolution. Interesting the forhidliiee profile appears somewhat broadened in
the Chandra spectrum, compared to the HEG FWHM resolution of 320 ki at this energy. Indeed
the best fit line width isr = 2.07}:3 eV, corresponding to a velocity width of, = 4507390 kms™! (or
10507550 kms™! at FWHM); see Tables 4 and 5. This is consistent with the \sidththe narrow H-like
components measured above in the RGS, which are largelygalneel at lower resolution; e.g. DIl

Lyman- has a velocity width constrained & < 470kms™! in the RGS spectrum.

Thus the forbidden emission detected and resolved inCth@ndra spectrum appears consistent in
origin with the narrow line emitting gas revealed in the R@8drum. Curiously the Mg line profile
appears slightly blue-shifted with respect to the expegiesition of the forbidden line, with an overall
blue-shift ofvey, = —5407350 kms!. This is also consistent with the narrow line profiles obedrin the
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RGS, which may also have a modest blueshift; e.giINLy-a with —410 4 120 kms~! or Ovil Ly-a with
—2504+130 kms™! (see Table 5 and Figure 7). Thus the narrow line gas may beiasstto a slight outflow
velocity, while the small line widths suggest that it is ltazh further from the nucleus than for the broad
line profiles. Note that unlike the detection of the forbiddamission, there is no detection of emission
from either the intercombination or resonance componehtaeoMgx! line triplet (see Figure 9), with
upper limits of< 0.4 eV and< 1.5 eV on the equivalent widths respectively. This suggeststtiganarrow
lined emission originates primarily from lower density ggven the dominance of the forbidden over the
intercombination emission); the line diagnostics fromttidets will be discussed further in Section 6.

Aside from at Mgx! (and also at the iron &line, which will be presented by Nardini et al. 2016), there
are no other significant detections of line emission in th@ BEpectrum. There are some weak indications
of emission associated with the forbidden lines ok®i and Sxv, although neither of these are formally
significant (withAC = 2 andAC = 5), with upper limits of< 1.1 eV and< 2.5 eV respectively on their
equivalent widths. Neither are any of the H-like lines frong Nbi or S detected. Generally this is expected
given the continuum dominated nature of Ark 120, while itis &xceptionally deep RGS exposure that has
enabled the detection of the soft X-ray line emission forfitst time from this AGN.

5.5. Is there any Warm Absorption towards Ark 1207

In addition to the emission, here we place limits on any msid ionized absorption towards Ark 120.
We included a Solar abundangsTArR multiplicative table of photoionized absorption speciréhie spectral
model fitted to the RGS at the rest frame of the AGN, while th#l@un velocity was allowed to vary
between+3000 kms~! to allow for any velocity shift. A turbulence velocity ef = 300kms™! was
chosen, to account for any narrow absorption lines. The#itn parameter of the absorption table was
varied betweeriogé = 0 — iﬁ to allow for the typical range in ionization seen towardseoteyfert
1s, with prominent warm absorption components (Kaspi e2802, Blustin et al. 2005, Detmers et al.
2011, Reeves et al. 2013, Di Gesu et al. 2015). The tgtakolumn was recorded for each value of the
ionization parameter, in increments of 0.1lig £ space. Tight limits were placed on the total absorbing
column density, of betweelVy < 1.8 x 10 cm™2 and Ny < 3.4 x 10 cm™2 over the ionization range
of log(¢/ergems™) = 0 — 2, with a less stringent constraint towards higher ionizatialues (Vi <
6.0 x 1029 cm~2 for log(¢/ergcms™!) = 3). Furthermore the limits on the total O column, over the
ionization rangéog(¢ /ergcms™!) = 0 — 2 (where typically most of the absorption due tov@ and Ovili
is expected to occur), varies betwelp < 1.2 x 106 cm™2 andNg < 3.4 x 10 cm™2.

Indeed upon inspection of the RGS spectra (Figure 6) thera@apparent absorption features at po-
sitions close to the expected resonance transitions otrtbiegest lines in the soft X-ray band. The findings
and constraints on the column density of the absorption Aereconsistent with those of Vaughan et al.

3The ionization parameter is defined heretas Lion /nr?, whereLio, is the ionizing luminosity measured between 1-1000
Rydberg,n is the electron density andis the radial distance from the X-ray source. The units ofitinization parameter are
ergcms .
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(2004), who published their findings from a single orbit (k§2RGS exposure) XMM-Newton observation
taken in 2003 and whom also found no evidence for any intriXsray absorption towards Ark 120. Fur-
thermore there is no known UV absorber associated with AGk(E2g. Crenshaw et al. 1999, Crenshaw
& Kraemer 2001). This confirms Ark 120 as the prototype barge3el AGN, with no known intrinsic
absorption along the line of sight towards the AGN.

