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A High Resolution View of the Warm Absorber in the Quasar MR 2251-178

J.N. Reeves?, D. Porquet, V. Braito, J. Gofford, E. Nardint, T. J. Turnet, D. M. Crenshaw, S. B.
Kraemef

ABSTRACT

High resolution X-ray spectroscopy of the warm absorbeh@rearby quasar, MR 2251-
178 (z = 0.06398) is presented. The observations were carried out in 20hjuke Chandra
High Energy Transmission Grating and the XMM-Newton ReftetiGrating Spectrometer,
with net exposure times of approximately 400 ks each. A mtudé of absorption lines from
C to Fe are detected, revealing at least 3 warm absorbing @oengs ranging in ionization
parameter fromog(¢/ergems™!) = 1 — 3 and with outflow velocitiesg 500 kms™t. The
lowest ionization absorber appears to vary between the @@haand XMM-Newton observa-
tions, which implies a radial distance of between 17 pc from the black hole. The soft X-ray
warm absorbers likely contribute a negligikte0.01% of the bolometric output in terms of their
kinetic power. Several broad soft X-ray emission lines tnengly detected, most notably from
He-like Oxygen, with FWHM velocity widths of up to 10000 km's consistent with an origin
from Broad Line Region (BLR) clouds. In addition to the warbsarber, gas partially covering
the line of sight to the quasar appears to be present, ofaypitumn densityVyg = 102 cm~2.
We suggest that the partial covering absorber may arise tilhersame BLR clouds responsible
for the broad soft X-ray emission lines. Finally the pregeata highly ionised outflow in the
iron K band from both 2002 and 2011 Chandra HETG observatigpears to be confirmed,
which has an outflow velocity of 15600 4 2400 kms~!. However a partial covering origin
of the iron K band absorption cannot be excluded, resultiomflow ionization material with
little or no outflow velocity.

Subject headinggyalaxies:active — quasars: individual: MR 225-178 — X-rayalaxies

IAstrophysics Group, School of Physical and Geographic@r®es, Keele University, Keele, Staffordshire, ST5 5B®; U
j-n.reeves@keele.ac.uk

2Center for Space Science and Technology, University of Mag/ Baltimore County, 1000 Hilltop Circle, Baltimore, MD
21250, USA

3Observatoire Astronomique de Strasbourg, Université ti@sBourg, CNRS, UMR 7550, 11 rue de I'Universite, F-67000
Strasbourg, France

4INAF - Osservatorio Astronomico di Brera, Via Bianchi 463807 Merate (LC), Italy

SDepartment of Physics and Astronomy, Georgia State Urityelsstronomy Offices, One Park Place South SE, Suite 700,
Atlanta, GA 30303, USA

8Institute for Astrophysics and Computational Sciencegadbenent of Physics, The Catholic University of America,shiag-
ton, DC 20064, USA


http://arxiv.org/abs/1308.4550v1

—2_

1. Introduction

Photo-ionized or “warm” absorbers are commonly observed ieast 50% of the UV/X-ray spectra of
Seyfert 1s and type-1 QSO and are an important constituehGof (e.g., Reynolds 1997; Crenshaw et al.
2003; Porguet et al. 2004; Blustin etlal. 2005). The Seyfarmvabsorbers that are frequently observed at
high spectral resolution wittkMM-Newton and Chandraare now known to give rise to numerous narrow
absorption lines, usually blue-shifted, implying outflogiiwinds of a few hundred knT$ up to a few
thousand kms!. These arise from various elements over a wide range ofdtiniz parameters, especially
from carbon, nitrogen, oxygen, neon, silicon, sulfur, amai(e.g., Kaastra et al. 2000; Kaspi etial. 2002;
Blustin et al! 2002; McKernan et lal. 2003).

X-ray spectral signatures of the warm absorber range fravawly ionized Unresolved Transition
Array (UTA) of M-shell iron (< Fexvii) at~ 16A (Sako et al. 2001; Behar etlal. 2001) to absorption from
highly ionized (H-like and He-like) iron which may origireafrom an accretion disk wind (e.q., Reeves ét al.
2004 Risaliti et al. 2005; Braito et al. 2007; Turner et 808; Tombesi et al. 2010a/b; Gofford et al. 2013).
These spectroscopic measurements can reveal cruciahiafimn on the outflow kinematics, physical con-
ditions and locations relative to the central continuunmrseu- ranging from the inner nucleus (0.01 pc) to
the galactic disk or halo (10 kpc) — which can ultimately uhtree inner structure of quasars (Elvis 2000).

The warm absorption signatures observed in the soft X-rag lsaver a wide range of column densities
and ionization parameters frobng(Nyg/cm=2) ~ 20 — 23 andlog(¢/ergems™) ~ —1 — iﬂ These
warm absorbers are thought to be typically located on fditge distances from the central black hole,
from their low ionization parameter and velocity valuesitHrelative) lack of variability, plus in some
cases from their inferred low densities (e.g., NGC 3783:a@Beh al! 2003; Krongold et &al. 2005; Mrk 279:
Scott et all 2004; Ebrero etlal. 2010; NGC 4051._Steenbrutak/2009; Mrk 2901 Zhang et al. 2011; and
Mkn 509:|Kaastra et al. 2012). These soft X-ray warm abserban be associated with, for example, a wind
originating from the putative parsec scale torus (Blustiale2005) or the latter stages of an accretion disc
wind which has propagated out to larger radii (Proga & Kaln2804; Tombesi et al. 2013). By virtue of
their low outflow velocities the soft X-ray warm absorbers trought to only have a weak feedback effect
in their host galaxy. Indeed, the mechanical power impaniethdividual warm absorption components is
very low, typically < 0.01% of an AGN'’s bolometric luminosity I,,1) (e.g., Blustin et gl. 2005), which
is significantly lower than the- 0.5% of L thought necessary for feedback to affect the host galaxy
(Hopkins & Elvis|2010). Howevel, Crenshaw & Kraeimer (2012yéa recently shown that this 0.5%
threshold can be exceeded provided the mechanical powetegrated over all UV and X-ray absorption
components, at least in the case of a few moderate-lumyniosial AGN.

Recent systematic archivdMM-NewtorandSuzakistudies have shown that Kgv-xxvI absorption
lines are present in the X-ray spectra_pf40% of radio-quiet AGN in the local universe with < 0.1
(Tombesi et al. 2010a, 20111, 2012; Patrick et al. 2012; Gofd al. 2013) and also in a sample of 30 local

The ionization parameter is defined @s= Lion/nR? (Tarter et all 1969), wheréio, is the 1 — 1000 Rydberg ionizing
luminosity,n is the electron density anél is the distance of the ionising source from the absorbingdso
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Broad Line Radio Galaxies (Tombesi et al. 2013, in prepanqtivhich thus suggests that they may represent
an important addition to the commonly held AGN unificationdab(e.g., Antonucti 1993; Urry & Padovani
1995). In comparison to the soft-band absorbers these hasey Xbsorbers generally have much more
extreme parameters, withg(Nyg/cm=2) ~ 23 — 24 andlog(¢/ergems™!) ~ 3 — 6, and their outflow
velocities relative to the host galaxy can reach mildly treistic values. The large inferred velocities —
combined with the short time-scale variability sometimesilgited by the absorption features — point to an
origin more likely associated with a wind which is launchednf the surface of the accretion disc itself
(e.g.,Pounds et al. 2003; Reeves et al. 2009; Gofford efdll;2Tombesi et al. 2012). In this scenario
the inferred mass outflow rates for disc-winds are often amadge to those of the matter which accretes
onto the central black hole and the consequent mechanigarpoan also be a sizeable fraction (i.e.,
few percent) of an AGN'’s bolometric luminosity (e.q., Claaret al. 2002; Pounds etlal. 2003; Gibson &t al.
2005; Reeves et al. 2009; Gofford eflal. 2011; TombesiletDdl2P

MR 2251-178 £ = 0.06398; |Bergeron et &l. 1983; Canizares et al. 1978) is one of thaybrightest
AGN in the local universells_joev ~ 2 — 9 x 10** ergs™!). It was the first quasar identified through
X-ray observations (Cooke et|al. 1978; Ricker et al. 1978)the first AGN known to host a warm absorber
(Halpern 1984). The quasar is located on the outskirts ofistet of~ 50 galaxies|(Phillips 1980) and is
surrounded by an extended nebula of diffuse gas out to 103€0nkhich gives rise to [@], [O 1] and Hx
emission at optical wavelengths (Macchetto et al. 1990]iphil980). The source has a central black hole
mass of~ 2.4 x 10® M, (Dunn et al. 2008), is observed to be a weak radio emitteh(aitadio loudness
parameterRy, = Fsan,/F o = —0.43; IReeves & Turner 2000), and has a Fanaroff-Riley type | (FR1)
radio morphology (Maccﬁé%’tuget al. 1990).

The first detailed study of MR 2251-178 in the X-ray regime wasducted by Halpern (1984) who,
using spectra from the Einstein X-ray observatory, notiseftl X-ray variability on time-scales of 1yr
caused by changes in both the column density of photoioniza@rial along the line of sight and an asso-
ciated change in the materials ionization state. The itioizatate of the absorbing material was also later
found to be strongly correlated with the source luminositith the absorber appearing to become more
ionized when the source was at a larger luminosity, whick #ittongly suggested the presence of partially-
ionized ‘warm’ material along the line of sight (Mineo & Staw|1993). Subsequent observations with
EXOSAT GingaandBeppoSAXound the broad-band X-ray spectrum could be well descrilyed power-
law of photon-index” ~ 1.6 — 1.7 which is absorbed by a column density of around a feM?? cm—2
(Pan et al._1990; Mineo & Stewart 1993), and a high-energyorar at aroundl00 keV (Orr et al. 2001).

In the UV, Monier et al.[(2001) found absorption lines due ya/.N v and Civ with a systematic blueshift
of ~ 300 km s~!; the CIv absorption in particular showed variability over a periddanghly 4 years which
constrained the absorption clouds to withirt2.4 kpc of the continuum source (Ganguly et al. 2001).

Kaspi et al. (2004) performed a detailed spectral and teatmbudy of MR 2251-178 using a series
of ASCA FUSE BeppoSAXand XMM-Newtonobservations which spanned a periodoB.5 yrs. In con-
firmation of previous studies Kaspi et al. (2004) also foumel ¢continuum to be described by an absorbed
power-law of photon indeX" ~ 1.6, but also found that the continuum required a supplemerdafty
excess af’ < 2keV to achieve an acceptable fit to the soft X-ray data. Th&mgraspectrum from the
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XMM-Newton/RGSevealed the warm absorber in MR 2251-178 to be multi-phesesisting of at least
two or three ionised absorption components with column itleasn the range 02°—22 cm=2, all of which
had physical properties which appeared to vary betweenndigens in accord to what was reported by
Halpern [(1984). This led Kaspi etlal. (2004) to propose aatemnwhere absorption clouds were moving
across the line of sight over a time-scale of ‘several monttmsthe FUSE spectrum further UV absorp-
tion lines from Cii, H1 and Ovi were detected with velocity shifts similar to those foundvenier et al.
(2001). A 2002 Chandra/HETG observation of MR 2251-178 wdsighed by Gibson et al. (2005). There
the authors found evidence for a highly-ionisedxi&&1 Lya absorption line with a substantial blueshifted
velocity, vy, = —1270042400 kms~!. By considering the kinematics of the absorber Gibson |€2a05)
inferred that unless the absorber is of a low global covefiagtion (in terms of the total fraction afr sr
covered by the absorber) the mass-loss rate in MR 2251-1at8aast an order of magnitude larger than the
source accretion rate.

Arecent analysis over thie6—180.0 keV broad-band X-ray spectrum has been performed by Go#badl
(2011) combining &uzakwbservation of MR 2251-178 performed in May 2009 &vwdftBAT data as part
of the 58-months all-sky-survey (Baumgartner et al. 201@)accordance with previous observations, the
authors found that the general continuum can be well destiily a power-law with® = 1.6, an apparent
soft-excess below 1keV and considerable curvature abawendr 10 keV. However, the authors found
that a good fit can also be found with a soffer- 2.0 power-law absorbed by a column &%; ~ 1023 cm—2
which covers~ 30% of the source flux. This softer photon index value is moresigtant with that found
generally in radio-quiet quasars (e.g., Reeves & Turnef28®rquet et al. 2004; Piconcelli et al. 2005;
Scott et all 2011). In addition, numerous significant warreoaption lines were detected (at the99%
confidence level from Monte Carlo simulations) and assedi& Fe UTA, Fe L shell (blend of 2s3p tran-
sitions from Fexxii -xxiv), Sxv, Sxvi and Fexxv-xxvi lines. |Gofford et al.|(201.1) found at least 5
ionised absorption components with?® < Ny < 1023 cm™2 and0 < log &/ergems™! < 4 are required
to achieve an adequate spectral fit of all these absorptainries.

In this paper the analysis of an unprecedented deep folfpwampaign of MR 2251-178 in 2011
with XMM-Newtonand Chandra is presented. ThXMM-Newtonand Chandraobservations were both
performed as a large observing program, with the obsenstizthin about a month of each other. The
exposure times of these observations~0#00ks, is significantly greater than obtained in the previous
2002 Chandra/HETG and XMM-Newton observations (net exyassaf~ 140 ks and 60 ks respectively).
The increased exposure times make it possible to study tha absorber in this quasar in unprecedented
detail and resolution, with the RGS and HETG gratings ormdbodvIM-Newton and Chandra respectively.
Thus the overall goal of this campaign was to obtain highaigmnoise and high resolution spectroscopy
of MR 2251-178 in order to measure the properties of the pgimantinuum emission and in particular the
ionized absorption and outflow along the line of sight.

This paper is organized as follows. In secfidon 2, we des¢hieelata reduction of both RGS and HETG
observations. Sectidd 3 is devoted to the initial spectitadi of the HETG data, to atomic line detections
and identifications as well to the initial kinematics of thsarption lines. Sectidd 4 presents photoionization
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modeling of the X-ray absorption in the RGS and HETG spectrahsning fully and partial covering
warm absorber components; in addition the variability ef¥iray absorption components and the possible
presence of a highly ionized absorber are examined. SdBtfocuses on the modeling of the emission
line spectrum, especially the\dr line complex. In Sectiohl6, we discuss about the origins afet some
physical properties of the absorption and emissions mdaiareed in MR 2251-178 and compare them to
those found in other AGN.

