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High Resolution X-ray Spectroscopy of the Seyfert 1, Mrk 108. Revealing the Failed
Nuclear Wind with Chandra.
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Porquet’, T.J. Turnet!

ABSTRACT

High resolution X-ray spectroscopy of the warm absorbenénrtearby X-ray bright Seyfert
1 galaxy, Mrk 1040 is presented. The observations wereethout in the 2013-2014 time-
frame using the Chandra High Energy Transmission Gratirly avtotal exposure of 200 ks. A
multitude of absorption lines from Ne, Mg and Si are detedteth a wide variety of ioniza-
tion states. In particular, the detection of inner K-shébarption lines from Ne, Mg and Si,
from charge states ranging from F-like to Li-like ions, segig the presence of a substantial
amount of low ionization absorbing gas, illuminated by @ptsoft X-ray continuum. The ob-
servations reveal at least 3 warm absorbing componenténirgionization parameter from
log(&/ergems™) = 0 — 2 and with column densities aVy = 1.5 — 4.0 x 10*' cm~2.
The velocity profiles imply that the outflow velocities of thbsorbing gas are low and within
+100kms™! of the systemic velocity of Mrk 1040, which suggests any outfhg gas may
have stalled in this AGN on large enough scales. The warmrbbsa likely located far from
the black hole, within 300 pc of the nucleus and is spatiaiypcident with emission from an
extended Narrow Line Region as seen in Hf8T images. The iron K band spectrum reveals
only narrow emission lines, with FedKat 6.4 keV consistent with originating from reflection
off Compton thick pc-scale reprocessing gas.
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1. Introduction

Material existing within the vicinity of the super-massilsack hole in an Active Galactic Nucleus
(AGN) can significantly modify the resultant X-ray spectru@onsequently, detailed studies of the repro-
cessed primary X-ray emission can reveal valuable infdomatbout the kinematics and geometry of the
central nucleus. In the soft X-ray band (below 2 keV), the oh@amt reprocessing mechanism is absorption
by photoionized (or “warm”) material along the line of sighih fact systematic X-ray studies of AGN
with ASCA, Chandra, XMM-Newton andSuzaku have established that at least half of all type 1 Seyferts hos
warm absorbers (Reynolds 1997; George 2t al.|1998; Crenshal2003; Porquet et lal. 2004; Blustin et al.
2005; McKernan et al. 2007; Tombesi etlal. 2013). When olagkat high spectral resolution, such as with
the X-ray grating spectrometers onboard eit@bandra or XMM-Newton, the warm absorber is seen to
give rise to numerous narrow absorption lines from astrejgaly abundant elements such as C, N, O, Ne,
Mg, Si, S and Fe (Kaastra et/al. 2000; Kaspi et al. 2002; Biwdtal. 2002; McKernan et al. 2003). The
warm absorption is often seen to be outflowing and can ariga ffas covering a wide (several orders of
magnitude) range of column densities and ionization patarse

Indeed the X-ray spectral signatures of the warm absorbgreraan arise from very low ionization
gas from ions with low charge states; such as from the Unreddlransition Array (UTA) of M-shell iron
(< Fexvi) at ~ 16A (Sako et all 2001; Behar etial. 2001) or from inner (K-shelnsitions of L-shell
ions from lighter elements, such as O through to Si (Behar &&e2002] Gu et al. 2005). On the other
hand, the absorbing gas can also be very highly ionized, imescases arising from H-like and He-like
iron, where such highly ionized gas may originate from arretan disk wind (e.g., Reeves et al. 2004;
Risaliti et al. 2005, Braito et al. 2007; Turner etlal. 2008nibesi et all 2010; Gofford etlal. 2013). The
associated absorption lines are often blueshifted, thpdying outflowing winds, with velocities ranging
from a few hundred to a few thousand km's or even exceeding 10000 km'sin the case of the so-
called ultra fast outflows (Chartas etlal. 2002; Pounds|&t0il3; Reeves et al. 2003; Tombesi et al. 2013;
Gofford et all 2013; Nardini et &l. 2015; Tombesi €t al. 201&nginotti et al. 2015).

With the exception of the ultra fast outflows, which are ofteghly ionized and may originate from
an accretion disk wind on sub-pc scales, most soft X-ray warsorbers are thought to be typically located
at fairly large distances from the central black hole. Thkiss$ a result of their low ionization parame-
ters and outflow velocities<{ 1000 km s™1), their (relative) lack of variability, plus in some caseerh
their inferred low densities (e.g., NGC 3783. Behar et a0®Xrongold et al. 2005; Mrk 279: Scott et al.
2004; Ebrero et al. 2010; NGC 4051: Steenbruggelet al.l 200R2B0: [Zhang et al. 2011; and Mkn 509:
Kaastra et al. 2012). These soft X-ray warm absorbers casdmiated with, for example, a wind origi-
nating from the putative parsec scale torus (Blustin et@052 or the latter stages of an accretion disc wind
which has propagated out to larger radii (Proga & Kallmand2d®@mbesi et al. 2013), or from gas associ-
ated with the AGN Narrow Line Regions (Crenshaw et al. 200@nShaw & Kraemer 2000). Although the
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exact kinematic contribution of the warm absorbers to thal tdGN luminosity can be difficult to assess
(Crenshaw & Kraemgr 2012), they may still play a key role iamhg the wide scale properties of AGN
host galaxies (Hopkins & Elvis 2010).