6. Discussion
6.1. The Origins of the lonized Soft X-ray Emission in Ark 120

While there is no intrinsic X-ray absorption towards Ark 1@@ide from the neutral ISM absorption
due to the Milkyway), the high signal to noise RGS spectrusirbaealed several broad and narrow emission
line profiles associated to the AGN. As shown in Section 5seheroad profiles are associated with the
He-like emission from N1, Ovii and Nex with velocity widths in the range from 4000-8000 km's
(FWHM). In addition, the line profile modeling in Section @ppears to exclude the possibility of the He-
like triplets being composed of purely a blend of narrow soheed emission lines from the forbidden,
intercombination and resonance components, with thensitrivelocity widths being resolved by the RGS
(see Figure 8). In contrast the H-like profiles fronvN, Oviii and Mgxii are narrow, for instance for the
OVl Ly emission the upper limit on the Gaussian velocity width is 470 kms™.

Thus while there is no direct absorption along the line disagsociated to the AGN (see also Vaughan
et al. 2004, Matt et al. 2014), the fact that there is significsoft X-ray line emission associated with
Ark 120 suggests the AGN is not intrinsically bare. Thus #uklof absorption may just indicate that we are
viewing the AGN along a preferential line of sight, with réaly little ionized gas along our direct view.
The detection of narrow soft X-ray emission from many Seayfmlaxies, associated with photoionized
or photoexcited gas, has proven common from grating obsengof obscured AGN (Kinkhabwala et
al. 2002), with the origin likely to be on scales consistenthvthe AGN Narrow Line Region (NLR)
and perhaps arising from a large scale outflow. However teglgservations are now also revealing the
detections of broad soft X-ray line profiles from several f8eyl galaxies, with velocity widths of several
thousand km/s, suggesting an origin commensurate with (BN Broad Line Region (BLR). Examples
include NGC 4051 (Ogle et al. 2004, Pounds & Vaughan 2011k 386 (Longinotti et al. 2008), Mrk 841
(Longinotti et al. 2010), 3C 445 (Reeves et al. 2010), Mrk @D8tmers et al. 2011), MR 2251-178 (Reeves
et al. 2013) and NGC 5548 (Kaastra et al. 2014).

Indeed another AGN that bares some similarity to Ark 120 éstthre Seyfert 1 galaxy, Mrk 590. Here
XMM-Newtonand Chandrashowed no intrinsic absorption, but the presence of naromzéd emission
associated with highly ionized iron (kv and Fexxvi) as well as from ionized Oxygen (Qi1); see
Longinotti et al. (2007). In addition, the extended softa+remission detected in théhandraimage of
Mrk 590 implies the presence of ionized gas on larger (kpa)esc The overall picture may be similar to
what is observed in Ark 120, namely that little ionized gadegected along the line of sight, but evidence
for photoionized gas is still seen from the circumnuclear @at of the direct view. In Ark 120, the detection
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of both narrow and broad lines implies the existence of sefayXemitting gas over a wide range of spatial
scales, from the sub-pc BLR gas out to the more distant NLR, tve narrow highly ionized H-like emission

possibly associated to the warm scattering gas on largéesscén the following section, we attempt to

guantify the location and physical properties of the softa-emitting gas in Ark 120.

6.2. Constraints from the He-like line triplets

The lack of intrinsic X-ray absorption towards Ark 120 allesva clean measurement of the emission
from the He-like triplets. Given the constraints on the kike-line triplets, we can place an estimate on the
density and subsequently infer the likely radial locatidéthe emitting gas. The line ratia§ = (z + y +
z)/w andR = z/(z + y) give a measure of the temperature and density of the gasewlerresponds to
the forbidden line(z + y) to the intercombination emission andto the resonance line (Porquet & Dubau
2000). Taking the ratios of the fluxes of the line componergasared from the @i triplet (Table 5), then
R = 1.1 + 0.6, resulting from a relatively equal contribution of the biddarbidden and intercombination
components. This indicates that the gas is of relatively lignsity. From the calculations of Porquet &
Dubau (2000), this ratio corresponds to an electron demsdity, ~ 10'' cm=3. On the other hand the
high G ratio, ofG = 2.1 £ 1.0, indicates that the gas being photoionized rather thamsmwiblly ionized,
with a temperature of’ < 10° K. Note that photoionization rather than photo-excitatampears the more
dominant mechanism in Ark 120, given the relative weaknés$seohigher order emission lines (see Fig 5,
Kinkhabwala et al. 2002); for instance fon@ the ratio of the Hea to He5 emission is> 10.

In contrast for the He-like triplet of Nex, the forbidden line appears to dominate over any intercom-
bination emission (see Table 5), as generally thexNgiplet is more sensitive towards higher densities
compared to @1i. Thus the R ratio of® > 3.3 implies a limiting density of, < 2 x 10! cm™3. So
for Ark 120, the broad lined soft X-ray emitting gas appeavasistent with a density in the range from
10" < ne > 2 x 10 cm™3. The G ratio from the Nex triplet is G > 3.8, consistent with a photoionized
plasma. Note that the constraints Brobtained from the N triplet are consistent with this, with a resulting
lower limit on the density of., > 1019 cm™3.