Values of Hy = 70kms ! Mpc™!, andQ,, = 0.73 are assumed throughout and errors are quoted
at 90% confidenceXx? = 2.7), for 1 parameter of interest. All spectral parameters areteyl in the
rest-frame of the quasar, at= 0.06398 (Bergeron et al. 1983), unless otherwise stated.

2. Observations and Data Reduction
2.1. XMM-Newton Observations of MR 2251-178

XMM-Newton observed MR 2251-178 three times from 11-17 Noker 2011, over 3 consecutive
satellite orbits. Each observation was approximately E3@dkength, with the details of the 3 observations
listed in Tablel. First order dispersed spectra were obthinith the Reflection Grating Spectrometer
(den Herder et al. 2001) and were reduced usingrR@ePRoOCscript as part of the XMM-Newton SAS
software v11.0. The spectra from each of the orbits wereddarbe consistent with each other, with the
only variation being due to a 10% change in the count rateeo&tiurce over the 3 observations. Therefore
spectra and response files for each RGS were combined to gingla spectrum with a total net exposure
of 389.1ks. There were no periods of strong background fthraag the observations, the background rate
in each RGS being only 7-8% of the total source rate. Priop&zia analysis, channels due to bad pixels
on the RGS CCDs were ignored as well as the two malfunctioBi@®s for RGS 1 and RGS 2 respectively.

The net background subtracted count rates Wet@6 + 0.001 s~, 0.535 + 0.001 s! for RGS 1 and
RGS 2 respectively, yielding a total of ovérx 10° counts for the two RGS spectra together. Spectra
were binned intoA\ = 0.02 A bins, which over-samples the RGS spectral resolution bgceof of x4
compared to the FWHM resolution. Due to the high count raatissics, y> minimization was employed
in the subsequent spectral fitting. An additiore8% systematic error was added in quadrature to each
combined RGS spectrum, in order to allow for systematicedifices between the two grating spectra. A
constant multiplicative offset was subsequently allowetheen the RGS 1 and RGS 2 in all the spectral fits,
which was found to be withint3%. Data were fitted over the 0.33-2.0 keV energy range in tlsemied
frame.

2.2. Chandra HETG Observations of MR 2251-178

The High Energy Transmission Grating (HETG) onbo@handra(Weisskopf et al. 2000; Canizares et al.
2005) also observed MR 2251-178 from 26 September to 2 Ocfildd, occurring approximately 40 days
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before theXMM-Newtonobservations. As per thMM-Newtonobservations, th€handraobservations
occurred over 3 consecutive orbits, with the last sequencewhat shorter than the first two - see Table 1
for details. Spectra were extracted with thieo package v4.3. Only the first order dispersed spectra were
considered for both the MEG (Medium Energy Grating) and HB@lf Energy Grating) and th&1 orders

for each grating were subsequently combined for each sequeNo significant spectral variability was
observed between the 3 sequences and the spectra werdgaransiith only modest- 10% variations in
source flux. Therefore the spectra were combined from alktlsequences to yield a single 1st order spec-
trum for each of the MEG and HEG, yielding respective net sewount rates of.485 4 0.001 s~! and
0.24540.001 s~ respectively for a total exposure time of 392.9 ks. Thusadkel tounts obtained exceeded
1.9 x 10° and9.5 x 10* counts for MEG and HEG respectively. Note that the backgdazontribution to-
wards the count rate was negligible.

The resultant 2011 source spectra were subsequently biongd = 0.02A and A\ = 0.01 A bins
for MEG and HEG respectively, which samples their respecBWHM spectral resolutions. The MEG
and HEG spectra were analyzed over the energy ranges of.0ke\6 and 1.0-9.0 keV respectively. The
C-statistic was employed in the subsequent spectral filsetHETG, as although the overall count rate is
high, towards the lower energy (longer wavelength) end ofi ggiating spectrum the total source counts per
bin drops below/N < 20 in some bins. In the case gf minimization, this would lead to the continuum
level being somewhat underestimated at soft X-ray energies

An archivedChandraHETG observation of MR 2251-178 also took place 11 Septer2b@®, with a
total net exposure of 146.3 ks. First order spectra for MEGEG were re-extracted as above, yielding
count rates 06.317+0.001 s~! and0.1644-0.001 s~ ! respectively. Thus the 2011 observation was approx-
imately 50% higher in count rate or flux than the earlier 20B2ewvation and therefore the 2002 dataset
provides a lower flux comparison spectrum. The data weresbliand analyzed over the same energy ranges
as per the 2011 observation and the C-statistic was employatisubsequent spectral fits.

3. Initial Spectral Fitting
3.1. The Overall Spectral Form

Initially we concentrated on the 2011 RGS and HETG obseymati All parameters are given in the rest
frame of the quasar at = 0.06398, unless otherwise stated and spectral parameters aredgocteergy
units (thus 1 keV is equivalent to 12.39@%. In all the fits, a Galactic absorption of hydrogen colunemsity
of Ng = 2.4 x 10?° cm~2 (Kalberla et al. 2005) was adopted, modeled with the “Tugdm-Boulder” ab-
sorption model{BABS in XSPEQ using the cross—sections and abundances of Wilms et &0)2Biguré 1
shows the overall 2011 fluxed RGS spectrum of MR 2251-178tquicagainst a powerlaw &f = 2 in the
soft X-ray band and in the quasar rest frame at 0.06398. The spectrum shows several clear signatures of
awarm absorber and emitter. A deep absorption trough ieptégtweenn.7—0.8 keV which is most likely
identified with an unresolved transition array (UTA), dueto— 3d transitions from lower ionization M-
shell iron (i.e. Fe less ionized than kel ) (Behar et al. 2001). The iron M-shell UTA has been commonly
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observed in high resolution grating spectra of many AGN (Maién et al. 2007), e.g., IRAS 13349+2438:
(Sako et all. 2001), NGC 3783._(Kaspi etlal. 2000, 2001; Kréohgbal.l2003), NGC 55481 (Kaastra et al.
2002 Andrade-Velazgquez etlal. 2010), Mrk 509: (Pounds$.208. ;) Yagoob et al. 20083; Smith etlal. 2007),
NGC 7469: |(Blustin et al. 2007), Mrk 841.: (Longinotti el aDID), IC 4239A:|(Steenbrugge et al. 2005b),
NGC 3516: |(Holczer & Behar 2012), Ark 564:_(Papadakis et D7), MCG-6-30-15: [(Lee et al. 2001;

Turner et al. 2004), NGC 4051.: (Pounds €t al. 2004a), Mrk Z8stantini et al. 2007), | Zwl: (Gallo etlal.

2004), 1H 0419-577: (Pounds etlal. 2004b), PG 1114+445:t0sét al. 2004).

Several narrow absorption lines appear to be present betw&g — 1.0 keV, likely due to K-shell
1s — 2p lines of Neon as well as higher ionization L-shélp(— 3d) lines of iron (i.e. Fevil-xxIi).
A broad absorption trough appears to be present near 1.3kéheirest frame, close to the expected K-
shell lines of Mg, the origin of which is discussed in SecttbnStrong and resolved line emission is also
especially prominent in the RGS 1 spectrum betw@éa — 0.58 keV, at the expected energy of thev®
triplet.

For comparison, the fluxed 2011 HETG spectrum of MR 2251-§&hown in Figurgl2. The spectrum
plotted is against a power-law of photon indéx= 1.6 for comparison purposes only; as is discussed later in
Section 4.2, the likely intrinsic photon index of the souscperhaps much steepér & 2) once all the layers
of absorption in MR 2251-178 are accounted for. Althoughpbeer-law provides a good representation
of the HETG spectrum above 3 keV, the data/model ratio redsdshow pronounced curvature due to the
presence of the known warm absorber in this AGN. Indeeddittisingle power-law (modified by Galactic
absorption only) provided a very poor representation ofthele HETG spectrum fitted from 0.5-9.0 keV,
with a very hard photon index df = 1.33 + 0.02 and an unacceptable fit statistic ©f = 3806.4 for
2360 degrees of freedom (dof). Note a multiplicative cnoggnalization constant was included between
the MEG and HEG spectra, the HEG normalization was found tsligbtly lower (0.97 £ 0.01) than the
MEG (which was normalized to 1.00).

In order to investigate and identify the atomic lines présaerthe HETG spectra, a more complex
continuum shape was adopted in order to better accountéariéar spectral curvature. A power-law con-
tinuum was adopted, modified by a neutral partial coverirgpdter (theecFaBsmodel inxsPeQ. While
this simple partial coverer is not meant to provide a physlescription of the spectrum, its advantages are
that it provides a better parameterization of the spectralature, while not imparting any discrete atomic
lines on the spectrum, thus providing a reference continfrom which lines can be identified against. A
similar approach was also taken to provide an initial patanmation of the broad-band Suzaku spectrum
of MR 2251-178 |(Gofford et al. 2011). In addition to the palritovering absorption, a phenomenologi-
cal absorption edge component was initially included tooaaot for the pronounced spectral drop above
0.7 keV, due to a possible combination of the Fe M-shell UTA @rvii edge. Again this was not meant to
provide a physical fit to the spectrum. The edge energy Mias 730.6 + 2.1 eV with an optical depth of
7 = 0.36 £ 0.05. The partial coverer had a column densiy; = (2.9 & 0.2) x 10?2 cm~2 and a covering
fraction of0.35 + 0.03, while the photon index waB = 1.69 £ 0.03. The overall fit statistic was much
improved compared to the power-law only case, Witk= 3047 for 2356 degrees of freedom.
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3.2. Atomic Lines in HETG Spectrum

Figurd3 (MEG) and Figuiid 4 (HEG) show the residuals agalmesineutral partial covering model in
the soft X-ray band below 2 keV. A wealth of absorption lines elearly present in the HETG spectrum
against the continuum model over the 0.7-2.0 keV energyer@ogG—lS"\). In order to parameterize the
lines, successive narrow Gaussian absorption lines welgied in the continuum model; an individual line
was deemed to be statistically significant if its additiortite model resulted in an improvement of the fit
statistic of AC' > 9.2, corresponding to 99% significance for 2 interesting patarse The width of the
absorption lines was initially assumed to be less than tstelimental resolution. The parameters of all 31 of
the statistically significant absorption lines detectethmsoft X-ray HETG spectrum are shown in Table 2.
A narrow structure is also clearly present in the UTA regicouad0.73 — 0.76 keV, these are parameterized
by 2 lines in Table 2, which by comparison with the blends ahsitions noted in Behar etlal. (2001) may
be due to iron in the ionization states e-x.

Further low ionization gas appears to be present in the fdrmraultitude of inner K-shell lines of
Ne, Mg and Si. These ares — 2p absorption lines whereby the L-shell is partially occupied. due
to charge states corresponding to Li, Be, B, C, N, O-like etxsi We refer to_Behar & Netzer (2002) for
a compilation of these inner shell lines, adopting the kn@mergies (wavelengths) of these lines from
this paper in Table 2. Indeed such lines have been detectethén high signal to noise grating spectra
of Seyfert 1 AGN, such as in NGC 3783 (Kaspi et al. 2002; Biustial. 2002), NGC 4151 (Kraemer ef al.
2005), Mrk 509|(Kaastra et al. 2011a), NGC 3516 (Holczer & &&1012), NGC 4051 (Lobban etial. 2011)
and NGC 5548 (Steenbrugge etlal. 2005a). In the MR 2251-178GH&pectrum, absorption lines due to
Nev-vill (i.e. C-like through to Li-like ions) are detected from 0-8791 keV (13.6—14@) in the rest
frame (Figuré€B). Similarlyls — 2p inner shell lines from Mg are detected due to Mgix (N-like
through to Be-like ions), from.26 — 1.33 keV (9.3—9.83\). Likewise inner shell absorption is also detected
from Si, from Siviii-x1 (N-like to Be-like) around 1.8 keV (6.5—7,5(). The inner shell absorption is also
independently detected in the HEG (Figure 4) as well as th&NEgurd 3) spectra. Thus the detection of
the strong Fe M-shell UTA, plus the inner-shell absorptioe tb Ne, Mg and Si suggests the imprint of a
significant amount of absorption due to both low and highzatibn gas in MR 2251-178.

Absorption lines due to more highly ionized gas are alsoiggmtly detected in the HETG spectrum.
He and H-like lines of O, Ne, Mg and Si are all detected (with éixception of the ®11 1s — 2p line due
to the lack of S/N below 0.6 keV in the MEG spectrum). In somgesa higher ordets — np lines are
detected, especially in the case of IMevhere the series of resonance lines up4e— 6p are seen. Higher
ionization L-shell lines of iron are also present, e.g. frBaxix-xxlii. The spectra over the S and Fe K
band are also shown Figlire 4, although note that neithengsmission nor absorption features appear to
be present in these parts of the spectrum. In the S band, vibsakpdion may be present at the expected
energies of the He and Li-like lines of S, although they atew¢he formal detection threshold. The details
of the iron K band spectrum will be discussed further in Sect.4.

Itis also apparent from Table 2 that most of the measuredreaat energies of the absorption lines are
close to the known atomic energies. This suggests that tiflewwelocity of the soft X-ray absorbing gas
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is relatively small. We discuss below some of the velocityfikes of the strongest detected H and He-like
lines.

3.3. Atomic Lines in RGS Spectrum

The RGS provides an energy coveragd) &f — 2.0 keV with high throughput and therefore provides
a high quality view of the soft X-ray warm absorber, with a @venergy bandpass than Chandra HETG.
The initial analysis of the absorption line spectrum sutgg#sat multiple absorption components may be
required in order to model the wide range in the ionizaticatesof the gas, e.g. covering for instance
Fevii-xxii, Nev-x or MgVi-XIl.

Indeed enlarged portions of the RGS spectrum of MR 2251-1&&laown in Figuregl5 arid 6. Note
these are plotted in the observed frame and not the rest frdrhe warm absorber is clearly complex,
comprising a wealth of atomic features. Notably, inneisthé-like and below) and higher-order (i.e., the
1s — np transitions, wheres > 3) absorption lines are detected throughout the spectruen tal, N,
O, Ne and Mg. Figurél5 shows that the higher-order line saigSvi is particularly prominent, while
NvI, Nvii, Ovil and Oviil also have higher-order line series, with each ion reachitepat thels — 4p
transition.