1.1. The Target: Markarian 1040

Mrk 1040 (also known as NGC931) is a bright, nearby= 0.016652, |Huchra et al. 1999) type-1
Seyfert galaxy. The likely black hole masddg(Mpn /M) = 7.6440.40 (Zhou et al. 2010; De Marco etlal.
2013), as estimated from its stellar velocity dispersioalgdn & Whittle 1995; Tremaine etlal. 2002). In X-
rays, Mrk 1040 was observed BYSCA in August 1994/(Reynolds etlal. 1995) and the spectral featwere
interpreted as arising from a warm absorber plus a strongdhituorescent Fed emission line (FWHM
~ 16 00070 000 kms™'; EW = 500 + 250 eV). It is also bright in the hard X-ray bandpass, having been
detected in the 70 month Swift BAT catalogue, with a 14-19% kand flux of6.1 x 10~ ' ergcnT?s™!
(Baumgartner et al. 2013). Mrk 1040 was subsequently obddoy XMM-Newton in February 2009 when
the source flux was high, with a total exposure~d4 ks. The spectrum revealed all the classic Seyfert
1 characteristics; a soft X-ray excess, a deep warm absbdbew 2 keV and a strong FedKline profile
(Tripathi et all 2011). The AGN is also strongly variable ondscales of0* s and an energy dependent lag
was claimed from thXMM-Newton observation/(Tripathi et &l. 2011), similar to the soft X+(ar negative)
lags that have been claimed in other AGN (De Marco et al. [20¥8) despite its X-ray brightness, similar
to other bright and nearby Seyfert 1 galaxies, the X-raytspecof Mrk 1040 is comparatively understudied
and no high resolution X-ray spectrum has yet been publishdtiis AGN.

The host galaxy of Mrk 1040 is a Sbc spiral galaxy and is vieateHigh inclination oft/a = 0.21
(de Zotti & Gaskell 1985; Amram et al. 1992). The UV continuisheavily reddened, which Crenshaw & Kraemer
(2001) suggested was due to dust in the plane of the hostygdbased on the width of B, Full Width at
Half Maximum (FWHM) of~ 1830 km s~!, itis classified as a Narrow-Line Seyfert 1 (Osterbrock & &u
1982). If the narrowness of the Balmer lines is due to a lifsight close to the rotation axis of the black
hole/accretion disk (Kraemer et al. 2012), then our viewhefAGN in Mrk 1040 may be roughly pole-on,
which suggests that the AGN is highly inclined with respedtie disk of the host galaxy.

This paper presents the analysis of a serie€l@indra High Energy Transmission Grating (HETG)
(Weisskopf et al. 2000; Canizares ef al. 2005) observatbirk 1040 from October 2013 to March 2014,
with a total exposure of 200 ks. Indeed the observations provide the first reported tpeltsal resolution
observations of this Seyfert 1 galaxy over the X-ray bandbs8guent observations wikMM-Newton
were also obtained during 2015, with a total exposure of k46 khe RGS; these together with the archival
observation from 2009 will be presented in a subsequentrgapeeafter paper I1). One of the primary goals
was to study the warm absorber in this AGN in unprecedenttsdl @éad resolution. Here the HETG provides
the higher energy coverage of the warm absorber, espedialhe 1 keV band and above and covering the
Ne through Fe K-shell lines, with the RGS providing high sévity coverage at lower energies down to
0.3 keV.
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The paper is organized as follows. In Section 2, we deschbeobservations and reduction of the
HETG spectra. Section 3 is devoted to the spectral fittindhefHETG data, including atomic line detec-
tions and identifications as well as the measurements ofitiegriatics and profiles of the absorption lines.
The properties of the emission lines, such as in the iron &t&land and the He-like triplets, are also pre-
sented. Section 4 presents photoionization modeling oKthay absorption in the HETG, which as will
be shown requires multiple absorption components to cdvewide range of ionization states seen in the
absorption spectrum. In Section 5, we discuss about thénerand infer some physical properties of the
X-ray absorbing media observed in Mrk1040. The propertieth® X-ray gas are then compared to the
images and kinematics of the nucleari[( emitting gas seen from archivilubble Space Telescope (HST)
observations. As we will show, the X-ray absorber appeastitav no evidence of outflow to high precision
and the ionized gas may be in part associated with a failed l@itated within~ 100 pc of the nucleus.

2. Chandra Observations and Data Reduction

Chandra observed Mrk 1040 four times between 24 September 2013 tor8HvED14 (see Table 1 for
a summary), with three of the four observations occurrintpivia one week period from 25 February 2014
and 3 March 2014. Spectra were extracted withadhso package v4.7. (Fruscione et al. 2006). Only the
first order dispersed spectra were considered for both th& Nedium Energy Grating) and HEG (High
Energy Grating) and the-1 orders for each grating were subsequently combined for saghence. No
significant spectral variability was observed between the $equences, with only modest5% variations
in count rate (see Table 1). Therefore the spectra were cmuliiom all four sequences to yield a single 1st
order spectrum for each of the MEG and HEG, yielding respectet source count rates®f574-0.002 s~
(from 0.8-5.0keV) and).238 + 0.001s™! (from 1.2-9.0 keV) respectively for a total exposure time of
197.8ks. The total counts obtained exceeded 90000 and 4fis for MEG and HEG respectively,
while the background count rate was negligible. The undsgukzeroth order image shows no evidence for
extended X-ray emission in excess of the telescope poieaddunction.