6.3. The lonization State and Location of the Gas

Thus the above density would seem to imply an origin of thethdiine emission consistent with the
optical BLR (Davidson & Netzer 1979). The ionization of thaiger can also be constrained, given the
measured line flux ratio of @11 Hea/O Vil Lya ~ 10, e.g. Table 4. Indeed from fitting (S TAR emission
model with a density of,, = 10'' cm~3 to model the Q/1l emission (see Section 6.4), an ionization
parameter ofog (¢ /ergcms™!) = 0.5 is required in order for the less ionized He-like emissioddminate
over the H-like emission.

From this an estimate of the radial distance of the emitterte obtained via the definition of the
ionization parameter, i.er = (Lion/fne)l/z, where Loy, is thel — 1000 Rydberg luminosity and, is
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the electron density. From the broad-band UV to hard X-rafp Se ionizing luminosity of Ark 120 is
Lion ~ 10% ergs™! (Porquet et al. 2016). If we adopt a densityef = 10! cm=3 from the above
considerations, then the emitting radius-is= 5 x 10'® cm (or ~ 0.01 pc), again consistent with typical
BLR radii (Kaspi et al. 2005). Furthermore the distance &dhtical BLR, inferred from time delays of the
Hg line wrt to the continuum in Ark 120 is ~ 40 light days (Peterson & Gaskell 1991, Wandel, Peterson
& Malkan 1999), equivalent to a distance t#'” cm. The radius of the emission can also be estimated
from the Ovii or Neix velocity widths ofc ~ 2000 kms™! or a FWHM of ~ 5000 km s™!, adopting the
more conservative lower value from the triplet deconstomc{see Table 5). Assuming a standard virial
relation between the black hole mass and the radiuff 30> = GM /r and adopting a black hole mass
of 1.5 + 0.2 x 10® M, for Ark 120 from reverberation mapping (Peterson et al. 308#es a radius of

r ~ 1017 cm, consistent with the above estimates.

In comparison the optical BIBFWHM line width of Ark 120 is5850 4= 480 kms~! (Wandel, Peterson
& Malkan 1999), which is similar to (or slightly smaller) thahe typical X-ray broad line widths measured
here. Furthermore the core of the 6.4 keV iron Emission line is also resolved in the simultaneous Chan-
dra/HETG spectrum, with a FWHM width af0017200 kms™! (Nardini et al. 2016), consistent with the
above estimates. Thus the observations suggest that th¥-say broad emission lines originating from a
higher ionization phase of the AGN BLR, with radii in the tgal range frond x 10 — 107 cm.

In contrast the H-like profiles measured in the spectra frgr®Mnd Mg appear narrow and are unre-
solved by the RGS - see Figure 7 and Table 5. The constrairtteeatensity of the narrow lined emitting
gas are not as tight as for the broad lines, with thexVitriplet measured fron€handra(forbidden domi-
nating over intercombination witR > 3.2) indicatingn, < 10'2 cm=3. Thus although we cannot directly
measure the density of the narrow line emitting gas from diilagnostics, we can calculate its likely radial
location from the limits on the velocity widths. If we takeethine width for the resolved Mgl forbidden
line from theChandraspectrum, withr = 450ﬁ§8 km s, then the likely radius of the emitting gas is on
pc scales. Note this is also consistent with the limits onitttths of the narrow lines seen in the RGS, e.g.
for the O VIl Ly« line theno < 470 kms™t. For comparison, the expected distances of the torus and of
the Narrow Line Region (NLR) are about 3 pc and 100 pc, usiegfidiowing formula of Krolik & Kriss

(2001) and Mor, Netzer & Elitzur (2009) respectively:

Rtorus ~ Lilo/112744 (pc) (1)

Rnir = 295 x LE013 (pe), 2)

Thus, unlike for the broad line emitting gas, the narrow Meay emission appears consistent with
radial locations commensurate with the pc scale torus @rmost NLR. This is also at a similar location to
some of the soft X-ray warm absorbers inferred in Seyfert NAGee Tombesi et al. 2013 and references
therein), which may imply that we are viewing similar iorizgas in Ark 120 out of our direct line of sight.
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6.4. The Covering Fraction and Geometry of the Gas

The luminosity of the soft X-ray line emission can also bedugecalculate the global covering factor
of the gas (see also Nucita et al. 2010). From the photoitaizanodeling, the normalization (or flux),
Kxstar, Of @n emission component is definedXgTAr (Kallman et al. 2004) in terms of:

Lag

2
kac

Kxstar = [ (3)
whereLsg is the ionizing luminosity in units of03® erg s, Dy, is the distance to the AGN in kpc. Hefe

is the covering fraction of the gas with respect to the tathtisingle, where = /4. For a spherical shell
of gas,f = 1, while L is the quasar ionizing luminosity that illuminates the ghanized shell. The ionizing
luminosity obtained from the best fit spectral model andested for the intervening Galactic absorption,
is L = 4.5 x 10 ergs! over the 1-1000 Rydberg bdhdThus for Ark 120 withD = 133 Mpc and for a
spherical shell, the expectetsTAR normalization from above iy = 2.5 x 10~%. Hence for a given
column density of gas, this sets the total luminosity of thi X-ray photoionized emission.