Complementing the array of absorption lines there is alswesimteresting interplay between emission
and absorption components; e.g. see thaiQine at517 — 539 eV (23—24&) observed frame in Figuié 5.
The Ovii (1s2p — 1s?) emission line complex is superimposed on by three narr@ergiion lines corre-
sponding to inner-shell absorption due tv@ine 11, Figure 5) and the two lines which make up thelO
(15?25 — 1s2s2p) doublet (lines 13, 14, Figure 5). Again, similar structisge present at other energies,
with Nvii, Oviil and Nex all showing emission superposed by absorption. The natutteecemission
line spectrum will be discussed further in Section 5.

From panels (a) and (b) of Figuié¢ 6, both Neon and Magnesism stiow evidence for inner-shell
absorption from at least their Be-like ionisation statlesl{® & Netzer 2002). Indeed, the inner-shell lines
for Mg in particular occur throughout the 1.2 — 1.3 keV energy range, as per the HETG. This appears
to be the origin of the absorption trough visible in Figurent dirst noted in the lower resolutiocBuzaku
spectrum of MR 2251-178 published lby Gofford etlal. (2011e Tomplete list of atomic lines identified in
the RGS data — including details such as the responsibl¢hemrlectron transition and the centroid energies
in the source rest-frame — is given in Table 3.

3.4. Velocity Profiles

We constructed velocity profiles of the strongest H and Ke-dibsorption lines identified in the above
HETG and RGS spectra. In each case the profiles were corestrogttaking the ratio of the data to the
best fit parameterization of the continuum model descritley@and transposing them into velocity space
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around the known lab frame energy (wavelength) of each kwe.the H-like ions, the @1, Nvii, Oviil,
Nex, MgxIl and Sixiv profiles have been produced, with the profiles plotted in fElgiu Note that the
CvI line corresponds to thes — 3p absorption line (as thés — 2p line at the redshift of MR 2251-178 is
close to the edge of the RGS bandpass), while the other @afileespond to thies — 2p lines. Similarily,
profiles were also constructed for the He-like resonanaslof Nvi, Ovil, Neix, Mgxi and Sixiii and
are shown in Figurlel 8 (note only the first 4 profiles are acgpyatitted here). In the case of the He-like ions,
thels — 3p lines of Ovil and Neax, are used instead of tHe — 2p lines, due to contamination with other
lines present in the spectrum. Overall the profiles from th @nd O lines were derived from the RGS data
in the soft X-ray part of the spectrum (taking the mean of R@8&d 2 where both were available), while
the Ne, Mg and Si profiles were derived from the HEG data atdrighergies. Note that negative velocities
indicate blue-shift throughout this pa@erThe profiles are as measured from the data, without congecti
for the spectral resolution of the instrument.

The subsequent lines were fitted with Gaussian profiles anteults of the fits are shown in Table 4,
which gives both the overall velocity shift,.) of the line profile (as determined from the centroid of the
Gaussian profile) as well as the obsertedvelocity width of the profile §,1s). Firstly it can be seen both
from the profiles themselves and the fits that the outflow vidscof the lines tend to decrease in magnitude
with increasing ionization state, e.g. from C through toFsir instance for the H-like ions, @ and Nvii
profiles have a velocity shift of,,; ~ —450 kms™t, with the Mgxii profile having a formal upper limit
on the outflow velocity of onlyv,,; < 40kms™!, while the velocity centroids for @11 and Nex are
somewhat intermediate in value. We note that a similar ptessiend was found in emission in the Seyfert
2 NGC 1068|(Kinkhabwala et al. 2002), whereby the highergnéexcitation) lines had somewhat lower
velocities.

The velocity profiles and fits also indicate that a seconddrigielocity component may be present in
the lower energy lines of @, Nvi and Nvii, with an outflow velocity ofv,,; ~ —2000kms~!. Such a
component is not present in the higher energy lines. Theosuifelocities of the possible higher velocity
components are also given in Table 4, noting that the linghwad this component was assumed to be the
same as for the respective lower outflow velocity lines. Thhie we note the possible presence of a higher
velocity component to some of the lines, we do not discuss ftinither here, as the improvement in fit
statistic upon adding this second velocity component (sdé#€Hd) was generally less than the more robust
low velocity component which is always present.

The observed velocity widths of the Gaussian profilegd) are also given in Tablé 4. These are not
corrected for instrument resolution, however for commariges widths of the RGS (RGS 1+2 combined)
varies between = 300 —380 km s~! for Cvi to Oviil and for the HEG between = 120 —230 kms™! for
Nex to Six1v. The intrinsic line widths corrected for instrument resign (c;,¢) are also given in Tablég 4.
Thus some of the line profiles appear resolved, with typidethvg of o;,, = 300 — 400 kms™!, while the
higher energy lines (e.g. Mg! and Sixill') appear to be unresolved, similar to the possible above iren
outflow velocity.

“Note that any upper limits on outflow velocities are exprdsaeabsolute values for clarity.
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4. Photoionization Modeling of the X-ray Absorption Spectum

Given the substantial presence of partially ionized gashénX-ray spectrum of MR 2251-178, we
attempted to model the absorption spectrum with photoazhgrids of models using thesTAR code v2.2
(Kallman et al.. 2004). Absorption grids were generated m fitrm of xsSPEC multiplicative tables (or
mtables). The absorption spectra within each grid were coatpbetween 0.1-20 keV with = 10000
spectral bins. The photoionizing X-ray continuum betweebQD0 Rydberg was assumed to be a power-law
of a photon index™ = 2, except for the grid which covered the lowest range in idiizg which we discuss
further below. Given the narrow (or unresolved) widths af Hbsorption lines detected in tkdhandra
HETG, grid turbulence velocities of either= 100 kms™! or ¢ = 300 kms~! were generated; grids with
higher turbulences all gave substantially worse fits in tloglefs considered below. An electron density of
ne = 10'° cm=3 was assumed for the absorption grids, although we note lieaatisorption spectra are
largely insensitive to the density over a wide range of valuBolar abundances were adopted for all the
abundant elements, using the values of Grevesse & SauVgl),18xcept for Ni which is set to zero (the
default option withinXSTAR).

We generated one generic grid of models that covered a widgeria ionization and column density
parameter space, froMy = 1 x 10" cm™2 to Ny = 3 x 10**cm~2 andlog(¢/ergems™) = 0 — 5
in logarithmic steps ofA(log Ny7) = 0.5 andA(log &) = 0.5 respectively. A turbulence velocity of =
100 kms~! was used. This grid was used to fit the high ionization abgorgtomponents, as well as the
possible partial covering absorption which we discusshierrbelow. A separate more finely tuned grid
(covering a narrower range of parameters) was generatédtiet specific purpose of modeling the low
ionization absorption in the MR 2251-178 spectrum, esfigcibe Fe M-shell UTA and the inner-shell
lines. The column density of this low ionization grid covétle range fromiVyy = 0.5 — 5.0 x 10%! cm™2
in steps ofANy = 1 x 10?° cm~2, with the ionization range extending frolwg (¢ /ergcms™!) = 0 — 3
in 15 steps ofA(log&) = 0.2. A fine spectral resolution oV = 10° points over an energy range of
0.1 — 20keV was also employed. A turbulence velocitycof= 100 kms~! was also adopted. The other
significant difference with this absorption grid was thateeeper photoionizing X-ray continuum Bf= 2.5
was employed, the requirement for this is discussed fuith8ection 4.2.

4.1. XMM-Newton RGS

We first considered the RGS spectrum. The initial analysithefabsorption line spectrum from the
HETG and RGS observations in Section 3 suggests that neuiipborption components may be required
in order to model the wide range in the ionization state ofgas, e.g. covering for instance ¥e-xxii,
Nev-x or MgVI-xXli.

In order to model the absorption spectrum we successivelgdahdividual components of absorbing
gas, fully covering the line of sight to the source, until fhetatistic was no longer improved at the 99.9%
confidence level. Three components of fully covering gadammally required in the RGS model, which
are listed as components 1-3 in Table 5. The lowest ionizaisorber (component 1) was modelled by the
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low ionization XSTAR grid as described above and components 2-3 by the highewakion grid. We note
that the continuum itself was assumed to be a power-law ddilvigrphoton index, absorbed by the Galactic
column, while we no longer retain either the ad-hoc absonpgidge or the simple neutral partial coverer in
the models. However we do allow for at least one additionatmmnent of partially ionized absorbing gas
(as modeled by arSTAR grid) to partially cover the X-ray source, in addition to ttmeee fully covering
components of gas described above, which appears to begdatatistically to achieve a good fit. Soft
X-ray emission lines are also added to the model as Gausaiaes statistically required by the data at
> 99% and will be discussed in detail later. Thus the phenomegidb form of the spectral model fitted to
the RGS data is:-

F(F) = tbabs x compl X comp2 X comp3 X [pow,,.ov + Gauss + (pc; X powy,, )] 1)

where here comp 1-3 represent the 3 fully covering warm @lgs@omponents, Gauss represents the Gaus-
sian emission lines and tbabs the Galactic absorption. &htejpcovering absorber is representedpay
which covers a fractiorf.., of the line-of-sight to the X-ray source, while- f.., is subsequently unatten-
uated by the partial covering component. Thus the fractidhecontinuum that is absorbed simply given
by the respective ratio of the power-law normalizations;-if = Ncov/(Necov + Nuncov)- The spectral
parameters of the RGS fit are listed in Tddle 5.

Overall the three warm absorber components that are regtarenodel the RGS spectrum cover the
range in column fromVy = 1.5 — 3.6 x 10%! cm~2 and ionization parameter frotng(¢/ergcms™!) =
1.27—2.80. Consistent outflow velocities are found for the low and medionization components 1 and 2,
With vou = —480 & 40 kms™! andv,,, = —460 & 60 km s~ respectively. However the highest ionization
component 3 does not require an outflow velocity (formallpgistent with zero) and only a limit can be
placed withv,,, < 130 kms™!. We note that the lack of any outflow velocity of componentsbalppears
consistent with the velocity profile analysis in Section 3where the velocities of the higher excitation
lines appear to be lower. The column densityx( 1022 cm~2) and ionization log(¢ /ergcms™!) = 1)
of the partial covering component are not well constraimethe RGS fit, mainly because of the limited
higher energy bandpass of the RGS makes it difficult to camsmultiple continuum components, while
the partial coverer itself does not impart discrete del#ethnes upon the soft X-ray spectrum (but it does
impart continuum curvature). Thus its column and ionizati@ve been fixed in the model, while we note
that these values are consistent with those obtained wethEIT' G in Section 4.2.

Nonetheless the partial coverer is certainly requiredémtiodel, the fit statistic is increased Ay ? =
192.4 upon removing the partial coverer from the model and refjttiis exclusion leads to systematic
broad residuals in the data/model ratio suggesting thdareamh is inadequately modeled. The covering
fraction of the partial coverer ig.., = 0.61 & 0.05. Overall the fit statistic for the best-fit warm absorber
model isy?/dof = 2991.7/2562, while the continuum photon index upon modeling all the ¢hrequired
components of warm absorption is steeper, With= 2.32 + 0.08. The warm absorber model reproduces
well the absorption lines observed in the RGS spectrum, @srshby the solid line in Figureds 5 andl 6. We
also note that addition to the warm absorption, an additineatral component of absorption is required in
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the rest frame of MR 2251-178. However its column densityiigegsmall, Ny = (2.8 +0.3) x 102 cm~2,
and it may plausibly be associated with absorption in thesgubost galaxy rather than the AGN.

The relatively low turbulence velocity (of = 100 kms™!) of the warm absorber components aides
in the modeling of the higher order lines, as some oflithe— 2p lines may lie on the saturated part of
the curve of growth. This means the some of the higher ordesIcan be of comparable strength as the
1s — 2p lines, while some of the line series are detected upste+ 6p. Indeed the warm absorber model
matches well the profiles of the higher order lines, as careba & Figuretgl5 arid 6.

To correctly account for the intensity of the low ionisatilimes the absorbing grid requires a much
softer (steeper) input continuum than the other higheration absorption components (which h&yg,.. =
2.0), in order not to over-ionize the gas and reduce their daptthé model. The necessary power-law
continuum required by th&STAR grid in order to model the low ionization lines I§,,,; = 2.5. This
is much softer than what has typically been found for MR 2238-assuming a fully-covering absorp-
tion model, which is of the order df = 1.6 — 1.7 (Pan et al. 1990; Mineo & Stewart 1993; Kaspi €t al.
2004 Gibson et al. 2005). However the underlying soft Xyhgton index recovered in the RGS spectrum
(' = 2.32 + 0.08), after the required absorbing layers of gas are accoumtedsfin reasonable agree-
ment with the required photon index to reproduce the sofaynes. This lends weight to the notion that
MR 2251-178 may, indeed, have an intrinsically soft contmuwhich is partially-covered by a complex
and stratified absorber. We discuss this further in Sectidn 4

4.2. ChandraHETG

The above best-fit model was then applied to the 2011 HETGrspegcallowing the continuum and
warm absorber parameters to vary between the datasets. oAdseartial covering component of higher
column density ok 7 x 10?® cm~2 was added to the model, as the direct application of the RG&mo
gave a slight excess at higher energies in the HETG spectiaherwise the model construction applied to
the HETG data is identical to the RGS.

The absorber fit parameters applied to the 2011 HETG spedrenalso listed in Tablgl 5. The pa-
rameters of the 3 warm absorber components are rather similaose obtained from the RGS data, with
most of the values consistent within the errors between bsemwvations. Similar to the RGS, the warm
absorber column densities cover the narrow raNge= 1.5 — 2.1 x 102! cm~2, while the ionization spans
a range fromog(¢ /ergecms™!) = 1.15 — 2.9. There is evidence for a small change in the ionization of
the warm absorber of the low ionization component 1, inéngaom log (¢ /ergcms™!) = 1.15 £ 0.05
to log(¢/ergems™!) = 1.27 + 0.02 between the HETG and RGS, following the same direction as the
0.4-2.0keV continuum flux which also increased from the HE®Ghe RGS, we discuss this further in
Section 4.3 below. The column density of component 1 is cteisi between observations, with; =
2 x 10%! cm™2, although the outflow velocity is slightly smalerwith Vout = —315 +40kmst. The

3The differences are likely within the absolute wavelengifies of the HETG and RGS.
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ionization and columns of components 2 and 3 are consistéghinvthe errors, while as per the RGS, the
highest ionization component 3 does not require any outtiswmoted above.