The resultant time-averaged source spectra were subgggbemed at 3 different levels. These cor-
respond to either at Half Width at Half Maximum (HWHM) of thpextral resolution (i.eAX = 10 mA
and A\ = 5mA bins for MEG and HEG respectively), at the FWHM of the resioln, or at twice the
FWHM resolution. Note that at 1 keV (or 12.3953)4 the HWHM binning corresponds to velocity intervals
of Av = 240kms™! andAv = 120kms™!, per spectral bin, for the MEG and HEG respectively. The
former finer HWHM binning was adopted for the subsequenttsgigfitting as well as for obtaining veloc-
ity profiles of the lines, while the latter more coarsely drspectra (FWHM or twice FWHM) were used
for an initial inspection of the data and for some of the s@égilots. The MEG and HEG spectra were
analyzed over the energy ranges of 0.8-5.0 keV and 1.2-9.0dspectively. Below 0.8 keV, the signal to
noise of the MEG data was low due to the build up of contamamadiver time on the ACIS-S CCDs and was
excluded from the subsequent fitting. A cross normalizationstant between the MEG and HEG spectra
has been included in all the subsequent fits, however in esghitis consistent with 1.0. Note the overall
fluxes, obtained against an absorbed power-law, corresimohg;_s1.v = 1.1 x 10~ ergenm2s~! and
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Fy_10rev = 3.7 x 10~ ergcnr? s~1 respectively.

The C-statisticl(Cash 1979) was employed in the subseqpentral fits to the HETG, as although an
overall large number of counts were obtained in the obsensttowards the lower energy (longer wave-
length) end of each grating spectrum the total source cqartbin drops belowN < 20 in some of the
spectral bins, which is also true at the centroids of the elgteibsorption lines in the spectrum. In the case
of x? minimization, this would lead to the continuum level beimgre&what underestimated at soft X-ray
energies. All fit parameters are given in the rest frame ofgiiresar atz = 0.016652 and are stated in
energy units, adopting the conversion factor of 1 keV beupg\alent to 12.3984 in wavelength. In all of
the fits, a Galactic absorption of hydrogen column densitiWef= 6.7 x 10%° cm~2 (Kalberla et al. 2005)
was adopted, modeled with the “Tuebingen—Boulder” abgmrphodel (BABS in XSPEQ), see Wilms et al.
(2000) and references therein for the cross—sections amtlabces used in this model. Note that upon in-
cluding molecular hydrogen, the Galactic column risedtp= 8.84 x 102° cm~2, e.g. see Willingale et al.
(2013), although the spectra above 0.8 keV are not sensiitbe exact value adopted here. Values of
Ho = 70kms™ ! Mpc™!, and2,, = 0.73 are assumed throughout and errors are quoted at 90% corgidenc
(Ax? = 2.7), for 1 parameter of interest.

3. X-ray Spectral Fitting
3.1. The Overall Spectral Form

Figurd1 shows the observed HETG spectrum of Mrk 1040, whegespectrum has been unfolded
through the instrumental response against a powerlaw rmuafdghoton indexI” = 2 in order to pro-
duce a fluxed spectrum inF,, flux units. The spectrum has been plotted at the FWHM spersaliu-
tion and over the wavelength (energy) range fromA+15.2A (or 0.82—7.3keV) and is plotted in wave-
length (in the observed frame) to show the overall spectbahf The spectrum shows many clear sig-
natures of a warm absorber, with several K-shell absorpiites present from the most abundant ele-
ments, where the strongest lines have been identified in dleefipanels. Aside from the highly ionized
absorption lines from He and H-like ions (e.g. from Ne, Mg &idas well as the H-like lines from S
and Ar), evidence for lower ionization absorption is alsesant. This is in the form of inner K-shell
(1s — 2p) absorption lines from ions corresponding to charge stltes Li to F-like (i.e. where the
L-shell is partially occupied), see Behar & Neizer (2002)he3e can be seen in the spectrum via ab-
sorption lines from charge states varying from:- INeviii (14.0—14.§ observed frame), Mg-ix (9.5-
10.08) and from Sivi-xii (6.8—7.20). The most prominent of these lines appear fromNE-like Ne)
and Mgvin (B-like Mg). This suggests that the warm absorbing gas c#ewide range of ionization, as
has been observed in other Seyfert 1 galaxies, e.g. NGC JRK&&pi et al. 2000, 2001; Krongold et al.
2003), NGC5548: | (Kaastra et/al. 2002; Andrade-Velazquet £2010), Mrk509: [(Yagoob et al. 2003;
Smith et al.. 2007), NGC 7469:__(Blustin et al. 2007), IC 43298teenbrugge et al. 2005a), NGC 3516:
(Holczer & Behar 2012), MCG-6-30-15._(Lee et al. 2001; Tureteal. 2004), Mrk 279: | (Costantini etlal.
2007).
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Note that we do not detect absorption due to either the lovwzabion ions of iron, i.e. in the form
of the iron M-shell Unresolved Transition Array (F&vil UTA, [Sako et all 2001; Behar etal. 2001), or
due to Oxygenl(Gu et al. 2005), as these fall below 0.8 keV wiiee effective area of the HETG drops
rapidly. However the study of the absorption from these logreergies features will be presented in paper
Il covering the soft X-ray RGS spectrum.

3.2. Absorption Lines in the HETG Spectrum

In order to measure the absorption line properties, aralni@rameterization of the continuum was
adopted. The continuum emission was modified by a powerlagrlbd by the Galactic column and a
neutral partial covering absorber was also included (usiegxSPEC modelzPCFABS, whereby a fraction
feov Of the primary X-ray continuum passes through the absorbieis simple model is adopted purely to
account for the spectral curvature (decrease in flux) tosvender energies due to bound-free absorption,
but without accounting for any discrete absorption linegulhdescription of the photoionization modeling
of the spectrum which accounts for both the absorption lpresent and the spectral curvature is given
in Section 4 and its effect on the overall spectrum is shower len Figure 8. The photon index of the
powerlaw was found to bE = 1.75 4+ 0.02, while the column of the partial covering absorber was fotnd
be Ny = 4.0709 x 102! cm~2 with a line of sight covering fraction of.., > 0.92, i.e. consistent with a
fully covering absorber.