As a first step, model emission line spectra were then gestewith this overall normalization factor
within XSTAR, which gives the predicted emission originating from ayfubvering spherical shell of gas
(with f = 1), illuminated by an AGN ionizing luminosity ol.. The ionization of the gas was fixed at
log(&/ergems™!) = 0.5, consistent with thexsTAR fits to the lines (see below). Taking as an example
the case of the strong @1 Hex broad emission line observed in the RGS spectrum, we thepaed the
observed line luminosity to that predicted by tkeTAR model and then used the ratio of the observed to
predicted line luminosity to calculate the global coverfraiction of the gas. From the Ark 120 spectrum,
the observed luminosity of the broadv® emission isLoyr = 4.0 £ 1.2 x 10*! ergs™!. In comparison,
for a column density ofV; = 10%' cm=2, the Ovil luminosity predicted by th&sTAR model for a fully
covering shell of gas i$.2 x 10*2 erg s!. The ratio of the observed to predicted luminosity then gjive
geometric covering fraction of the emitter, which fg; = 102! cm=2 is f = 0.33 + 0.10. Similarly, for
a higher column ofVg = 10?2 cm~2, the predicted @1 luminosity of a spherical shell is higher, with
3.6 x 10*2 erg s'! and thus the covering fraction is then lower, wjth= 0.11 4 0.03.

To provide a more guantitative estimate of the coveringtiva¢ the RGS spectrum was then fitted
with the XSTAR emission models. In order to reproduce the strongest amidisies present in the Ark 120
spectrum, three different photoionized emission zoneg wefuired and their properties are summarized in
Table 6. Two of these emission zones appear to be broaderigdo(w= 3000 km s~1); these are required
to model (i) the broad @11 emission (as well as at W) and (ii) the broad Nex emission, with the
lower ionization zone (witHog& = 0.5 + 0.1) responsible for 1. A third, highest ionization zone
(log ¢ = 2.3 + 0.4) with a narrow velocity width ¢ = 300km s™!) is responsible for the narrow H-like
lines, such as from @111 Ly-a. The column density of the gas in emission is not known a pfilre to the
lack of absorbing gas) and is highly degenerate with the @amisnormalization. Thus instead of directly

“Note that the ionizing luminosity returned from a broad-déitito Ark 120 with theXMM-NewtorEPIC and OM data, obtained
from theopTxAGN disk + corona model (Porquet et al. 20186, in preparationy, i9° ergs .
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fitting both the column and the normalization of tkeTAR emission zones, the column density was varied
over the range x 10?° < Ny < 10%2 cm~2, adopting 8 different values and at each fixggd value the
spectrum was refitted to obtain the normalization ofXBgAR component. Thus by comparing the observed
normalization £.1,s) Of a fitted emission component with the predicted value femuation 3 £ystar), the
covering fraction for a given column can be calculatedfby s/ fxstar-

The resulting plot of covering fraction vs. column for the/D emission zone is shown in Figure 10,
noting that similar results are also found for the INezone and the (narrow) @il zone (see Table 6).
The overall trend is for the covering fraction of the gas tordase with increasing column. This would be
expected as increasing the column density of the gas clowdsases their soft X-ray luminosity, requiring
the overall covering fraction to decrease in order to corspen A minimum column density a¥y >
3 x 1020 cm2 is required to reproduce the required/@ luminosity, if the gas is fully covering the AGN
with f = 1. This fully covering scenario appears less likely, as theamimit to the line of sight column of
soft X-ray warm absorbing gas towards Ark 120 is at leasbfaot x 10 lower; with Ny < 3 x 10" cm~2
for log(¢/ergecms™!) = 1, see Section 5.5. Instead the covering fraction is likelfpeédower, with no
significant distribution of gas along the line of sight, allng the column density out of the direct line of
sight to be higher. Indeed once the column density appreathe= 10?2 cm~2, then the covering reaches
a limiting value of f = 0.1. This corresponds to a likeljninimumcovering fraction of gas as increasing
the column density abow&y; > 10%? cm~2 has little effect on the total line luminosity; i.e at thesgumns
and higher, the emitting clouds become optically thick &t Xerays, with little change in the resulting soft
X-ray line luminosity.