Figurd9 shows the relative contributions of each of the 3mabsorbers components against a power-
law continuum. The lowest ionization component 1 (top pgoehtributes the lower ionization ions, i.e.
Ov-vii, Nev-viil, Mgvi-ix, Sivii -x1 as well as M-shell iron, as expected. The higher ionizatimmmo-
nents produce most of the He and H-like ions, as well as theehignization (L-shell) iron ions (see lower
panels).

4.2.1. The Nature of the Photoionizing Continuum

The HETG has a wider bandpass and higher resolution than®% ®Rhich enables some additional
tests to be applied to the inner-shell lines in particuléguFe[10 shows a comparison between the fit to the
warm absorber when the low ionization component (compohpaf XSTAR absorption has Binpue = 2.5
input photoionizing continuum (blue line) ok,,,; = 2.0 (red line). For the case of the harder= 2 input
continuum, the model is clearly unable to account for theldepthe inner-shell (Li-like and below) charge
states of Ne or Mg, whereas thg,,,,; = 2.5 absorber is able to model the low ionization absorptionsline
This suggests that the softer input continuum is strongjyired to model the absorption. The absorption
grid with the steeper continuum also provides a better fihéoFe M-shell UTA and also the Silicon inner-
shell lines. These differences are reflected in the fit si@mtiwhich for thel' = 2 grid is C' = 2665.9 for
2335 degrees of freedom, whereas forthe: 2.5 grid the fit statistic iSC' = 2542.4 for the same number
of degrees of freedom, corresponding to a differencaA©f= 123.5.

Overall the photon index of the continuum recovered aftedeting all the layers of absorption is
I' = 2.13 £ 0.10. Thus the index is somewhat flatter than in the RGSH 2.32), but this may reflect
the fact that the RGS is more sensitive at soft X-ray enertjfian the HETG, especially if the intrinsic
continuum has subtle curvature, becoming slightly steapeards lower energies. Note that Figure 2 also
shows the level of the intrinsic continuum (the dashed Lhes) lafter correcting for all the absorbing layers
of gas. Thus the observed continuum without modeling theralisn (which would otherwise appear to
have a very hard photon index &f = 1.3) does not necessarily represent the intrinsic emissiorerevh
I" > 2, more typical of radio-quiet quasars (elg., Reeves & TURB80; Porguet et al. 2004; Scott et al.
2011).

The partial covering components also appear to be requiredebdata. The moderate column partial
covering component (named pc 1, Table 5) appears well @nstt, withNg = 5.5 + 0.3 x 10?2 cm—2
andlog(¢/ergems™) = 1.0415:0%, while its covering fraction ico, = 0.4 + 0.1. The highest column
component (pc2, Tablé 5) is less well constrained, but ths §iill worse byAC' = 31.6 if this component
is removed from the model and the continuum refitted. The wabaf the pc2 absorber results in the fitted
photon index hardening from = 2.13 + 0.10 toI' = 1.77 £ 0.05. Furthermore if the more moderate
column partial coverer (pcl) is also removed then the fit is@erably worseé\C' = 213.1 and the photon
index then becomes an unphysi€a= 1.49 4+ 0.03.
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Such a hard continuum slope also poses a problem for the mga¢lthe warm absorber components,
as the low ionization (inner shell) absorption requires f mput photoionizing continuum of ~ 2.5
as above, which cannot be recovered in the model withoutyagpthe partial covering absorption. The
other possibility is that the intrinsic continuum shape &igh energy SED are unusual, consisting of a
rather hard powerlaw componerit~ 1.5 (and much harder than usually observed in radio-quiet gsjgsa
then softening to an index df > 2.5 at soft X-ray energies. The broad band continuum modelidg wi
be explored in more detail in a forthcoming paper (Nardir@let2013, in prep), where théMM-Newton
EPIC and Optical Monitor data will be considered, as well@biaal Suzaku and Swift/BAT observations,
thereby covering the optical/UV through to hard X-ray beasip

We note that although a softer continuum does provide arbitte the inner shell lines and some
improvement to the Fe UTA, the model fits for these inner deellures is dependent on the calculation of
the ionization balance for these elements. For examplégin analysis of the 900ksec HETG spectrum of
NGC 3783| Netzer et al. (2003) noted that their best warmraksanodel did not accurately reproduce the
Fe UTA due to the predicted iron being too highly ionized. 2detet al. |(2003) suggested that the problem
was the lack of accurate low-temperatuten(= 0) dielectronic recombination (DR) rates for the M-shell
sequence of iron (Fex — Fexvi). Following this, Netzer (2004) and Kraemer et al. (2004pmporated
estimatedAn = 0 DR rates into the codes ION (Netzer 1996) and Cloudy (Ferérad. 1998), respectively,
and demonstrated that such rates would shift the overaation balance of M-shell iron downward, hence
solving the problem described by Netzer etlal. (2003).

More recently, DR rates have been computed (Badnell|2008héM-shell states of iron, which are
included withinxsTAR. These are an order of magnitude greater than the radiaae@mbination rates
for these ions and several times greater than the estimdaeadies from Netzer (2004) and Kraemer et al.
(2004). Furthermore, these rates have been confirmed iaggtamg experiments (Schmidt et lal. 2006).
However while for the same physical parameters as thoseindégetzer et al.|(2003), Cloudy models using
the new DR rates predict similar C, N, and O column densities,predicted Fe ionization is now too
low to fit the UTA. Although it may be possible to recover thebijt changing model parameters (e.g., the
continuum slope), these results may also indicate that goowess which mitigates the effects of the new
DR rates is not being accurately treated. One possibilifyniglti-electron) autoionization following inner-
shell ionization (D. Savin, private communication). In awent, given such sensitivity to the accuracy and
availability of atomic data, the exact parameterizatiorthef low ionization absorber could differ, with the
ionization perhaps somewhat lower than currently infelngd STAR.

4.3. Variability of the X-ray Absorption

The best fit absorption model to the 2011 HETG spectrum wasaglplied to the earlier 2002 HETG
observation. The signal to noise of the 2002 observationbistantially lower, due to the overall lower
flux level (and count rate) and shorter exposure of this easien (see Table 1), which means that most of
the individual absorption lines were not detected (see @iles al. 2005 for a description of this dataset).



— 16 —

However the same spectral model can still be applied to tlhe 2ata, allowing the continuum and warm
absorber parameters to vary between the observationsageme comparison the photon index of the 2002
observation was tied to that of the 2011 observation, I'e= 2.13. The column and ionization of the
partial covering components were also fixed to the 2011 gala® otherwise they are less well determined,
although the covering fractions were allowed to vary. Themvabsorber parameters (column, ionization,
outflow velocity) were allowed to vary between the obseprai

The absorber parameters of the 2002 observation are showabla[%. Again the absorption values
are largely consistent between the 2002 and 2011 HETG ddigmrg, as well as with the 2011 RGS ob-
servations, suggesting that the absorber componentsragipbte over time. The main parameter that does
appear to change is the ionization of the low ionization congmt 1 absorber. Indeed if the 2011 RGS ob-
servation is also considered, the ionization of componegears to increase frofn= 8.1f§;§ ergcms!
(Sept 2002/HETG) t¢ = 14.1 &+ 1.6ergcms! (Sept 2011/HETG) t¢ = 18.6 + 0.8ergcms! (Nov
2011/RGS). Indeed the change<tiappear increase in direct proportion to the observed 0%eX/ band
flux, varying from0.754-0.01 x 10~ erg cnt2 s~ (Sept 2002/HETG) t¢.334+0.01 x 10~ 't ergcnT2s7!
(Sept 2011/HETG) td.80 4 0.01 x 10~ ergcnm 2 s~! (Nov 2011/RGS). Thus from the lowest ionization
to highest¢ increases by a factox 2.3, while the soft X-ray flux increase by the same factor. Thisildo
appear to suggest that the low ionization absorber is ingunization equilibrium with the continuum.
In contrast there appears to be no change in the higher t@nzeomponents 2 and 3, within the errors.
Note that this behavior is also consistent with a Decemb8f 280 ks) Chandra LETG observation (not
analyzed here), which was at about a 35% lower flux than th2 BB G observation, but observed the low
ionization absorber to have an even lower ionizationlogf¢ /erg cms™!) = 0.63 & 0.06 (Ramirez et al.
2008).

We also illustrate the apparent change in ionization furihéigure_ 11, which plots the change in the
xstar model from varying the ionization of warm absorber poment 1, against the 2011 RGS data in the
Fe M-shell UTA band. The upper panel of Figlré 11 plots the fiemodel obtained, with an ionization
parameter ofog(¢/ergcms™!) = 1.27 for component 1, as reported in Table 5. Then the ionizat@n p
rameter was lowered (and fixed)ligg(¢ /erg cms—!) = 1.15, equal to the value found for component 1 in
the 2011 HETG spectrum. This results in a worse fit, as seearialgb) of Figuré 11, indeed even allowing
the other warm absorber and continuum parameters in theviryoresulted in a worse fit b y? = 24.6.
Similarily if the ionization parameter is lowered still ther, tolog(¢/ergcms™!) = 0.91 as obtained from
the 2002 Chandra HETG data, the fit is substantially worsA Ry = 125.4, compared to the best fit case
shown in panel (a). Indeed this can be seen in panel (c) o€l whereby the drop in the Fe M-shell
UTA region observed at 17.5-1&5s too shallow compared to the data, while the spectrumes tioo
absorbed red-wards of this feature. Thus overall the Fe 8lI-EITA region appears to be quite sensitive to
the ionization state of the spectrum.

The other possible change in the spectra is in the partiadromy absorption. Considering all three
grating observations, the uncovered fraction{or f) of the power-law (in other words the fraction that
is not obscured by the partial covering absorption) appeeaiscrease as the flux increases from the 2002
through to the 2011 observations, frgin— f) = 0.18 +0.02 to (1 — f) = 0.39 £ 0.03. This may suggest
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that the AGN is more obscured when itis in a lower flux statéctvhas been claimed in several Seyferts to
date (e.g., NGC 3516: Turner et al. 2005, 2008; PG 1211+148h&y et al. 2009; Pounds & Reeves 2009;
H 0557-385! Longinatti et al. 2009; NGC 4051: Terashima 22@09] Lobban et al. 2011), and indeed vari-
able X-ray absorption was first suggested from soft X-raydbaariations in MR 2251-178 itself (Halpéern
1984). This variability behaviour will be investigated ther in a subsequent paper (Porquet et al. 2013, in
preparation), considering a broad-band X-ray analysidl éh@ contemporary and archival observations of
MR 2251-178.

4.4. s there a very highly ionized absorber?

Previous studies of MR 2251-178, with a 2009 Suzaku obdervgGofford et all 2011) and the 2002
HETG observation| (Gibson etlal. 2005), have suggested thgepce of a highly ionized and possibly
strongly outflowing, absorption component in the iron K bar®uch absorption could be similar to the
very highly ionized outflows (or “ultra fast outflows”) deted in about 40% of local type | AGN with
XMM-Newton(Tombesi et al. 2011) anBuzaku/Gofford et al. 2013). Thus we have analyzed the higher
energy 2011 Chandra HETG observation above 2 keV, using idje Ehergy Grating (HEG) spectrum, to
assess whether such a component is present in the new data00A HETG spectrum was also re-analyzed
for comparison, while the results are also compared to tkkal&uanalysis in Gofford et al. (2011).

Figure[12 shows the data/model residuals of the 2011 HEGrspedo the best-fit absorption model
discussed above, plotted over the Fe K band in the quasafraest further binning the spectrum to 20
counts per bin to increase the signal to noise. First we denghe iron K band emission. The lack of
any strong iron k emission is quite apparent in the residuals. Indeed thé émthe equivalent width of
a narrow 6.4keV line id1 + 6eV and is only very marginally required at 95% confidence in the fit,
with AC' = 6.3. The limit on the width of the line i < 28eV oro < 1300 kms~!. No other iron K
emission component is required in the spectrum, eitheowaor broad. The weakness of the iroakine
in MR 2251-178 has also been noticed previously (Gofford.€2Gil 1 and references therein), and is much
weaker that the typical narrow iron line equivalent width~ef50 — 100 eV observed in most Seyfert 1s
(e.g..Nandra et al. 19977; Patrick etlal. 2012; Tatum et &l320The weakness of the iron K line may be
accounted for by the X-ray Baldwin effect, whereby the egigint width of the iron K line appears to de-
crease with AGN X-ray luminosity (e.d., lwasawa & TanigutBP3; Nandra et al. 19977; Reeves & Turner
2000; Page et al. 2004; Bianchi etlal. 2007; Shu et al.|2016%. ZF10 keV X-ray luminosity of MR 2251-
178 in this observation 8.7 x 10* ergs™! (or absorption corrected,8 x 10** ergs!), higher than most
local Seyfert 1s.

There does appear to be a broad but shallow absorption tiaugke 2011 data at 7.3 keV. Fitting the
trough with a Gaussian absorption profile gives a rest fraenércid energy oFf = 7.3440.08 keV with an
equivalent width oEW = —58+4-24 eV and the fit statistic improves b¥C = 15.2. Note this appears to be
consistent with the high energy absorption line that wasipusly claimed in the 2002 HETG observation
by |Gibson et al.[(2005); there the line centroid wadvat= 7.26 + 0.04 keV. Furthermore_Gofford et al.
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(2011) claimed an absorption trough in the Suzaku observati an energy off = 7.571515 keV, which

is only marginally inconsistent at 90% confidence with tine lenergy measured by the 2011 Chandra data,
while the equivalent width of—26i}§ eV is consistent. In Figure_12 the 2002 HEG spectrum has been
overlayed on the 2011 data, with the normalization of the22§jfiectrum allowed to vary to account for the
overall lower flux level in the 2002 observation, it appedat the trough in the 2002 data has a consistent
profile in both energy and depth with the 2011 data. With th@22énd 2011 fitted together with a single
Gaussian profile, then consistent parameters were obtaivitda line energy off = 7.32 + 0.06 keV

and an equivalent width of60 + 18 eV. The fit statistic was improved b&xC = 26.2 with respect to a
model without the absorption line. The profile appears todsmlved compared to the HETG resolution,
with a width of o = 120790 eV oro = 49007 7500 kms™1. Note if the absorption line is associated with the
Fexxvi (H-like) 1s — 2p doublet at 6.97 keV, then the velocity shift implied-i$5000 42600 km s~t. We

also note that no significant irondkemission was required from refitting the 2002 HEG spectrdinpagh

the upper limit to its equivalent width is less well deteredn(< 40eV) and is consistent with the 2011
measurement.