While this simple partial covering model is successful jproglucing the spectral curvature, the overall
fit is poor, with a fit statistic of”' /v = 2592.7/2262 (wherev is the number of degrees of freedom) which
is rejected at> 99.99% confidence. The residuals to this continuum model in theNNpand Si bands to
the MEG spectrum are shown in Figlre 2, while the equivalesitiuals in the Mg and Si bands to the HEG
spectrum are shown in Figurk 3. Indeed a wealth of absorptierstructure is clearly present in the HETG
spectrum (independently in both the MEG and HEG gratings)reg) the continuum model, especially at
energies below 2keV in the Ne, Mg and Si bands. As expected the initial broad-band spectrum, low
ionization gas appears to be present in the form of a muétinfdnner K-shell lines of Ne, Mg and Si. We
refer to Behar & Netzer (2002) for a compilation of these imsteell lines and we adopt the known energies
(wavelengths) of these lines from this paper later in Tablm@eed such lines have been detected in other
high signal to noise grating spectra of Seyfert 1 AGN, sudh &G C 3783|(Kaspi et al. 2002; Blustin et al.
2002), NGC 4151| (Kraemer etial. 2005), Mrk 509 (Kaastra eP@l1h), NGC 3516/ (Holczer & Behar
2012), NGC 4051 (Lobban etlal. 2011), NGC 5548 (Steenbruggk|2005b), MR 2251-178 (Reeves et al.
2013) and MCG -6-30-15 (Holczer et/al. 2010) among others.

In the Ne band of the Mrk 1040 MEG spectrum, residuals due nierishell absorption lines due to
Nelii-vii (O-like Ne through to Be-like Ne) are present from 0.85-k60 (13.83-14.64). In addition
at higher energies absorption from He and H-like Ne are alesgmt, in particular the He-like line series
shows absorption frorhs — 2p up to1ls — 4p (see Figure 2, panels a and b). This indicates the absorber
exhibits a wide range of ionization contributing many diffiet charge states to the absorption spectrum.
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Likewise, the spectrum in the Mg and Si K-shell bands showslai characteristics. Inner-shell lines from
Mg Vv-1x (O-like through to Be-like ions) are apparent frdn26 — 1.32 keV (9.4—9.8°\). Similarly, inner
shell absorption is also detected fromv&ixil (F-like to Li-like) around 1.74-1.85 keV (6.7—?1). Most

of the lines are also independently detected in the HEG (Eiguas well as the MEG (Figuré 2) spectra.
Absorption from the resonancés(— 2p) He-like lines of Mg and Si are also detected (as well as tHigé-
absorption for MgI1), which again confirms that ions from a wide range of chargtestare present in the
Mrk 1040 absorber.

3.3. Velocity Profiles

We then constructed velocity profiles of the principle apton lines listed in Table 2. We restricted
the analysis to those lines which are detected at at leastc®Bfidence (corresponding tvC' = 6.0 for 2
interesting parameters), noting that most of the lines ateated at least at this level in both gratings (with
the exception of the Ne band as noted below). A baselineraaumti consisting of an absorbed power-law
was used, utilizing the neutral partial covering model desd in the previous section, as this accounts for
the broad-band spectral curvature without imparting asgréte absorption lines upon the spectrum. The
lines were then fitted with Gaussian profiles in the rest gneegne, allowing their centroid energies, widths
and normalisations to vary and accounting for the speatsilution via the standard instrument responses.
To maximize the resolution, HWHM binning was used and wezdtil the highest resolution HEG data for
the Mg and Si bands (and above), except for the Ne band wheMBG is adopted due to the low effective
area of the HEG at 1 keV and below. The line profiles were themspiosed into velocity space around the
known lab frame energy (or wavelength) of each line. In theeoahere a line profile originates from an
unresolved doublet (such as for the H-like lines), we toakweighted mean of the respective lab frame
energies to calculate the expected line energy. The doobtetsponding to the Mgl 1s — 2p lines is
resolved by the HEG, so in that case we fitted the two linesratglyg, obtaining the centroid in velocity
space separately for each component, i.e. allowing foriffereht rest-energies of the two lines.

The results of the line profile fitting are summarized in Tahlevhich includes 21 line profiles cov-
ering 18 separate ionic species from Ne up to Ar. The absorgiiofiles arise mainly from thes — 2p
transitions, except for Ne&x and Nex, where the higher orddrs — 3p lines are detected; indeed in these
latter cases the Hg-and Ly-3 profiles provide better constraints on the line widths ardaigy centroids,
as they are free from contamination from other lines. Its®@a@pparent from inspecting the measured energy
centroids in Table 2 that most of the lines are positionedecko their expected lab frame energies, while
generally the absorption lines are unresolved (or only mally resolved), with typical velocity widths of
o < 300kms! (or evenos < 100 kms™! in the more tightly constrained cases).

Examples of some of the velocity profiles are plotted in Feguffor the inner-shell and He-like res-
onance lines) and in Figure 5 (for the H-like lines). In alltbé examples, the line centroids are consistent
with zero velocity shift within the measurement errors. Witimay appear that some of the profiles contain
an additional higher velocity component (either red or khédted) with respect to the main line centroids,
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these are due to the presence of nearby lines from adjacgenaflabelled in Figures 4 and 5. For example
the strong Ne/ absorption profile shows weak absorption components4ad0 kms~!; these are simply
due to neighbouring absorption lines from Neand Nev! either side of N& with no velocity shift. This
is also the case for the 8ill and SixiiI profiles, e.g. the latter He-like profile contains a weak gbation
from Sixn (Li-like Si) on the red-side of the profile. The velocity whdt of these profiles are generally
low or unresolved, only Ne is significantly broadened (with = 490 + 200 kms™1). However this may
be a result of the line being an unresolved doublet (Behar &&ts2002), or from this deep line becom-
ing saturated in its core (as the flux reaches close to zeroeatdnter). In contrast the He-like profiles
of Neix (He-3) and MgxI (neither of which are doublets, saturated, or contaminhtedther lines) are
only marginally resolved, with widths of = 225* 50 kms™! ando = 15075:" kms™!, respectively. The
Mg viil profile is clearly resolved in the HEG data into a doublety@ligh the velocity shifts and widths of
both components are consistent with zero (e.g: 100 kms™!).