6.5. X-ray Broad and Narrow Line Regions

Thus the above calculations, in order to reproduce the bsoftdX-ray line emission, requires the
emitting gas to have a typical column of upAg; ~ 1022 cm~2, with a covering fraction of at least 10%
of 47 steradian and for the gas to lie out of the direct line of sigftie mass of the emitting gas implied
from these calculations is 0.1 Mg, for Ny = 10*2cm~2 and f = 0.1. Overall this scenario is similar
to what is usually inferred from studies of the optical-UV BIBaldwin et al. 1995, Gaskell 2009), with
the distribution of emitting BLR clouds likely non-sphaiand following a flattened or disk-like geometry
(Krolik et al. 1991, Eracleous & Halpern 2003). The lattestdbution of emitting clouds can also account
for the lack of absorption towards Ark 120 if the gas lies ofithe direct line of sight and our view of
the AGN is relatively pole-on compared to the plane of th&.di$his may also be consistent with the
morphology of the host spiral galaxy being relatively pofein Ark 120 (Nordgren et al. 1995). The
opposite may be the case in AGN where variable X-ray obsomravents occur, when the line of sight can
be intercepted by compact clouds consistent with obsentd®l distances. Such X-ray obscuration events
have been observed several Seyfert galaxies, such as in3@r{_8nginotti et al. 2013), NGC 3227 (Lamer
etal. 2003), NGC 1365 (Risaliti et al. 2005b, Braito et al12) NGC 4051 (Terashima et al. 2009, Lobban
etal. 2011), NGC 3516 (Turner et al. 2008) and NGC 5548 (Kaatal. 2014).
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In contrast to the broadened emission, the kinematics oh#reow soft X-ray emission lines are
consistent with arising from pc scale distances or highke typical column density and covering fraction of
the narrow emission line gas is similar to broad lined gasafmolumn of N = 1 x 102! cm~2, the covering
fraction is consistent witlf = 1, while the covering fraction decreasestal 0% for Ny = 1 x 1022 cm™2.
Thus the derived columns and covering fractions are thdyl#too low to be commensurate with emission
from a Compton thick pc-scale torus. However the origin @f ¢fas in emission may arise from the AGN
Narrow Lined Region (NLR) and is in general agreement withtilpical columns and spatial locations of
matter inferred along the line of sight in the warm absorlieas are observed in many other Seyfert 1 AGN
(e.g. Mrk 509, Kaastra et al. 2012). Indeed the kinematicthefnarrow emission lines, in terms of the
velocity widths and a tentative indication of modest bluggboth of the order of a few hundred km?),
may imply we are observing emission from a pc scale outflowytawed out of the line of sight towards
Ark 120.
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Fig. 1.— The upper panel shows the XMM-Newton RGS count rpeetsa, divided by the instrumental
effective area. The 4 individual RGS sequences in 2014 ateeplas histograms (in black, red, green and
blue respectively). The baseline continuum model, as thestin the text, is shown as a solid line. The
lower panel show the residuals due to the model, the deniggen near to 0.52 keV is due to bound-bound
absorption from neutral Odue to our own Galaxy. Note all 4 RGS spectra are consisteéhtome another,
except for a-10% offset due to the different flux levels of each observation.
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Fig. 2.— The four panels show the fluxed 2014 RGS spectrum kfLl20, obtained from combining all 4
sequences and from the RGS 1 and RGS 2 data. The spectra bavued against a power-law continuum
of photon indeX” = 2 to create aF}, plot and are plotted against wavelength (in Angstroms)eroibserved
frame. The wavelengths of some of the expected emissios finm abundant elements are indicated, while
the predicted position of absorption due to the ISM of our @alaxy are also marked (denoted witly a
symbol). Note the strong absorption lines and edge due toaléd and N from our own Galaxy, as well
as the possible presence due to photoionized emissionftioesN, O, Ne and Mg in the rest-frame of
Ark 120.
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Fig. 3.— A zoom in of the fluxed RGS spectrum of Ark 120 in thetnallO K edge region, due to absorption
in the Galactic ISM towards Ark 120. Wavelength (energy)l@ted in the observed:(= 0) frame. The
top panel (a) shows the data compared against#vaRrRABS absorption model (red dotted line), where a
simple O1 edge which is not able to correctly account for the absangtidhis region. The lower panel (b)
shows the comparison against teNew model, which reproduces well thel® « absorption line at 235

(or 527 eV), while the drop around the edge belovk 28 more gradual due to the higher order resonances
present in the model. The excess blue-wards of the O eddeelyg lilue to Ovii emission associated with
the AGN. Note that the models are superimposed on the spietrdnave been fluxed againstfa= 2
powerlaw, but the data are not unfolded against either pisarmodel.
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Fig. 4.— The RGS 1 count rate spectrum of Ark 120 in the O Kidteaid. ThersBNEwW baseline absorption
model as described in Figure 3 is shown in red, folded thrabghinstrumental RGS response. Energy
(wavelength on the upper-axis) is plotted in the AGN resinga A broad Qvii emission line complex

is apparent in the data/model ratio residuals observed b$ R@s observed in the 560-580 eV region, at
energies above the neutral O K-shell absorption due to olax@a
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Fig. 5.— View of the RGS spectrum of Ark 120, plotted over thd-0.6 keV rest energy band. For
illustration, the spectrum has been more coarsely binnedgared to the instrumental resolution)Ad =
0.1A per bin. The upper panel shows the data points as blackgeintest frame energy (in counts space),
while the best firBNEW ISM absorption model (as listed in Table 2) is overlayed th @verall this model
provides a good representation of the shape of the X-rayreamh in the RGS band. The lower panel shows
the residuals (inr units) of the data points compared to this model. Severatipesleviations (at> 30
confidence) are marked along the x-axis by vertical arrowschvare observed at energies corresponding
to 502 eV, 568 eV, 654 eV, 865 eV, 905 eV, 1343 eV and 1476 eV {tloinv+1 eV uncertainty). These may
correspond to a series of emission lines, associated vatAGN, due to Nvil Ly, OVII Hea, Ovill Lya,
Fexvin 3d — 2p, Nelx Hewa, Mg xI Hea and Mgx1i Ly« respectively.