We attempted to model the Fe K band absorption with a highiyzax xsTAR grid. Unlike for the
warm absorber components, a high turbulence velocity ged used, withr = 5000 kms™!, consistent
with the observed line width and an illuminating hard X-rantnuum ofl’ = 2. The ionization parameter
is not so well constrained, witlog(¢/ergcms™!) = 4.81%;2, but suggests that either H-like or He-like
iron contributes to the absorption. The column was foundddabngely degenerate upon the ionization
parameter (i.e. as the ionization increases the columeases to compensate) and only a lower-limit can
be placed ofVy > 1.5 x 10?3 cm™2. The outflow velocity derived was consistent with the linalgsis, with
vout = —15600 £ 2400 kms~! and is consistent with the Gibson et al. (2005) valuegf = —12700 +
2400 kms~!. However we also note that at this velocity, the absorptsoonly marginally excluded at 90%
confidence from being associated from a locat 0 absorber.

We also tested whether the iron K-shell region could insteafitted with a photoelectric edge, from
neutral or mildly ionized iron, without any velocity shifs avas implied from the highly ionized absorption
model. Indeed fitting the Chandra data with a simple edge hredalts in a equally good fit statistically,
with a best fit edge energy df = 7.15 + 0.05 keV and optical depthr = 0.15 4+ 0.05. Such an edge
component could plausibly result from a partial coveringaber with column density typically exceeding
Ny > 1022 cm~2 and as has been discussed, this may also be required frorg ftie broader band HETG
spectrum. Thus it is not possible to distinguish here betvie high velocity absorber and possible partial
covering cases in MR 2251-178 and higher resolution dateeifré K bandpass, such as with the calorimeter
to be flown on Astro-H, would be required to differentiatevibetn these cases.

Thus the detection of the Fe K band absorption trough appedrs confirmed from the two Chandra
observations, with the parameters consistent in both atie @ame rest frame energy, although its exact ori-
gin remains uncertain. Gofford etlal. (2011) also claimether blueshifted absorption features at lower en-
ergies from the Suzaku data; in particular absorption latds = 2.52+0.02 keV andE = 2.79+0.03 keV
in the quasar rest frame, which were identified with blugstifSxv and Sxvi 1s — 2p respectively.

A 1.3 keV absorption trough was present in thezakudata near 1.3 keV and tentatively identified with
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blue-shifted iron L-shell transitions. In the latter cagee much higher resolution HETG and RGS spec-
tra resolve the 1.3 keV absorption into a series of lowerzation lines of inner shell Mg from Mgi-1x,
with only a modest outflow velocity of —400kms™!. However the absorption line at 2.52keV ap-
pears to be only marginally detected in the 2011 Chandrarspeat~ 99% confidence AC = 9.3) at

E = 2.521 + 0.002keV in the quasar rest frame (or 459)2with an equivalent width of-2.0 + 1.2eV,
these parameters are entirely consistent with those mehbyiSuzaku An absorption line is not detected
at 2.79 keV, however the limit on the equivalent widthE}V < 4 eV from Chandra is consistent with the
Suzaku measurement efs 4+ 2 eV. Thus the presence of this possible higher velocity corapbappears
uncertain based on the current data and such a componematogspear to be present in line profiles of C
through to Si.

5. Modeling the Emission Line Spectrum

As we have noted previously, the 2011 RGS and HETG obsensmtiontain several soft X-ray emis-
sion lines, which have been fitted with simple Gaussian eamdie profiles. The parameters of these
emission lines are listed in Talile 6. Most of the lines wetected in the RGS rather than the HETG, as the
RGS has a higher effective area below 1 keV. Many of the lirgsaled are substantially broadened, with
typical widths of several thousand km, from Cvi Lyman-, Nvi, Ovii, and Nex. Two weaker narrow
components are also present fronviNLyman-, and Nex, with velocity widths typically 1000 kms™*
(FWHM). The latter line is detected at an energy90ob + 1eV in both the RGS and HETG and would
appear to be consistent with expected energy of the forhitide of the Nax triplet. As we discuss below,

a weak narrow component of thevM@ forbidden line cannot be ruled out in the RGS spectrum. Thus i
may be plausible that the broad lines originate from BLR tgps, while the narrow (and forbidden) lines
originate from gas associated with the NLR.

The Ovii line complex is by far the strongest and most statisticatiypificant emission feature de-
tected (withAy? = 345.1 upon its addition to the model), while it also appears bealetewith consistent
parameters in the HETG spectrum (albeit less well congddinWe therefore concentrate on the analysis
of the OviiI line complex, using the high signal to noise RGS spectrune. lifle complex width is certainly
broadened, with a FWHM velocity width a02007 1500 kms~!. Note that the width of the @i line com-
plex is poorly constrained, as it lies at the low energy enthefRGS bandpass, and so has been set equal to
the Ovil line complex width, which is the best determined broad line.

An enlarged view of the @11 RGS line complex profile is plotted in Figure]13. Note thas thortion
of the spectrum only contains data from RGS 1, due to the metiloning RGS 2 chip over this energy
range. The fit with a single broad line profile is good, with a&erall fit statistic ofy?/dof = 3007.7/2564.
It is also apparent that three narrow absorption lines grersmposed upon the emission line profile, which
have been identified with inner shell\evi, e.g. see Tablel3. We tested whether a narrew<( 1 eV)
component due to the @1 forbidden line at 561.0 eV could also be added to the profitkiadeed such
a component cannot be excluded, with an equivalent widihWf= 0.9 + 0.4 eV and an improvement in
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fit statistic of Ax? = 16.0. The equivalent width of the narrow component is much weéian that of the
broad line, which ha&WW = 8.3f?;51’ eV and thus its overall contribution towards the profile igliggble.

Note the energy of the broadyd emission line i = 564.54+0.9 eV, which is somewhat blue-shifted
compared to the expected energy of the forbidden line aDx84.If the broad emission is purely associated
with the forbidden emission, this would suggest an ovetalshift of —1900 4+ 500 km s~!. Alternatively
it may be that the profile consists of a blend of forbidden (8&V), intercombination (568.6 eV) and
resonance (573.9eV) emission. A blend of narrow lines canulesl out at high confidence, as the fit
statistic is substantially worsg?/dof = 3135.5/2565) and the majority of the ®1 flux is not accounted
for. However the profile can be fitted by a blend of velocity dmtened lines. In order to test this, the
forbidden, intercombination and resonance lines weralfitigh line energies fixed at their expected values,
with a common velocity width for all 3 line components allae vary. This provides an excellent fit to the
line profile, withx?/dof = 2974.4/2563, while the FWHM width of the 3 lines is now300 {200 kms™'.
The parameters of the three line components are listed ile Blwhile the line model is the one overlaid
on the Ovil profile in Figure[1B. From the line fluxes listed in Table 6 sitapparent that the flux of the
forbidden line component dominates over the intercomhmnamission, while only an upper-limit is placed
on the resonance line emission. The dominance of the faghitide emission over the other components is
perhaps expected, as the centroid of the broau @rofile is closest to the expected forbidden line energy.
In section 6.2.1 we attempt to place constraints on the tyeasd location of the emitter given thesev®
parameters.

6. Discussion
6.1. Main observational results

The exposure time of both the HETG and RGS observations aléow perform an unprecedented high
signal-to-noise and high resolution spectroscopy studii@properties of both the primary continuum and
the ionized absorption and emission features in the quaBa22851-178. The main observational results are
the following:

In the soft X-ray range, numerous absorption features agelgl detected:
— A deep absorption trough betweerT — 0.8 keV most likely identified with an unresolved transitionagrr
(UTA), due to2p — 3d transitions from low ionization M-shell iron, i.e. k& -X;
— A multitude of inner K-shell lines of O, Ne, Mg and Si, due taadhe states corresponding to Li, Be, B,
C, N, O-like etc ions.
— Several higher ionization L-sheltf — 3d) lines of iron (i.e. Fvil -Xx1v).
— Resonancels — 2p) lines from He and H-like ions of C, N, O, Ne, Mg and Si, and imgocases, higher
orderls — np lines up ton=6.

In most cases the (strongest) absorption line profiles arewar not resolved, with velocity widths
typically o < 300 kms~!. Similarly the outflow velocities inferred from the meagiirest frame energies
of the absorption lines are small or consistent with zerdheforderv,,; < 400kms™.
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The spectral fit using photo-ionisedTAR model grids shows that 3 fully-covering WA components
are required in order to model the wide range in the ionipatitate of the gas, wittvyy = 1.5 — 3.6 x
102 cm™2 andlog(¢/ergems™) = 1.27 — 2.80. The small outflow velocities found for the low and
medium ionization components 1 and 2 are consistent with etieer, withv,,; = —480 + 40kms~! and
Vour = —460+60 km s~! respectively, while the highest ionization component 3sdus require an outflow
velocity with vy, < 130 kms™!. Notably, the necessary power-law continuum required B)8TAR grid
in order to model the low ionization lines (component 1)'is,.. = 2.5, which is softer than that required
for the higher ionized lines (i.el,put = 2.0). Moreover, one additional component of partially (comgri
factor ~ 61%) ionized absorbing gas withy ~ 6 x 1022 cm~2 andlog(¢ /erg cms™!) ~ 1 is required to
achieve a good fit. Interestingly after the required absgriayers of gas are accounted for, the soft X-ray
photon index foundI{ = 2.32 4+ 0.08) is in good agreement with what is required to reproduce tfe s
X-ray inner shell absorption lines (i.d: ~ 2.5). Therefore, MR 2251-178 may have an intrinsically soft
continuum, at least below 2 keV, which is partially-covelsda complex and stratified absorber.

For the 2011 HETG spectrum the parameters of the three dolgring WA are rather similar to those
obtained from the RGS spectra witf; = 1.5 —2.1 x 102! cm~2, andlog(¢/ergcms™!) = 1.15— 2.9, but
a second partial covering component (covering fastat0%) of higher column density 7 x 102 cm—2
seems to be required, from the spectral curvature above .2&g¥or the RGS spectrum, a softer input
continuum is strongly required to model the low ionizatioarm absorber component 1. However, there
is evidence for a small, but significant change in its ionmatparameter that appears to be correlated
with the soft X-ray flux. Applying this model to the 2002 HET@extrum we confirm that the change of
the ionization parameter is in direct proportion to the 36ftay flux suggesting that this component is in
photoionization equilibrium with the continuum. The otlperssible change in the spectra is in the partial
covering absorption. Considering all three grating obatioms, the uncovered fraction of the power-law
appears to increase as the flux increases from the 2002 thtoube 2011 observations, froml8 + 0.02
to 0.39 + 0.03, suggesting that this AGN is more obscured at lower flux state

The soft X-ray spectra also display several emission lin@s fa photoionized emitter from He- and
H-like ions of C, N, O, and Ne. Notably, a strong and broad eiuis line near 0.56 keV is clearly de-
tected in the RGS 1 spectrum at the expected energy of the @iplet, and is well represented by a
blend of the forbidden (dominant), intercombination arngbreance emission lines with a common velocity
of ~7300kms! (FWHM). This broad Ovii triplet profile is superimposed on by three narrow absorp-
tion lines corresponding to inner-shell absorption due to &hd the two lines which make up thev©
(15?25 — 1s52s2p) doublet. Similar structures are present at other energigis N vii, Oviil and Nex all
showing emission superimposed by absorption.

In the hard X-ray energy band of the HETG spectrum, there ésladf any strong iron K emission,
with EW=11+6 eV. This could be accounted for by the X-ray Baldwin effeoice MR2251-178 has a much
higher 2-10 keV luminosity than most local Seyfert 1s. Hogrewe found the presence of a significant
absorption feature at 7.3 keV consistent with what was prely reported from the 2002 HETG observation
by|Gibson et al.[(2005), but only marginally inconsisten®@¥ confidence with the line energy measured
in the 2009 Suzaku observation by Gofford et al. (2011). HesK band absorption is well modelled
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by a highly ionizedxSTAR grid with a high turbulence velocity of 5000 kms and an outflow velocity
of ~ -15600 kms'. However an alternative origin from a low ionization partiavering absorber without
requiring any velocity shift cannot be excluded. The mudhbr spectral resolution of both HETG and RGS
data allows us to resolve the 1.3 keV absorption feature tolaserved in the lower resolution 2009 Suzaku
XIS spectrum|(Gofford et al. 2011) and tentatively identifigith blue-shifted iron L-shell transitions — into
a series of lower ionization lines of inner shell Mg from Mgix, with only a modest outflow velocity of
~ —400kms™!.

6.2. The Origins of the Warm Absorption and Emission in MR 225.-178
6.2.1. Constraints from the @I line triplet

Given the constraints on the\dx line triplet, we can attempt to estimate the density andylikadial
location of the emitting gas. The line rati6s = (z + y + z)/w andR = z/(z + y) give a measure of
the temperature and density of the gas, whecerresponds to the forbidden ling; + ) to the intercom-
bination emission ana to the resonance liné (Porquet & Dubau 2000). From the litiesran Tablel6,
this yieldsG > 3.9 and R = 2.9 + 1.4. Thus from the calculations in_Porquet & Dubau (2000), the
high G ratio corresponds to the gas being photoionized rdttam collisionally ionized, with a tempera-
tureT < 10° K. However, photo-excitation of the resonance lines camiggoitant in X-ray photoionized
sources as AGN (e.qg., Kinkhabwala et al. 2002; Porquet 2040), thus other complementary temperature
diagnostics should be used such as those based on the widdurement of the recombination contin-
uum (RRC) features (Liedahl & Paerels 1996). Unfortunaielthe spectrum of MR 2251-178, no RRC
emission is detected, so it is not possible to determinecimpérature by this method.