A similar story emerges for the H-like (Lymam) profiles, as shown in Figure 5 for Ne Mg xI,
Sxvi and Arxviil (note Sixiv falls just below the detection threshold). The Néy-« profile is heav-
ily contaminated byYp — 3d absorption by F&xi and thus the velocity constraints listed in Table 2 are
instead obtained from Ne Ly-5. The highly ionized &vi and Arxviil profiles are both unresolved
and their velocity centroids are consistent with zero. Ghly Mgxi1 profile contains some indication of
blueshift. Although the main centroid is consistent withazeelocity, a second velocity component emerges
at—1500 km s~! which appears uncontaminated by other lines (note thateparation of the Mgli dou-
blet cannot account for this as it is too small to be resolwethb HEG). However upon inspecting the MEG
data for consistency, no such blueshifted component wafiremd, nor is such a component detected in
any of the other high ionization He or H-like lines. Even thhuhis component appears formally significant
at the~ 99% level (AC = 10.6), as no high velocity component was measured in any of ther gitofiles
we do not consider this detection to be plausible.

Overall none of the individual profiles, low ionization asli&es high ionization (He and H-like), appear
to show a significant outflowing component and most of thesliage unresolved within the instrumental
resolution. To determine if the absorption profiles as a wlawk characterized by a small velocity shift,
which is within the statistical error of any individual prefi the mean and dispersion of the velocity shifts
of the sample of lines was calculated based on the valuestegida Table 2. Only one value was considered
for each ionic species, taking the best determined valu#iseithree cases where multiple measurements
exist for a given ion (e.g. the Nels — 3p line was favored over thes — 2p line). Over 18 ions, the mean
velocity shift was found to be& vy, >= 0+ 40kms™!, with a dispersion of, = 180 kms~!. Neither
was any trend or deviation found between outflow velocity sesd energy. Thus no outflow (or inflow)
is required to within=40km s~! of the systemic velocity of Mrk 1040, within the absolute wiangth
calibration of the HETG gratings. Thus unlike for many otA&N, the Mrk 1040 warm absorber does not
appear to originate from an outflow, at least to within vegitilimits. In the next section we return to model
the absorption with photoionization models generated $JAR.
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3.4. Emission Lines

In contrast to the absorption lines, there are a paucityfoXsoay emission lines in the HETG spectrum
against the bright X-ray continuum. The emission lines Whace detected in the spectrum are listed in
Table 3. In the soft X-ray band the most significant emissesiduals occur around the Mg triplet, at the
expected positions of the forbidden and intercombinatranditions, while an absorption line is present at
the resonance line energy as is shown in Figure 6 for the HE& Bath emission lines are relatively weak
(equivalent width ofl.1 + 0.7 eV) and appear unresolved, with an upper limit to their vigjowidths of
o < 135kmsL.

The relatively equal contribution of the forbidden and intenbination components appears surprising
at first, as this would imply a relatively low ratio of thevalue between the two line®(= z/(z + y), see
Porquet & Dubau 2000) and subsequently a high density ef 10'3 cm~3. However given the large errors
on the line normalizations it is not possible to constra@lthe ratio and the derived density is also formally
consistent with a lower density photoionized plasma, where 102 cm™3. Furthermore a relatively high
UV radiation field may also suppress the forbidden line, Viatpexcitation|[(Porguet et'al. 2010), making
the direct measurement of the density from the triplet liees certain. Furthermore the forbidden line may
also be absorbed on its blue-wing due to the adjacenk Mesonance absorption line (see Figure 6). Note
that no other line emission is detected from the other t$pke.g. as the S/N is too low around Xe while
the only other soft X-ray line which is marginally detectatsas from Skiv Lyman- at 2.0 keV, which
again is unresolved.

3.4.1. Thelron K-shell band

The strongest signal present in the iron K-shell band afie@s the almost ubiquitous narrow FenK
emission linel(Nandra et al. 2007); the iron K band spectrsiplatted in Figure 7. The line is detected at
64031%2 eV and thus is at the expected energy for near neutral irore €fjuivalent width of the narrow
Fe Ko line is 44717 eV. The line is unresolved, with a formal upper-limit to itsdéh of o < 28V or
o < 1310kms~! in velocity space. This appears consistent with an origidistant (e.g. pc scale) gas,
which is often found to be case from Feline cores seen in other type | Seyferts as measured by Chandr
HETG (Shu et al. 201.0). Note there is some indication of aregexged-wards of the line core, this is
consistent with the presence of a Compton shoulder to tlee(@®orge & Fabian 1991) with an energy of
E = 6.337):03 keV; however formally the Compton shoulder is not detectad’(= 4.3) and neither is
it well constrained. Aside from the possibility of a weak Quton shoulder, there is no evidence for any
additional excess emission on the red-wing of the line, Wwinay be expected to arise from a broad line
from the inner accretion disk. The presence (or lack the¢mfdny relativistic line component in Mrk 1040
will be discussed in a forthcoming paper.