—32 —

Rest Wavelength (A)
29 52 28 18 26 95 25 83

o o 1 ﬂqun. ﬂ“ Wmunwn muﬁ‘l Luﬂum*mﬂ_m_rﬂi
. R IER i U
b :l S 15 ;
0.112 — 0.114 . 0.I46 . 0.I48
24.80 23.84 22.96 22.14 21.38 20.66
F I| T T T T T T T T T
o~ : : 4
- | qLne
° |
€ o M‘" & L ol "_th_n nﬁﬂ Ah_" “ﬂﬂ : : | m'qn_an...n fa JRJ
}J 'h] "Ll'uu'lhj u'uu-uulu[uu—uuuua =< uu”uudru”
§ SIS
Z \ | \ | Q 0,0 \ |
0.5 0.52 0.54 0.56 0.58 0.6
19 07 17 71 16 54
g 4 1[L'I nh’ll;.n“ ﬂﬁﬂwh i ﬁﬂJ‘ﬂr& HMJLIIHLL ﬂﬂ.ﬂ- J'Lﬂrfln ai Mg ﬂ,r
S Ldu” uﬁ]lluj U HLJUH WU er »uu-uuuv
s pl s s s s 1 s s s s 1 s :
0.65 0.7 0.75
14.59 13.78 13.05 12 40
- I e | :
“r Il | 1
P RTL, wﬂn
TR gde w
Sl ) s ]
P T VS N~ 1P~ I~ T | .Z.I
0.85 0.9 0.95 1
10.33 9.54 8. 86 8.27
< f | .
i | I
o it foal ny l ﬂjulﬂﬂ A G
g Juu"v PV Y ”“L ladddiNt'as ]
3t < % 5 ]
" 1 " " " " 1 g c)I 1 " ,ng, 1 " " " " 4
1.2 1.3 14 1.5
Rest Energy (keV)

Fig. 6.— Data/Model ratio residuals of the RGS data to thé-BiekSM absorption model obtained with the
baselinereNEwW model. Rest energy (in keV) is plotted along the low x-axést wavelength (in Angstroms)
along the upper axis. Dashed lines mark the expected pusitibthe strongest He-like (k¢ and H-like
(Lyman-) emission lines, where the He-like triplets are denotechisyforbidden (), intercombination 4)
and resonance-] components respectively. The panels (from top to bott@pjesent the residuals in the
region of the Nvi, Ovii, Oviil, Neix—x and Mgxi—xIl bands. Note the data are binned at the HWHM
resolution of the RGS, except the upper-panel aroumnd, Nvhich is binned by a further factor of3 for
display only.
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Fig. 7.— Velocity profiles of the main He and H-lines, as meadltby XMM-Newton RGS for (a) N1,

(b) Nwvii, (c) Ovii, (d) Ovii, (e) Neix and (f) Mgxii, see Section 5.2 for details. The points (filled
circles) show the data divided by the continuum model fohdame, where negative velocities correspond
to blue-shifts. The profiles are centered at zero velocygared to the known line centroid energies of
the doublets for H-like lines, the intercombination enossfor Nvii and Ovil and the forbidden line for
Neix. The solid line represents the best-fit single Gaussiansamnigrofile for each line profile, with values
reported in Table 5. In the case of the He-like emission flaftd panels), the profiles are all resolved and
appear broadened, while the expected positions of the aasenintercombination and forbidden compo-
nents (left to right) are marked by vertical dot—dashedsline contrast, the H-like lines (right hand panels)
appear unresolved, compared to the instrumental resolutio
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Fig. 8.— As per Figure 7, but showing the fits to the He-likefies. The left hand panels are the fits
to the profiles with a combination of three narrow, unresleeission lines, corresponding to (from left
to right) the resonance, intercombination and forbiddemmanents and allowing for a small blue-shift of
the lines where required. Overall, the three narrow triptghponents provide a poor overall representation
of the profiles, leaving significant remaining emission udeled. The right hand panels correspond to
composite fits, where a broad emission component is inclidduk line profile, in addition to any narrow
line emission where required. For the cases ofiCand Nex in particular, the profiles are dominated by
an underlying broad (FWHM- 8000 kms™1!) line, corresponding to intercombination emission foviO
and forbidden emission for N&, while any contributions from narrow components are snidle profiles
indicate that most of the He-like line emission arises froemskr gas, of the order 10! cm=3, with
velocities commensurate with the AGN Broad Line Region.
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Fig. 9.— Portion of the Chandra HEG spectrum of Ark 120, in tegion of the Mgxi He-like triplet,
plotted in the AGN rest frame. The expected positions (freftitb right) of the forbidden, intercombination
and resonance line components are marked with blue velitiesl Significant line emission is detected just
bluewards of the expected position of the forbidden lineilevho emission is required from either of the
intercombination or resonance components. Due to the biglution of the HEG spectrum, the forbidden
line is resolved, with a width of, = 450725 kms~! and likely corresponds to the narrow component of
emission which is unresolved in the RGS. Note that the saldoins sample the HWHM resolution of the
HEG, which corresponds tA\ = 0.005A or ~ 160 kms™! at the position of the Mg triplet.
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Fig. 10.— Geometric covering fraction (as a fractiordafsteradian) of the broad line soft X-ray emitting
gas responsible for the broadv®@ profile. This has been fitted as a function of the emitter colai®nsity,
from the photoionized emission model discussed in Sectibn Bhe covering fraction for the @I gas
decreases with column density, with a minimum coveringtfoacof f = 0.1 (i.e. 10% of4r steradian)
deduced for columns a¥; = 10?2 cm~2 and higher. A minimum column density 8fi; > 3x10%° cm™2is
required corresponding to where the gas fully covers the A®N f = 1. Overall the deduced parameters
appear consistent with the expected gas distribution ii\(BN Broad Line Region.
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Table 1. Summary of Ark 120 Observations
Mission Obsid Start Date/Tinfe Inst Exposure (ks)  Net Rate's
XMM-Newton 0721600201 2014-03-1808:52:49 RGS1 108.8 0.795 £ 0.003
— — RGS2 - 0.909 + 0.003
0721600301 2014-03-2008:58:47 RGS1 116.6 0.653 £ 0.003
- — RGS 2 — 0.747 £0.003
0721600401 2014-03-2208:25:17 RGS1 102.8 0.718 +0.003
— — RGS2 - 0.831 £+ 0.003
0721600501 2014-03-2408:17:19 RGS1 103.6 0.654 +0.003
— — RGS2 - 0.746 £+ 0.003
Total - RGS1 4315 0.705 £ 0.001
- RGS 2 430.8 0.808 £ 0.001
- RGS1+2 8627 0.756 4 0.001
Chandra 16539 2014-03-17 07:47:58 MEG 63.0 0.914 +0.004
- - HEG - 0.417 £0.003
15636 2014-03-21 04:38:43 MEG 10.2 0.752 £0.011
— — HEG - 0.356 + 0.009
16540 2014-03-22 13:55:12 MEG 47.3 0.832 £ 0.005
— — HEG - 0.389 £ 0.004
Total - MEG 120.5 0.868 £ 0.003
— — HEG - 0.401 £ 0.002