The R values suggests a densityraf ~ 10'° cm=3, while the fact that the forbidden line is required
to be stronger than the intercombination emission (i.edhet limit is R > 1.4) implies that the maximum
possible density isc 10'' cm™3. Thus a density ofi. = 10'° — 10! cm™3 would seem to imply an
origin of the broad line emission consistent with the opti®@ad Line Regionl(Davidson & Netzer 1979).
The ionization of the emitter can also be constrained, gitiah a line flux ratio of Q/11/Oviil ~ 6, e.g.
Table[®. From running arsSTAR simulation with a density of, = 10'° cm™3, the line ratio implies an
ionization parameter dbg(¢/ergcms™!) = 1.25. Thus an estimate of the radial distance can be obtained
via the definition of the ionization parameter, ire= (Lio, /ény)'/2, whereL;,, is thel — 1000 Rydberg
luminosity andny is the hydrogen number density. From extrapolating the-fitespectrum from above,
the ionizing luminosity of MR 2251-178 i&;,, = 2 x 10*> ergs . Thus for a density in the range, =
100 — 10 cm™3, then the radius i = 0.3 — 1.0 x 10’ cm (or 0.01-0.03 pc), again consistent with
typical BLR radii (e.g., Kaspi et al. 2005). The radius of #mission can also be estimated from thgiO
width of ¢ = 3200 kms~!. Assuming a virial relation between the black hole mass aedadiusr, of
302 = GM/R (Peterson et al. 2004) and adopting a black hole magsiok 10® M, for MR 2251-178
(Dunn et all 2008), gives a radiusof- 10'” cm, consistent with the above estimate.

Given the estimate of the ionization parameter of the safiyXemitter oflog £ = 1.25, it can plausibly
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be associated with one of two absorption components, dhledow ionization warm absorber component 1
or the partial covering component (pcl), as summarisedbtelfa We have calculated the total (global) cov-
ering fraction as a fraction afr sr (f;,;) for either absorbing layer in order to produce the totalihoaity

of the broad Oril emission, of3.1 x 102 ergs™'. TheXxSTAR code is used to calculate the line luminosity
from a spherical shell of gas, covering a fult sr around the AGN, illuminating by the above ionizing lu-
minosity. The component 1 absorber has a column densily;of= 2 x 102! cm~2 and produces an Q@i
luminosity overdr sr of 3.7 x 10%2 erg s™!, while the partial covering component hig = 5 x 1022 cm2
and produces an @1 luminosity of4.5 x 10?3 erg s™'. Thus in order to reproduce thev@ luminosity, the
component 1 absorber would require a high covering fraaiofi,; = 0.84 of 47 sr~!, while the partial
coverer only requires a fraction g¢f,; = 0.07.

However some of the narrow absorption lines that are pratifroen the component 1 warm absorber
itself are superimposed upon thev® broad emission profile. This would appear to require the anrapt
1 absorber to be physically placed outside the line emittégion, making it less likely to be the origin
of the broad soft X-ray lines. Furthermore the kinematiccahponent 1, with a low outflow velocity
(~ —400 kms™1) and small or unresolved line widths/turbulences, woust @luggest it is placed at larger
distances perhaps coincident with the NLR. Therefore orssipiity is that the broad line region clouds
themselves not only produce the broad soft X-ray lines, teiaéso responsible for the partial covering of
the X-ray continuum itself. Such broad X-ray emission iedizines have been detected in several other
AGN thanks to high-resolution X-ray data suggesting thahsa BLR origin for the X-ray emission may
be common in AGN (e.g., Mrk 279: Costantini etlal. 2007, MrkL.84 onginotti et al. 2010, NGC 4051
Ogle et all 2004, Mrk 509: Detmers etlal. 2011, 3C 445: Reevak(2010).

Note that the estimate of the total covering fraction~0%7% for the partial coverer/emitter, may be
substantially higher if some of the broad line emission sslftobscured, depending on the exact spatial
distribution of emitting and absorbing clouds. We note tinathe RGS data about 60% of the intrinsic
X-ray continuum is obscured by the 5 x 10?2 cm~2 partial coverer (40% remains unobscured). If this
obscuration is also applied to the broad/O emission, that may imply a total covering fraction of the
emitting clouds closer tg..; ~ 0.2. Furthermore the X-ray BLR emission can be further obscbethe
warm absorber which fully covers the line of sight to the AGMhich obscures the continuum level by
a factor of about 30-40% at the energy of theziDemission line. Thus the total covering is likely to be
consistent with typical estimate of the overall coverirarfion of optical BLR clouds, of the ordér— 30%
(e.g.,.Netzer & Laor 1993). If the BLR clouds do partially eowthe X-ray source, then this can give an
approximate estimate of a size of a cloud. Thus for X-ray git&m of the order~ 10?* cm~2 and for a
density ofn, ~ 109 cm=3, then that implies a size akr ~ 103 cm, likely smaller than the size of the
X-ray emission region (e.glOR, here would correspond to a few10'* cm). Thus it seems plausible for
such clouds to only partially cover the line of sight to thatwouum X-ray emission.

The low ionization component 1 warm absorber could instdadsibly reproduce some of the weak
narrow emission lines in the spectrum, e.g. the narrow dioldsh components, which have line widths of
o < 500kms! typically. This would correspond to radial distances ofwa fee or greater. The distance to
the component 1 absorber is estimated below, via its respontfie soft X-ray continuum.
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6.2.2. Constraints from the variability of the warm absarbemponents

The component 1 warm absorber appears to respond to thdlaveraase in the continuum between
the 2002 and 2011 observations, but also inthé0 days timescale between the 2010MM-Newtonand
Chandraobservations (Section 4.2) and thus would appear to be itommization equilibrium. We can
therefore attempt to place a lower limit on the density of tilisorber via the recombination timescale. For
this we use the recombination time-scale formula from Béfted all (2000) that does account simultane-
ously for the cascade into the population)of ions from the population ok, ; ions, and the cascade out
of the population ofX; ions into the population okX;_; ions:

1

tH(X;) = a(XZ_)ne[f(Xiﬂ) a(Xi71)]' @

F(X3) a(X;)

wheref(X;) the ionic fraction of theX; ion, a(X;, T, ) is the recombination coefficient of the; ion at the
electronic temperaturé,, andn,. is the electron density~{ 1.2 ny for cosmic abundance). We apply this
formula to Ovil. At log £=1.27, the ratio @11/Oviil is 6.0 andT, is 4x 10" K. Using the recombination
coefficient from Nahar & Pradhan (2003) and a recombinatiore of ¢ < 40 days between observations,
we find a lower limit for the hydrogen density of %80* cm™3. Hence, this implies an upper limit for the
radial distanceR,..) of 5.3x 10" cm (i.e. < 17 pc) or a few pc. Moreover as discussed beloWaiZ.3 the
minimum radius for component 1 is abaug x 10 cm (i.e. > 9 pc). Therefore the location of component
1 is well constrained between 9 pc and 17 pc. For comparid@enexpected distances of the torus and of
the NLR that are about 7 pc and about 140 pc, using the follgidnmula of Krolik & Kriss (2001) and
Mor et al. (2009) respectively:

Rtorus ~ Lilo/n2744 (pc) (3)

RnLr = 295 x LYGF*013 - (pe). (4)

For MR 2251-178 the ionizing (1-1000 Rydberg) luminosityswaken ad.;o, 44 = 20 (in units of10* erg s™1)
andL4 = 0. 4iﬂ is assumed as the bolometric luminosity (Dunn et al. 2008)nits of 106 erg s

Therefore component 1 appears to be located consistenttiétipc scale torus and/or inner NLR
radius-scales. We note thA&t., is much greater than the BLR distance that is of only abouigti-Hays
(using the recent & gR—\L A(51oo&) relationship from Bentz et &l. 2013 and the average S 0ix from
Lira et al2011), i.e. 0.06 pc. The lack of response fi2zi02 — 2011 of the higher ionization (components
2,3) absorbers may place this gas at greater distances.vdoa@nore intense monitoring campaign (over
weeks to months) would be needed to place a firmer constraitiieodensity and therefore radial location
of the absorbers.

“This is is likely to be a somewhat conservative estimate eflometric luminosity. Applying a bolometric correctioha
factor of 30 for the 2-10 keV X-ray luminosity (Vasudevan &dfan 2009), would result id,,; = 10*¢ ergs™.
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6.2.3. Warm absorber properties: radii, outflows rates andrgetics

We estimate the lower and upper limits of the distance, ma$ow rate and kinetic power of the WAS
following the assumptions and definitions outlined_in Tosiket al. (2013) for the fully covering warm
absorbers (components 1, 2, and 3) and for the highly iorebstdrber discussed i#.4. An upper limit
for the radial location of an absorber can be derived fromdéfenition of the ionization parameter and the
requirement that the thickness of the absorber does noeeitedistance to the supermassive black hole,
i.e., Ng ~ ngAR < nyR, then:

Tmax = Lion/éNH' (5)

Note the material can not be farther away than this given biserwed ionization and column. An estimate
of the minimum distance can be derived from the radius at vttie observed velocity corresponds to the
escape velocity:

Tmin = 2GMBH/v§ut' (6)

Here the black hole mass estimate for MR 2251-178 is tak@nas 108 M, (Dunn et all 2008).

For the calculation of the mass outflow rate we use the expresierived by Krongold et all (2007)
that is appropriate for a biconical wind-like geometry ahdttdoes not rely on the estimate of the covering
and filling factors (see Tombesi et lal. 2013 for details):

. n
Mout = f(é, (b)ﬂ'n_HmpNHUoutr; (7)

e

where (4, ¢) is a function that depends on the angle between the line bf sigthe central source and
the accretion disc plan®, and the angle formed by the wind with the accretion dis¢see Fig. 12 of
Krongold et all 2007). As in Krongold etlal. (2007) and Tomissl. (2013), we assumg(d, ¢)~1.5 that
corresponds to a roughly vertical disc wingh{r/2) and an average line of sight anglesaf30° for a type-|
AGN, while ng/n. is about 1/1.2 for Solar elemental abundances, so:

Mout ~ 6.6 X 10_24 NH Vout T [9/8]' (8)

To determine thé\Z,,; interval range, we use the valuesrf., andr;, inferred from equations (5) and
(6), except for component 1 for which with usegs., the value found above due to the recombination
time-scale of Qvi1, i.e. ry,, (S€e values reported in Table 7).

Neglecting additional acceleration of the outflow, i.e.ussig that it has reached a constant terminal
velocity, the kinetic (or mechanical) power can consedydrg derived as:

. 1.
Ex = §Mout'Ugut' 9

We also calculated the outflow momentum ratePas = Myt vVout and subsequently compared it to the
momentum flux of the radiation field>..q = Lyo1/c. All values are reported in Tahle 7.

The inner and outer radii of component 1 are the best detednimetweer$ — 17 pc, with the upper
bound being set by the 40 day timescale response of the @&vdorthe continuum. The higher ionization
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component 3 is constrained between betwee20 — 290 pc; this is consistent with being placed outside
component 1, noting that no response of this absorber wastddtto continuum variations, consistent with
a lower density. Component 2 is the least well determinedisiwdnsistent with the radial estimates for
components 1 and 3 (Table 7). Thus the locations of compsrkmind 3 are consistent with the torus
and NLR respectively, as estimated above. The possibldyhighized (iron K band) absorber (Table 7,
component high), with an outflow velocity ef 15000 kms™!, would appear to be located much closer to
the black hole £ 0.01 pc) with a location perhaps consistent with an accretiok disid (Tombesi et al.
2013).

The kinetic power of the three warm absorbers (componei&sdppear to bes 0.01% of the bolo-
metric luminosity; while for the highly ionized absorber feeind a minimum value of 1% of the bolometric
luminosity, hence its mechanical power can potentiallgctfthe host galaxy via feedback (Hopkins & Elvis
2010). Nonetheless the mass outflow rates of all componefitad well as the highly ionized absorber
are rather similar, the lower limits oft/,; vary betweerd.2 — 1.9M yr—! for components 1-3, while
for the highly ionized absorbef)/,.; > 0.6Myyr~!. In comparison for a bolometric luminosity of
4.3 x 10 ergs™! and assuming an accretion efficiencyspf= 0.06, the expected mass accretion rate
of MR 2251-178 isM,.. ~ 1.3My, yr—!; thus the combined mass outflow rate from MR 2251-178 isylikel
to be at least equal to (or somewhat exceeding) the accnetieronto the black hole. Finally the outward
momentum rate of the putative highly ionized absorber isneged to be at least 50% of Ly, /c, which
suggests efficient(~ 1) scattering between photons and electrons in a Thomsoesogtdriven outflow,
as may be expected in a highly ionized accretion disk winai@kd Pounds 2003).

6.3. Comparisons with UV observations

Ultra-violet absorption has also been found previoushadpectrum of MR 2251-178. Using HST/FOS
data obtained in 1996, Monier et al. (2001) found absorgiiees due to Ly, Nv and Civ with a system-
atic blueshift of~ 300 kms™! with a total hydrogen column density of about 50! cm~2. From the
comparison between HST data taken with FOS in 1996 and ST2808, the Qv absorption in particular
showed variability — both in terms of the velocity and coludansity — over a period of roughly 4 years.
This relatively short timescale variability showed thastblVV absorption is truly intrinsic and constrained
the absorption clouds to within <2.4 kpc of the continuum source (Ganguly et al. 2001) comsistith
the estimate of Monier et al. (2001). Kaspi et al. (2004) ragzbfor the first time the entire FUSE spectrum
of MR 2251-178 and detected at least four blueshifted atisorgystems of @i, Hi, and Ovi; one at
—580km s, and at least three others blended components with centetidities at about-150, —300,
and—430kms!.

We note that the velocity profiles obtained here from the Xeata, e.g. from @1 and Oviil, appear
to be consistent with these UV profiles, with the X-ray absorpline profiles having typical velocity shifts
of the order~ —300 — —400kms™!, as shown in Figufg7. The only exception may be from the Isighe
ionization lines, such as Mgi and Sixiv, which do not require any net blue-shift, but this very highl
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ionized gas may be more apparent in the X-ray spectrum thidue idV. The total depth of the FUV and UV
absorption lines appeared larger than the underlying monitn, which indicates that the broad UV emission
lines are absorbed by the UV absorber and therefore the Udfladaslies outside the BLR. This is similar to
what is found in the X-ray spectrum presented here, whetsbpitoad soft X-ray lines (BLR) are absorbed
by the narrow lines from the X-ray warm absorber.