Aside from the neutral Kk emission, there is some evidence fat’ = 6.3) for the presence of ionized
emission exactly coincident with the expected positionhef forbidden line from He-like Fe (Bexv).
Although weak EW = 1711 eV), the line centroid is accurately measuredite- 663015 eV, consistent
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with the known energy of the forbidden component and thewidth appears narrow with < 14 eV (or
equivalentlyc < 630kms™!). Thus its origin likely arises from distant photoionizedterial, as per the
soft X-ray line emitting and absorbing gas. Note that th&dtess at the expected position of the resonance
absorption lines from Fexv and Fexxvi (6.70 keV and 6.97 keV) are not formally significant in theiro
right (AC = 4.4 and AC = 3.7 respectively), however in the next section we will place rafal limit on
any high ionization absorption component arising from MoKkQ.

Finally in order to determine whether the observed narrow Ko emission is consistent with an origin
in scattering off distant Compton thick matter, we insteaatieied with spectrum with either a neutral or
an ionized Compton reflection component in addition to theewlying power-law continuum. An excellent
fit (C/v = 565.2/512 over the 2—8 keV band) was found from modeling the line witreatral reflection
component, adopting theexmoN model (Nandra et al. 2007) withinsPEG which returned a reflection
fraction of R = 0.301:05 for an assumed inclination angle ®f= 45 degrees and Solar abundances. Note
that the photon index of the underlying continuum Was 1.7910-07. A statistically equivalent fit was also
obtained with an ionized reflection model, using the (angkraged) tabulatediLLVER model spectra of
Garcia & Kallman|(2010) and Garcia ef al. (2013), whereupger-limit on the ionization parameter was
found to belog ¢ < 0.1, with a consistent photon index &f= 1.887003. Indeed the spectrum fitted with
this model is shown in Figure 7. Thus the Fe: lémission appears consistent with an origin from distant,
Compton thick matter and no additional velocity broadengigequired to account for this band.

4. Photoionization Modeling of the X-ray Absorption Spectium
4.1. Photoionization Models

Given the substantial presence of partially ionized gashen X-ray spectrum of Mrk 1040, we at-
tempted to model the absorption spectrum with photoiongréds of models using thesSTAR code v2.2
(Kallman et all 2004). Absorption grids were generated aftirm of xsPEC multiplicative tables. The
absorption spectra within each grid were computed betweler?0 keV withNV = 10000 spectral bins. The
photoionizing X-ray continuum between 1-1000 Rydberg wssuimed to be a broken power-law, with a
photon index ofl’ = 2.5 below a break energy of 0.8 keV (at the low energy end of the GBB&ndpass)
and with a photon index df = 2 assumed above this break energy. The 1-1000 Rydberg phiaiom
luminosity is predicted to bé&;,, ~ 2 x 10* ergs™! for Mrk 1040 using this continuum model. Although
the power-law break is not required to model the continuuthénHETG data, which is not sensitive to the
lowest energies, it is required by the subsequéviiv-Newton spectra (both for the pn and RGS, paper II)
to account for the soft X-ray excess in this source. Furtioeemas will be discussed in Section 4.3, a softer
photoionizing continuum is required to model the numeraws ibnization inner-shell absorption lines in
the spectrum, which otherwise are over ionized by a flatter 2 continuum.

With this choice of continuum, we then generated an initiedall grid of models that covered a
wide range in ionization and column density:- frafi; = 1 x 10¥cm™2 to Ny = 3 x 10** cm™2 and
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log(&/ergems™) = 0 — EEI in logarithmic steps of\(log Nyiy) = 0.5 and A(log&) = 0.5 respectively.
This broad grid was used to provide an initial characteomadf the warm absorber zones (i.e. to provide
a first order estimate of the range of ionization and columeded to account for the absorption) and to
account for any high ionization absorption components. Aarfmely tuned grid (covering a narrower
range of parameters) was subsequently generated with dodisgpurpose of modeling the low ionization
absorption in the Mrk 1040 spectrum, especially the intettdines. The column density of this narrow
low ionization grid covered the range froWy; = 0.5 — 5.0 x 10%! cm™2 in steps ofA Ny = 1 x 10%2° cm™2,
with the ionization range extending frolwg (¢ /erg cms™!) = —1 —3in 20 steps ofA (log ¢) = 0.2. A fine
spectral resolution oV = 10° points over an energy range @fi — 20 keV was also employed. Given the
narrow (or unresolved) widths of the absorption lines detk theChandra HETG spectrum, a turbulence
velocitxé of b = 100 kms™! was assumed for the absorption models; grids with much higineulences
all gave substantially worse fits in the models considerdoMbeSolar 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).

4.2. Warm Absorber fits to the Mrk 1040 Chandra HETG spectrum

In order to model the absorption spectrum we successivelgdahdividual components of absorbing
gas, fully covering the line of sight to the source, until fiestatistic was no longer improved at the 99%
confidence levelAC = 9.2 for 2 parameters) and no obvious residuals remained affiegfthe spectrum.
To fit the continuum itself we adopted the broken powerlawnfais described above, with the break energy
fixed at 0.8 keV and the photon index below the break also fixddl-a 2.5 (as the Chandra data are not
sensitive to the slope of the soft excess). Note that theeablwice of the continuum is consistent with the
later XMM-Newton observation, where the low energy soft excess is requirdmhvé the break energy the
photon index was allowed to vary, along with the overall nalimation of the continuum. After adding the
required absorption zones as described below, the phottex was found to b& = 1.78 4+ 0.02, while
after correcting for the absorption, the intrinsic lumiitpsf Mrk 1040 wasL,_o = 2.4 x 10* erg s and
Li_1000Rrya = 1.8 x 10* ergs™! over the 2-10 keV and 1-1000 Rydberg bands respectivelyefftigsion
lines were also added to the model as Gaussians, as desuriBedtion 3.4; these arise from the Mg
triplet, from the Fe K« and Fexxv components of the iron K band emission and a weak emissierirtam
SixIv Lyman- (see Table 3).