aQbservation Start/End times are in UT.

PNet exposure time, after screening and deadtime corredtids.
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Table 2. Baseline Model Parameters to 2014 Ark 120 RGS Spectr

Component Parameter Value
Continuum:-
Galactic absorption Ny 8.8+ 0.4
Apb 1.62+0.10
Powerlaw r 2.06 £ 0.06
Npi© 1.38 +0.04
Blackbody kT? 126 £ 6
Nggp 9.7+ 1.7
Absorption Lines:-
NI Ko Eobs (Aobs)  396.6 + 0.5 [31.26]
Non —7.2+£0.7
EW 0.59 £ 0.06
O1 Ka? FEops (Aobs)  527.2 £ 0.2 [23.52]
Nph -7.0+1.0
EW 1.14+0.16
Flux F0_4_2_0h 2.95

aGalactic neutral absorption column, modeled with th-
new, unitsx 10%° cm=2,

b0 abundance, compared to the Solar abundance table of
Wilms et al. (2000).

‘Power law photon flux at 1 keV, in units of
x1072 photonscm? s~ keV~!.

dBlackbody temperature, units eV.

°Blackbody normalization, in units of10~° 55—,

10kpc

where L3 is the luminosity in units ofx103° ergs™' and
D1oxpc is the source distance in units of 10 kpc.

&N and O Ko absorption line parameters. Energy
(Fobs) (or wavelength,,s in brackets) are given in the ob-
served £ = 0) frame in units of eV (or,&); photon flux
(Npn) is in units of x10~5 photonscm?s~!; equivalent
width (EW) is in units of eV.

hObserved (absorbed) continuum flux from 0.4-2.0keV
in units of x10~** ergcnmr2s7L,
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Table 3. Galactic ISM Absorption towards Ark 120.

Parameter TBVARABS® TBNEW® ISMABSY TBNEWZ‘Z ISMABSQ‘Z
Ng? 9.4+ 0.4 88+04 8514+04 11.1+04 11.440.6
No© 6.4+0.5 7.0+£05 6.5+0.3 6.5+0.3 6.1+0.3
o/H¢ 6.8+0.5 7.9+05 7.7+05 5.9+0.3 54+0.4
Ap® 1.39+0.10 1.62+0.10 1.57+0.10 1.20+0.04 1.10+0.08
Ny - - 0.72+0.27 - 0.76 + 0.25
N/HY - - 8.5+3.2 - 6.7 +2.2
Nneo! - - 1.2+0.3 — 1.4+0.3
Ne/HY - - 14+4 - 1243
Npo! - - 0.26 + 0.06 - 0.25+0.05
Fe/H9 - - 3.0+0.7 - 2.2+0.5
No+™ - - <0.42 - -
Noa2+" - - < 0.06 - -
x?2/dof 1392.7/934 1087.3/914 1086.6/911 1110.8/914 1093.6/911

aGalactic ISM absorption model, fitted with eithieBVARABS, TBNEW oOr ISMABS. In
the first three cases, the continuum is fitted with a powerghus blackbody model to the
RGS band, while in the lattelBNEW? andiSMABS? cases, the continuum is fitted with a
power-law plus Comptonized blackbody spectrum.

bGalactic neutral hydrogen column, in unitd02° cm~—2,
°Neutral Oxygen column, unitg 107 cm=2.
dDerived ratio of O to H column density, 104,

°Relative O/H abundance, compared to the Solar abundange @al.9 x 10~ in
Wilms et al. (2000).

fColumn density of neutral N, Ne or Fe, in uni¢kd0'” cm~2.