The above UV absorber properties are similar to that foumd fog the fully-covered soft X-ray warm
absorber components (namely components 1, 2, and 3), irmgbdhe column densities and the outflow
velocities appear consistent. Moreover, the relativglittconstraint for the location of component 1 shows
that it lies outside the BLR region too, with the componentan® 3 consistent with being further out
due to their lack of variability. In conclusion the UV and sifray warm absorption components cover
a similar range of column densities and appear to be kineaiticonsistent with each over in terms of
their outflow velocities, although the X-ray absorptiorelik originates from more highly ionized gas. A
more detailed comparison with the 2011 Chandra and XMM-Nawibservations and a contemporaneous
2011 HST/COS observation will be deferred until future wovke note however that from a preliminary
analysis of the HST/COS spectrum as well as optical spexipys(M. Crenshaw, private communication),
the FWHM widths of the Qv and H3 emission lines appear in the rang200 — 3600 kms™!. This is
similar to, if somewhat smaller than the widths of the X-ragigsion lines such as @i, with FWHM
~ 7300 kms~!. This could suggest that the broad X-ray lines originatenftbe innermost part of the BLR,
which would likely be more highly ionized.

6.4. Comparison with the recent observations of Markarian ®9

The Seyfert 1 galaxy Mrk 509 (z=0.03450) —which has a sinilack hole mass (1- 10° M) and a
bolometric luminosity of only a factor of about 2-3 smallean that of MR 2251-178 (Raimundo etlal. 2012)
— has also been recently monitored (in 2009) from UV to hamhys (HST/COS, XMM-Newton, Chan-
dra, Swift and Integral) to constrain the location of theflowt components_(Kaastra et al. 2011b). Thus a
comparison between MR 2251-178 and Mrk 509 may be informatiwen their similar properties at the
higher luminosity end of the Seyfert population, while batBN have long XMM-Newton or Chandra expo-
sures. The deep (600 ks) XMM-Newton/RGS spectrum of Mrk s3@aled the presence of a multitude of
blueshifted absorption lines from three slow velocity abso components—13kms!, ~—320kms!,
and—770km s!), with two strong and discrete ionization parameter peakisalog (¢ /ergcms™!) = 1-3
range at aboubg (¢ /erg cms™!) = 2.0 andlog(¢ /erg cms™!) = 2.8 (Detmers et al. 2011). The ionization
parameters of the UV components with similar outflow velesitare much lower than those found in X-
rays, which could indicate that the UV and X-ray absorbegescarspatial but have different densities, as also
inferred from the LETG spectrum (Ebrero etlal. 2011). Theenee of a possible fast outflow with,; ~ -
14000 km s was claimed using the summed spectrum of previous XMM-Newiiservations (Ponti et lal.
2009), and was only marginally detected in the LETG 2009 nfasion and the XMM-Newton/pn spectrum
(Ponti et all 2013).
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The location of the outflowing components in Mrk 509 are ckinto be consistent with a torus wind or
NLR origin (Kaastra et al. 2012). While the kinetic luminysof the outflow is small in Mrk 509, the mass
carried away is larger than the likely5M, yr—! accreting onto the black hole. These properties appear to
be similar to those presented here for MR 2251-178. Obsenally the X-ray column densities, outflow
velocities and ionization parameters cover a very simadage, while in terms of radial location, the warm
absorbers of both AGN appear commensurate with a pc scabk agimsistent with the outermost torus or
inner NLR.

7. Conclusions

This paper has presented deep (400 ks) Chandra HETG and XEWtdd RGS observations of the
nearby quasar, MR 2251-178. The high resolution spectra fewealed the presence of a three ionization
component warm absorber, with the ionization parameteeriny the range fromog (¢ /ergcms™!) =
1 — 3. The lowest ionization component is responsible for theogii®on seem from the Fe M-shell UTA
as well as the inner-shell lines of O, Ne, Mg and Si, while tighér ionization components produces
the He and H-like lines as well as L-shell Fe ions. The lowestzation gas tentatively appears to be in
photoionization equilibrium with the continuum flux. Froig and from the lower and upper-limits to the
radial location of the gas, the low ionization absorber appeonsistent with a pc scale location, coincident
with either the torus or innermost NLR, while the highestization component may arise from more distant
gas. The outflow velocities of the warm absorbing gas all appéthin < 500 km s, also consistent with
the outflow velocities of the known UV absorber in this AGN _f@aly et al.l 2001; Monier et al. 2001
Kaspi et all 2004).

Several broad emission lines also appeared to be presdm goft X-ray spectrum, most notably from
OVvii. The width derived for the broad @1 line complex, of FWHM73001:200 km s, is consistent with
an origin on sub-pc scales from the optical BLR. In additier,have suggested that the BLR clouds them-
selves, which are presumably responsible for the broadsidly emission lines, may indeed partially cover
the X-ray continuum, with a typical column density & = 1023 cm~2. The presence of such a partial
coverer has also been recently invoked to account for thiXaimy excesses observed towards several type
| AGN (Tatum et al. 2013) and may be required here to explagnutiusually hard X-ray continuum (with
I' = 1.5) that is observed in MR 2251-178. Overall the X-ray obséovat of MR 2251-178 have revealed a
complex and stratified absorption and emission region, mmiodify the overall X-ray spectrum. These ap-
pear to exist on several spatial scales; from a putativeeioardisc wind responsible for the highly ionized
Fe K band absorption; to the BLR clouds responsible for tladbisoft X-ray emission lines and potentially
the partial covering absorption; and to the more extendéflioatng gas on parsec and NLR scales. The
latter is the likely origin of the historical soft X-ray warabsorber observed towards this AGN.
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Fig. 1.— Fluxed 2011 XMM-Newton RGS spectra of MR 2251-178nmen 0.4-1.5keV. RGS 1 is shown
in black, RGS 2 in red. The spectrum shows a clear imprint ohamabsorber, with the main features in
the spectrum labelled. The absorption due to the UTA of Midtan is particularly prominent above 0.7
keV, as well as absorption due to Ne (and iron L-shell) betw@8-1.0 keV, as well as an absorption trough
due to Mg near 1.3 keV. Note the strongv@® emission at 0.56-0.57 keV. Energy is plotted in the quasar

rest frame.
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Fig. 2.— Fluxed 2011 Chandra HETG spectra of MR 2251-178, M&Ghown in black, HEG is red.
The top panel shows the spectra, while the dotted greendiagepresentative power-law continuum with
I' = 1.6. The upper dashed blue line shows the actual intrinsic lefividle continuum, once the absorption
is modeled. The lower panel shows data/model ratio td'the 1.6 power-law, the downwards continuum
curvature due to the warm absorber is clearly present. Katalata are binned ak the HWHM resolution
for clarity, while the HEG spectrum is only plotted above ke
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Fig. 3.— 2011 Chandra MEG spectrum of MR 2251-178, showimgwiealth of absorption lines below
2 keV. The data are shown as residualss(imgainst the baseline continuum and are plotted in the quasia
frame in wavelength (with energy marked along the upper)aianel (a) shows the Si K band, including
inner shell absorption from il —xii1; (b) the Mg K band, including inner shell absorption from Mg-xi;

(c) absorption from Nex, Nex and L-shell Fe; (d) inner shell absorption due to Neon ioosmfNev—Neix
and (e) the iron M-shell UTA band.
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Fig. 4.— As per Figur¢l3, but showing the Chandra HEG spectfiMR 2251-178, Panels (c), (d) and
(e) show the absorption present in the Si, Mg and Ne bandectgply. Panels (a) and (b) also show the
spectrum in the Fe and S K-shell bands.
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spectra normalized to the instrument effective area. Thefitanodel for the soft X-ray absorber, compris-
ing three absorption components, is shown by the blue lifer& are a plethora of ionized lines present
originating from C, N, O and the Fe M-shell. There is also s@omplex interplay between the absorption
and underlying emission components, which are furtherudised in the text. The likely identification of
the numbered lines are presented in Table 3. Green numhaogedbe position of emission components.
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Fig. 10.— Enlarged portions of the 20ThandrdHETG observation of MR 2251-178, focusing on the
Ne and Mg energy bands. The HETG data give a much clearer Mighednner-shell Ne and Mg lines
than was possible with thEMM-Newton/RGSBoth elements have lines due to their B-, Be- and Li-like
charge states. The solid lines correspond to the fit thatterdd when the low ionization xstar absorber
(component 1, Table 5) has an input photon continuuni’;gf.; = 2.0 (red) andl'y, ;. = 2.5 (blue).
Importantly, the inner-shell lines cannot be accountedwithout an intrinsically soft X-ray continuum,
which in turn provides evidence for a partially-covereda+spectrum. See text for further details.
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Fig. 11.— Zoome-in of the 2011 RGS spectrum in the region ofitve M-shell UTA, showing the effect of
the change in the ionization state of component 1 in the wdrsorber model (solid line). Panel (a) shows
the best fit case to the RGS, whereby the ionization pararaétemponent 1 isog(¢/ergcms™!) = 1.27.
Panel (b) shows the model fitted when the ionization is lodiéodog (¢ /ergcms™!) = 1.15, as found in
the 2011 Chandra HETG spectral fits. In panel (c) the ioromagiarameter isog(¢ /ergcms™!) = 0.91,

as found in the spectral fits to the 2002 Chandra HETG datas Thaufits to the UTA region are sensitive
to the ionization parameter in the xstar absorber model avdkis with a substantially lower ionization, as
found in the Chandra datasets, can be ruled out by the RGS data
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Fig. 12.— Data/model ratio residuals to the HEG spectrum Bf2251-178, in the iron K band, to the best
fit continuum model. The 2011 data are shown as black cros2002 HEG data shown in red circles
(with dashed errors). The datasets have also been binnegl¢aminimum of 20 counts per bin, in addition
to the instrument resolution binning. Energy is plottedha uasar rest frame at= 0.064. Both datasets
appear to show a weak, but statistically required, absmrdeature near 7.3 keV, which if identified with
H-like iron would require a blueshift of —15000 kms~!. Note the lack of a strong & emission line at

6.4 keV.
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Fig. 13.— Broad Qvil emission line complex as observed by RGS 1, plotted agabsrvedrame en-
ergy. Black crosses show the data, while the solid (red) ibrne best fit model. The line profile has
been fitted by a blend of forbidden, intercombination andmasce emission components of equal velocity
width (FWHM 7300 km s1), as shown by the solid lines below from left to right (greklue and magenta
respectively). The forbidden line dominates the profileplying densities of., < 10'' cm~2. Note that
narrow absorption lines of @vI are superimposed upon the broad emission profile.
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Table 1. Summary of MR 2251-178 Observations

Mission Obsid Start Date/Tinfte Inst Exposure (ks)  Net Rate's
XMM-Newton 0670120201 2011-11-1107:58:17 RGS1 133.1 0.518 +0.002
- - RGS2 - 0.562 =+ 0.002
0670120301 2011-11-1318:50:38 RGS1 127.8 0.506 £+ 0.002
- - RGS 2 - 0.544 + 0.002
0670120401 2011-11-1518:42:16 RGS1 128.0 0.464 £ 0.002
- - RGS 2 - 0.501 + 0.002
Total - RGS1 3894 0.496 £+ 0.001
- RGS2 3894 0.535+0.001
Chandra 2977 2002-09-1100:52:46 MEG 146.3 0.317 £ 0.001
- - HEG - 0.164 £+ 0.001
Chandra 12828 2011-09-26 20:34:38 MEG 163.1
- - HEG -
12829 2011-09-2907:03:04 MEG 187.6
- - HEG -
12830 2011-10-0122:53:18 MEG 48.6
- - HEG -
Total - MEG 392.9 0.485 +0.001
- - HEG - 0.245 £+ 0.001

a0bservation Start/End times are in UT.

PNet exposure time, after screening and deadtime corrgdtids.
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Table 2. Soft X-ray absorption lines in 2011 Chandra HETGcBpen

ID® Egtomic E(cluasar EW* ACd
oviil 653.5[18.972] 654.470-3[18.946] —0.84+0.3 9.8
ovil - 733.3702[16.908] —1.6+0.5 20.4
Felx-x 2p — 3d - 750.4+1.2[16.522] —-1.5+0.6 18.0
Nev 871.4[14.228],873.7[14.191] 873.3+0.5[14.197] —-12+04 15.6
Nevi 885.0 [14.010], 883.3[14.036] 884.5+0.5[14.017] —1.7+0.4 27.3
Nevii 898.2 [13.804] 897.74+0.4[13.811] —1.6+0.5 29.9
Neviil 909.2[13.637] 908.6 +£0.3[13.646] —1.0+0.3 12.1
FexIX 2p — 3d 918.0[13.506] 918.6103[13.497] —1.0+04 152
Neix 922.0[13.447] 922.64+0.4[13.439] —1.5+0.5 25.7
Fexx 2p — 3d 967.3[12.818] 966.4+0.7[12.829] —1.3+0.5 17.2
Fexx 2p — 3d 987.8 [12.552] 986.4+0.8[12.569] —1.24+0.4 14.7
Fexxl 2p — 3d 1000.9 [12.387] 1010.14+0.8[12.274] —0.9+04 9.8
Nex 1021.5[12.137],1022.0 [12.132]1022.8 £ 0.4 [12.122] —1.8+0.3 56.6
Fexxlil 2p — 3d 1053.6 [11.768] 1052.941.0[11.766] —1.0+0.4 13.6
Neix 1s — 3p 1073.8 [11.546] 1074.140.7[11.543] —1.0+0.3 185
Neix 1s —4p 1127.1[11.000] 1128.64+ 0.6 [10.986] —1.2+0.3 36.3
Neix 1s — 6p 1165.0[10.642] 1165.540.7[10.638] —0.7+0.3 11.2
Nex 1s — 3p 1210.9[10.239] 1211.740.5[10.232] —0.6+0.3 11.6
Mg VI 1276.8[9.711] 1276.940.9[9.710] —0.7£0.3 12.6
Mg ViI 1291.6 [9.599] 1294.54+1.3[9.578] —0.7+0.3 10.8
Mg Vil 1306.4 [9.491], (1304.2[9.507]) 1306.4+0.7[9.491] —1.4+0.3 41.8
Mg IX 1323.1[9.371] 1322.64+1.1[9.374] —0.6+0.3 9.7
Mg XI 1353.1[9.163] 1352.740.8[9.166] —0.8+0.3 18.2
Mg XII 1472.6[8.419], 1471.7 [8.425] 1473.0+£0.5[8.417] —1.2+0.2 47.3
Mg Xl 1s — 3p 1579.3[7.851] 1581.34+0.9[7.841] —0.6+0.3 12.6
Sivin 1772.8[6.994] 1772.6+0.6[6.994] —1.3+0.3 38.8
Six 1792.2[6.918],(1788.2[6.933])  1791.9199[6.919] —0.9+0.3 19.2
Six 1810.3[6.849], 1807.3[6.860]  1809.6733[6.851] —0.8+0.3 155
Sixi 1830.6 [6.773] 1830.24+1.1[6.774] —0.7£0.3 14.1
Sixin 1866.4 [6.643] 1866.0 4+ 0.9[6.644] —1.0+0.3 235
Sixiv 2006.1[6.180], (2004.8[6.184]) 2007.04+1.2[6.178] —0.8+0.4 12.3

a Line identification. Lines correspond to the — 2p transition unless stated.