Three components of absorbing gas are formally requiretiérChandra model to account for the
soft X-ray absorption, which are listed as zones 1-3 in TablEhe finely tuned grid of absorption models
was used for all three soft X-ray zones. A fourth highly i@tizabsorption zone was also added to the

The ionization parameter is defined @s= Lion/nR? (Tarter et all 1969), wheré;., is the1 — 1000 Rydberg ionizing
luminosity, n is the electron density ang is the distance of the ionizing source from the absorbingddo The units of are
ergcmst,

2The turbulence velocity width is defined &as= /20 = FWHM/(2v/In 2).
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model (zone 4, Table 4), using the coarse grid covering adero@nge of column and ionization. However
compared to the soft X-ray zones 1-3, this high ionizatiamezg only marginally significantXC' = 11.0)
and mainly contributes by adding the weak absorption linestd Fexxv and Fexxvi (see Section 3.4.1
and Figure 7). Overall with all the zones of absorption agplio the continuum, the fit to théhandra
spectrum is very good, with a final fit statistic ©f/» = 2374.0/2252 and a corresponding null hypothesis
probability of P; = 0.16. In comparison the fit with the simple neutral partial comgrimodel yielded a
substantially worse fit witl’ /v = 2592.7/2262 (as this model only accounts for the continuum curvature
but not the line absorption), while a fit without any absamptzones applied to the continuum (aside from
the Galactic column) is extremely poor wiftyv = 3508.3/2264. Indeed the effect of the warm absorber
upon the overall spectrum is illustrated in Figure 8. Heretthp panel shows the spectrum fitted with just
a power-law continuum (witlh' = 1.78) above 3 keV, where the pronounced spectral curvature direto
warm absorber is apparent towards lower energies. Oncedima absorber is applied to the spectral model,
then the continuum curvature is clearly accounted for byathsorbing gas (see Figure 8b).

Overall the three soft X-ray warm absorber zones 1-3 thateaugred to model th€handra spectrum
cover the range in column fromVy = 1.5 — 4.0 x 10! cm™2 and ionization fromlogé = 0 — 2 (see
Table 4 for detailed parameters), where the lowest iomiratone 1log ¢ = 0) has the highest column. As
is expected from the velocity profile analysis (Section 3% outflow velocities of the absorption zones are
very low and are typically consistent withial00 kms™! of the systemic velocity of Mrk 1040. While the
lowest ionization zone 1 hints at some mild outflow (with, = —150ﬂ88 kms™1), this is not supported
by either zones 2 or 3; e.g. zone 2 is consistent with zesg (= +10f§8 kms~!) and zone 3 suggests
very mild inflow (with v, = +130775 kms™1). However any slight difference in velocities between the
zones are likely to be within the scatter of the measuremémieed even the highly ionized zone 4 (where
log ¢ = 3.7) shows no evidence for outflow, with a formal limit on the owitflvelocity of < 80 km s

Figure 9 shows the relative contributions of each of the walbsorber components against a power-law
continuum. The two lower ionization zones 1 and 2, with¢ = 0 andlog & = 1 respectively (top and
middle panels), contribute to the lower ionization iongrogucing the inner-shell lines of Ne, Mg and Si
as seen in the spectrum below 2 keV. Most of the bound-freetrgppeurvature is also imparted upon the
spectrum by these two zones, with the lowest ionization Aohaving the greater opacity towards lower
energies. The higher ionization zone 3 (witlx ¢ = 2.1) mainly produces the He and H-like absorption
lines from Ne, Mg and Si, while the very highly ionized zone4gsentially transparent at soft X-rays and
only makes a weak contribution to some of the H-like linese $hperposition of these zones is then able to
model the absorption line structure seen in@mandra spectrum, where Figure 10 shows the best-fit model
over the 0.8-2 keV band covering the major absorption lines1fNe, Mg and Si. Indeed thesTAR model
is able to account for the wide range of charge states presgntreproducing the series of absorption lines
observed from N&-x, Mg Vvi-xil and Sivii-x1i1, while simultaneously being able to model for the convex
shape of the overall X-ray spectrum.

The broad, and relatively flat distribution &fy with £ seen in Table 4 is commensurate with other
slow Seyfert outflows; see Behar (2009) where this was pdraee asNy « £*. Here the value of
corresponds to a density profile ofc »~%, wherea = (1 4+ 2a)/(1 + a). Formally, the values in Table 4
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(for zones 1-3) yieldt = —0.2 + 0.1 and hencex = 0.8 £+ 0.2. Such a flat distribution can be explained
by an MHD outflow withn o »—! (Fukumura et al. 2010), but also with a Radiation-Pressunaessed
(RPC) cloudi(Stern et al. 2014). The MHD wind models prediged-defined line-of-sight outflow velocity
structure ofy o< r—1/2, that for a flat ionization distribution implieso £1/2 that is not quite observed here.
The RPC models do not solve for the kinematic structure obtitlow and assume the entire absorber is
cruising uniformly at the same velocity (that does not neele specified for the ionization distribution to
be flat). The latter appears to be the case for the absorberkof040. Clearly, the broad distribution &fy
with ¢ is not consistent with a simple radial outflow @foc »—2, which would naturally produce a narrow
distribution of ionization.