¢Derived ratio ofN/H, Ne/H andFe/H column densitiesx10~°. Note the relative
Solar abundances listed in Wilms et al. (2000)&a6e<10°,8.71 x 10~° and2.69 x 10>
for N/H, Ne/H andFe/H respectively.

hColumn density of once and twice ionized O towards Ark 12Qriits x 1017 cm~2.
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Table 4. Soft X-ray Emission Lines in the 2014 Ark 120 Spettru

Line ID E¢ jasar Flux® EwWe o Ax?e
N VI (i) 428.4+2.3[28.941] 9.6755  0.83%037 4977 197
Nvil Ly-a  501.040.4[24.747] 18405 023+0.10 <09 13.1
ovi (i) 568.2717 [21.820] 18.875%  2.84+0.5 6.87]5 104.8
ovi (f) 561.0f [22.100] 2.6+2.2 0.4+0.3 1/ -
Ovill Ly-a 654.140.5[18.955] 2.14+0.7 047+0.16 <11  27.2
Fexvill 864.7+1.9[14.338] 1.440.6 0.60+025 21722 154
Neix (f) 904.8+3.6[13.703] 2.9+0.8 14404 71731 36.6
Mg X 1342+ 10[9.239] 16757 1.9751 <24 167
Mg x19 (f) 1333.5712[9.297] 24411 22+1.0 2073 148
Mg X 147571 [8.406] 1.8+0.6 26+09 <36 281

*Measured line energy in quasar rest frame, units eV. Thesponding rest wave-
length value in is given within brackets. Note the lines are measured Wi¢hRGS,
unless otherwise stated.

bPhoton flux of line, units<10~° photons cm 2 s*

°Equivalent width in quasar rest frame, units eV.

410 velocity width, eV.

¢ lmprovementinAx? (or AC for the HETG) upon adding line to model.
fIndicates parameter is fixed.

gParameters measured from the Chandra HETG spectrum
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Table 5. Fits to Velocity Profiles of Soft X-ray Emission Lge

Line ID o, FWHM? Vout” Flux®
Single Gaussiaris-
NVI Hew 3200 + 1300 7500+ 3000 —1500+ 1000  9.6733
N VIl Ly-« < 290 < 680 —410£ 120 1.8£0.5
OVl Hew 4050 £ 700 9500 = 1600 < 730 18.8733
Oovil Ly-«a < 470 < 1100 —250£130 2.1+£0.7
Neix He« 3980 +£ 1100 9350 £ 2600 <710 29+£0.8
Mg xI He-a (f) 4501790 10501950 —5407350 24411
Mg XxiI Ly-« < 700 < 1650 < 300 1.8+ 0.6
Three Gaussian fit-
N VI triplet:-
() - - —1650 £400 < 3.6
(0 1840 £820 4300+ 1900 —1450+£700 6.3+3.0
(n - - < 2300 <25
Ovii triplet:-
() - - 6.9+28
(i) 20001820° 460073750 < 850 6.5+ 2.5
0 - - 6.4+ 2.3
Neix triplet:-
(f 230011500 550015500 <930 3.0+ 1.1
(i) - - - < 0.6
n - - - <0.5

2Intrinsic 1o and FWHM velocity widths of emission lines in km's, after correct-
ing (in quadrature) for instrumental spectral resolution.

bVelocity shift of emission line in kms!. Negative values denote blue-shift. The
velocity centroids of the N1 and Ovii lines are measured with respect to the inter-
combination emission and N is with respect to the forbidden line.

Flux of the individual He-like line components, in units 0~5 photonscm? s1.
dProfile fitted with a single Gaussian component only.

¢He-like profiles fitted with a blend of three broad Gaussiaedi with a common
velocity width between the three components. Note f, i andmatle forbidden, inter-
combination and resonance components respectively.

¢Profile measured from the Chandra HETG spectrum
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Table 6. Soft X-ray emission zones modeleddsrAR.

Zone log €% F.oo (Ng = 102'cm™2)  F.., (Ng = 10*22cm2)?
Broad (Ovil)  0.540.1 0.36 + 0.06 0.08 = 0.02
Broad (Nex) 1.5+0.3 > 0.64 0.09 +0.03
Narrow (Ovii) 2.3+0.4 > 0.62 0.11 +£0.04

2|onization parameter. Units gfare ergcms! in log units.

bCovering fractions for column densities 8f; = 102' cm~2 and10%2 cm~2 respec-
tively.
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