PKnown atomic line energy in eV. Values are from www.nist.gBehar et al..(2001) for Fe M-shell
UTA and Behar & Netzer (2002) for inner shell Ne, Mg, Si. Theregsponding wavelength i is given
within brackets.
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¢Measured line energy and equivalent width in quasar restdrainits eV. The corresponding mean
wavelength value il is given within brackets.

dImprovementin C-statistic upon adding line to model.
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Table 3. Soft X-ray Lines identified in 2011 XMM-Newton RGS.

Line ID®

b
Elab

EC

quasar

d
Eobs

© 00 ~NO UL WDNPRP

WWWWWWWWWNDNDNDNNNMNNNNNRPRPRERPEPEPERPERRPRR
O ~NO O, WNPFPOOONOUMAWNPREPOOONOOOPA~AWDNEO

.NvI 1s — 2p
.Cvl1ls — 3p
.CVvi1ls — 4p
.Cvl 1s — 5p
.Cvl 1s — 6p
. Cvi K-edge
.NvI 1s = 3p
.NvIe2p — 1s
.NvIl 1s — 2p

.NvI 1s — 4p
.Ovis—2p

. Ovie

.OvI 1s — 2p
.OvI 1s — 2p
.NvIl 1s — 3p
.NvIl 1s — 4p
.Nvil 1s — 5p
.Ovill 1s — 2p
.Ovine 2p — 1s
.Ovil 1s = 3p
.OvIl 1s = 4p
.Ovil 1s — 5p
. Ovil 1s — 6p
. Fe M UTA
.Ovill 1s — 3p
. Fexvii

.Ovill 1s — 4p
. Fexvii-xix
.Ovill 1s — 5p
.Ovill 1s — 6p
. Nev?

. Nevi'®

. Neix®

. Nevin't

. Fexix

. Nelx 1s — 2p
. Fexx

.Nex 1s = 2p

430.7 [28.787]
435.5 [28.469]
459.4 [26.988]
470.4[26.357]
476.4[26.025]
489.9 [25.308]
496.7 [24.962]
500.4 [24.777]
500.4 [24.777]
521.6 [23.770]
554.5 [22.360]

562.6 [22.038]
568.2 [21.821]
592.9[20.911]
625.4 [19.825]
640.4 [19.360]
653.5[18.972]
653.5[18.972]
665.6 [18.627]
697.1[17.786]
712.7 [17.396]
720.7 [17.203]

774.6 [16.006]
816.9 [15.177]
836.6 [14.820]
847.2 [14.635]
873.7 [14.191]
898.8 [13.794]
909.2 [13.637]
922.0[13.447]

1021.5[12.137]

430.3[28.813]
435.6 [28.463]
459.0[27.012]
470.7 [26.340]
476.0 [26.047]
489.7 [25.318]
497.3[24.931]
500.3 [24.782]
501.1 [24.742]
521.8 [23.761]
554.2 [22.372]
564 [21.983]

564.0 [21.983]
568.6 [21.805]
592.9 [20.911]
625.0 [19.837]
640.2 [19.366]
653.3[18.978]
654.5 [18.943]
665.9 [18.619]
697.6 [17.773]
712.8[17.394]
721.2[17.191]

774.4[16.010]
812.4[15.261]
816.4 [15.187]
825.9 [15.012]
836.2 [14.827]
846.8 [14.642]
874.2 [14.183]
898.1 [13.805]
922.1[13.446]
909.4 [13.634]
916.8 [13.524]
921.9 [13.449]
965.5 [12.841]
1021.5[12.137]

405.1 [30.606]
409.8 [30.255]
432.3[28.680]
443.2[27.975]
448.1[27.669]
460.0 [26.953]
467.4[26.526]
470.2 [26.368]
470.9 [26.329]
491.1 [25.246]
521.8[23.761]
530 [23.393]

530.1 [23.389]
535.2 [23.166]
558.1 [22.215]
588.3[21.075]
602.6 [20.575]
614.9 [20.163]
615.1[20.157]
626.8 [19.781]
656.6 [18.883]
670.9 [18.480]
678.8 [18.265]

728.9[17.010]
764.7 [16.213]
768.4[16.135]
777.4[15.949]
787.1[15.752]
797.0 [15.556]
821.7 [15.085]
844.1[14.688]
866.6 [14.307]
854.7 [14.506]
862.9 [14.368]
867.7 [14.289]
908.9 [13.641]
961.5 [12.895]
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Table 3—Continued

EC

quasar

d
Eobs

Line ID® EV.
39. Mgviii ¢ 1306.4 [9.491]
40. Mgix? 1323.1[9.371]

41. MgxI 1s — 2p  1353.3[9.162]
42. Mgxil 1s — 2p 1472.3[8.421]

1306.4 [9.491]
1322.5[9.375]
1352.4[9.169]
1471.9 [8.423]

1227.9[10.097]
1243.0[9.975]
1272.9[9.687]
1385.4 [8.949]

2 Line identification. Line number corresponds to those markigure[b

and Figuré b.

PKnown atomic/lab frame energy of line in units eV. The cop@sding
wavelength ind is given within brackets. Values are from www.nist.gov

°Measured line energy in the quasar rest frame in eV. The sporaling

wavelength in is given within brackets.

dMeasured line energy in the observed frame in eV. Typicaktamnty is
within +1 eV. The corresponding Wavelengthﬁnis given within brackets.

¢Possible emission line.

iPossible inner-shell absorption line. Known atomic eneaien from

Behar & Netzer|(2002).
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Table 4. Gaussian Fits to Velocity Profiles of H and He-likesgifption Lines

Line Instrument  oops® Tint” Vout Ay2d
H-like:-
Cvily-3(@) RGS 320480 <270 —444+73  43.0
CviLy-3(b)* RGS - - —18404100°  16.0
Nvil Ly-a (8) RGS 480+95 3607130  —450+94 575
NVl Ly-o (b) RGS - - —20204+120° 8.2
Oovill Ly-a RGS 297+65 <200 —353+62  47.0
Nex Ly-o HEG 415+135 3957170 —227+123  33.1
Mg X1l Ly-« HEG <120 - <40 31.2
SiXIv Ly-a HEG <125 - < 340 8.7
He-like:-
Nvi Hew(a) RGS 320490 <280 —428+88  26.2
NvI He<w (b): RGS - - —1990 4 120°  12.1
Ovil He-3 RGS 600+ 180 4607330  —900+180  22.3
Neix He-3 HEG 440190 420110 <234 14.1
Mg X1 He« HEG 310£175 < 455 < 170 7.0
Sixi He«w HEG < 120 - < 163 8.8

2Observed o width of absorption line in kms!.

2Intrinsic 1o width of absorption line in kms' after correcting for instrument
spectral resolution.

“Velocity shift of absorption line in kms'. Negative values donate blue-shift.
dImprovement in fit statistic after modeling Gaussian absongprofile.

¢Possible higher velocity component of absorption line.
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Table 5. Warm Absorber Parameters from RGS and HETG Spectra

Component Parameter RGS 2011 HETG2011 HETG 2002
Power-Law I 2.32+0.08 2.137018 = 2011
(uncovered) funeov®  0.39700% 0.23+0.03  0.18+0.02
Warm Absorber Nu® 2.12+0.07 2.1070 33 1437537
(Component1) log(¢/ergems™1)¢ 1.2740.02  1.154+0.05 0.91+0.16

Vour?  —4804+40  —315+40 —290 + 150

AC or Ax?e - 2065 176.2 -~
Warm Absorber Ng®  1.5040.20 1.5%03 1.2%99
(Component2) log(¢/ergems™1)¢ 2.04170-01 2.147919 2.03195-23
Vour®  —470 % 60 —260135  —150+130

AC or Ax?¢ - 244.6 148.1 -~
Warm Absorber Ng®  36+13 17157 2.3722
(Component3) log(¢/ergems™1)°  2.801002 2.8870 14 2.910:3
Vour? <130 <70  —38072%

AC or Ax?¢ - 18.5 33.7 -
Partial Coverer Ny 60.07 5512 = 2011
(pc 1) log(¢/ergems™1)© 1.07 1.0470% = 2011¢
foov1? 0.61£0.05 0.40£0.10 0.39+0.07

AC or Ax?¢ - 213.1 193.1 -~
Partial Coverer Ny® - 690779, =2011¢
(pc 2) log(¢/ergems™1)© - 1.047 = 2011¢
feov2? - 0.37+0.10 0.43+0.11

AC or Ay?e - - 31.6 -
Total Flux® Fos 20 1804001 1.33+0.01 0.75+0.01
F>.0-10.0 - 3.8+0.1 2.5+0.1

aUncovered fraction of power-law component.

PHydrogen column density, units10%! cm=2.

¢ Log ionization parameter.

dOutflow velocity in units kms'. Negative values indicate outflow.

°lmprovementin either C-statistic (HETG) ¢f (RGS) upon the addition of the com-

ponent to the model.

fIndicates parameter is fixed.

gCovering fraction of partial covering component

h0.5-2.0keV o — 10keV band flux, units<10~ ! ergcnr?s1.
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tParameter is tied to the 2011 HETG value.
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Table 6. Soft X-ray Emission Lines in 2011 RGS and Chandra GEpectra

Line ID E2 iasar Flux® EWe o4 FWHM® A2 or ACY
RGS:-
CVi Ly-a 363722 [34.155] 34711 25700 44007305t 1020071200t 43.9
N VI 419.3730[29.569] 9.2*25  1.1+04 18007250 420013100 16.6
NVII Ly-a 498.7+£0.2[24.861] 11.3%*13  0.9703  340+130 7804300 75.1
Ovi (broad)  564.5+0.9[21.964] 383732 83107 4400130 1020071300 345.1
OVl (narrow) 561+ 1[22.100] 4.8+2.0 0.9+04 <530 <1250 16.0
oviil Ly-a 654.5+1.0[18.943] 6.4+ 1.5 1.7+0.4 16507550° 390073300 28.8
Neix 905.14+1.3[13.698] 1.24+0.5 09404 <1260 < 2700 9.7
Ovil line”:-
ovii (f) 561.0/ [22.100] 26+4 51+08 31607200  7300+1299 -
ovi (i) 568.6/ [21.805] 94+6  1.7+1.1 - - -
ovii (r) 573.9 [21.604] <9 <17 - - -
HETG:-
ovii 567 +5[21.867] 20751 7473 4300{4w° 9900713500 17.0
Nelix (narrow) 905.3+0.9[13.695] 0.9“:8:?, 1.0+ 0.6 < 600 < 1400 10.6
Neix (broad) 94015,[13.190] 2.6732  3.07FT  2100f1500 480073300 9.8

2*Measured line energy in quasar rest frame, units eV. Thesponding mean wavelength valudiinis given
within brackets.

b Line photon flux, units<10~° photonscrm?s—*

°Equivalent width in quasar rest frame, units eV.

410 velocity width, units kms?.

°FWHM velocity width, units kms?.

fIndicates parameter is fixed.

glmprovement in C-statistic ahx? upon adding line to model.

h"RGS deconvolution of broad @i line into forbidden, intercombination and resonance liomponents.

t Line velocity width of Cvi line tied to broad O/ line.
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Table 7. Properties of the fully covered warm absorber carapts (“components 1, 2, and 3”) and the
highly ionized component (“component high”) discussegdi. The values oy, log &€ andv,, are
those inferred from the 2011 RGS observations (see Tabler Spfmponents 1, 2, and 3, and from the

HETG observations for the highly ionized absorber. Seeftexull definitions of the parameters.

Parameters component 1 component 2 component 3 compogént hi
Ny (x10%' cm2) 2.12+0.07 1.5@:0.20 3.6£1.3 >150
log(&/ergcms™1) 1.27 £0.02 2.0415:01 2.8070 95 4.8%59
Vout? (kms™1) —480 + 40 —470 £ 60 <130 —15600 + 2400
Tmin (CM)/(PC) 2.8<10'9/9.0 2.9<10'9/9.4 3.8<10%%/ 122 2.6<10'/0.008
rmax” (CM)/(pC) 5.310'9/17.2 1.2<107%/3940 8.8<1029/285 2.1x10'7/0.068
My (x10%5 gls) [1.9-3.6] [1.4-560] [11.8-27.3] > 4.0
Mo (MIyr) [0.3-0.6] [0.2-89] [1.9-4.3] > 0.6
Ex!Lio® (%) [5.1 x 107%-9.8 x 1074] [3.5 x 107%-0.14] [2.4 x 1074-5.4 x 10~%] > 1.1
Pout/ Praa (%) [0.63-1.2] [0.45-184] [1.1-2.5] > 46

2 hax 1S inferred from ed6.2]3, except for component 1 for whigh, corresponds te.., inferred from recombi-
nation time-scale, sef6.2.2.

PLpol = 4.3 x 10% ergs™! (Dunn et all 2008), andlpqq = 3.0 x 10%6 ergs!.
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