4.3. The Effect of the lonizing SED on the Absorber

As discussed above, the shape of the illuminating SED frotf®@8 Ryd may effect the properties of
the X-ray absorber via the ionization balance. Here we abptbroken powerlaw for the SED, with a
steep spectrum below 1 keV, motivated by the need to model the lower ionizationdiné Ne, Mg and
Siin particular. These inner shell ions have relatively lowization potentials for their L-shell electrons,
e.g. 266 eV for Mgvii and 126 eV for Ne&/; both of the ions produce notable absorption in the spestra a
is shown in Figures 2 and 3. The low ionization potentialshefsk ions suggest that the form of the EUV
and soft X-ray continuum may have an effect on the warm alesortodeling.

In comparison we also tested the effect of a flat= 2 continuum on the absorber properties, by
replacing the above grids of models with their equivalemsioms with the flat SED shape and subsequently
minimizing the new spectral fit. In this case the 1-1000 Rygll@nizing luminosity is a factor of 3 lower
than for the broken power-law case x 103 ergs™! vs. 1.8 x 10* ergs™'). The effect of the flat SED
on the subsequent warm absorber modeling is quite appavérgdh is illustrated in Figure 11 in the Ne
and Mg K-shell bands. The flat SED model clearly underprediot inner shell absorption from Mgix
and Nev-viil, presumably due to the lower luminosity in the EUV to softa+range and as an excess
of such photons above the X-ray powerlaw is needed to exXuiiget L-shell electrons. On the other hand,
both models are able to account for the higher ionizatioomh®n lines from He and H-like ions, as these
are more sensitive to the hard powerlaw part of the continabove 1 keV than the soft excess. Overall
the fit with the flat SED model is significantly worse than théesobroken powerlaw SED model, with
C/v = 2452.6/2252 vs. C /v = 2374.0/2252 respectively; here the difference in fit statistic arisesrir
the inability of the former model to account for the lowerigation absorption lines. This demonstrates
that the low ionization warm absorber is particularly sevesito the form of the ionizing continuum in the
lowest energy band; this has been found to be the case forSis(MR 2251-178 (Reeves etlal. 2013) and
IRAS 13349+2438 (Laha et al. 2013).

Thus potentially the properties of the warm absorber mayenitgossible to deduce the nature of the
soft X-ray continuum and especially the soft excess in AGMilévthis is unlikely to be the result of the
direct thermal emission from the accretion disk (GieRif®& Done|2004), some authors have suggested that
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the origin of the soft excess was atomic and may insteadfaoisean ionized reflector. An ionized reflection
spectrum|(Ross & Fabian 2005), when convolved with theivisét blurring expected in the innermost
disk a few gravitational radii from the black hole, can proglan overall smooth continuum capabale of
fitting the featureless soft excess below 1keV (Crummy e2@06; Walton et al. 2013). Alternatively,
Comptonization of UV disk photons in a warm, optically thiglccretion disk atmosphere (Done €t al. 2012;
Ro6zanska et al. 2015) has also proven to be a plausibieflarthe EUV to soft X-ray excess in many AGN
(Jin et al. 2012, Petrucci etlal. 201.3; Matt et al. 2014). Ik M40, the warm absorber modeling favors a
steep [ > 2) continuum from the EUV to soft X-rays. This might imply thidie soft excess is part of
the intrinsic continuum in this AGN and may be produced tglodisk Comptonization, rather than arising
from reprocessed or reflected emission, as is also likelg tinvd case in MR 2251-178 (Nardini etlal. 2014).

5. Discussion
5.1. Main observational results

We have presented the first high resolution X-ray spectrutineohearby, X-ray bright, Seyfert 1 galaxy,
Markarian 1040. Th€handra HETG observations reveal a spectrum showing a wealth otigpdeatures
from the warm absorber, which covers a wide range in ioropate.g. from lowly ionized O-like ions up
to highly ionized He/H-like like species. The warm absonbarameters for this AGN, with column density
in the range fron{1.5 < Ny < 4.0) x 10* cm~2 and0 < log ¢ < 2.1, are fairly typical for most nearby
Seyfert galaxies_(Crenshaw et lal. 2003; Blustin et al. 20@&Kernan et all 2007), although at the lower
range in ionization. Perhaps the most surprising discoigye low (or zero) velocity of the gas, consistent
within 100 km s~! of the systemic velocity of Mrk 1040. Thus unlike the majpritf Seyfert 1 galaxies,
whereby the warm absorbing X-ray gas is clearly ascribecthtowdflow, the warm absorber in Mrk 1040
either does not appear to be associated with an outflow, tmadsany wind is not able to accelerate out to
sufficient distances from the nucleus.

Indeed the velocities of most X-ray warm absorber compangmically fall in the range from 0 up
to —2000 km s~! (Blustin et all 2005; McKernan etlal. 2007; Laha et al. 2094jile the UV velocity com-
ponents can also cover a similar range of velocity as seenrayX (Crenshaw & Kraemer 2012). Typical
outflow velocities of a few hundred knt$ are also seen for the soft X-ray absorber in many well studied
cases; e.g. NGC 3783 (Kaspi et al. 2002), Mrk 509 (Kaastra[20&a1b] Detmers et al. 2011). Furthermore,
Seyfert 1 AGN often show multiple velocity components inXieay band, as is also commonly observed in
the UV. For example in an analysis of a deep observation of M&B0-15 observed witBhandra HETG,
Holczer et al.|(2010) detect a low velocity absorber withh = —100 & 50 km s~!, while a higher velocity
absorber emerges with,,, = —1900 4 150 kms~! only in the highest ionization component of the warm
absorber. In this case, this was directly seen in some of thikeHines (e.g. Mgxil and Sixiv), where the
high velocity component was revealed in the blue-wing ofwblecity profiles for these lines. While the
lower velocity component of the warm absorber in MCG —6-30appears very similar to what is observed
here (with a wealth of inner K-shell and UTA absorption préseno high velocity component of the high
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ionization lines is seen in Mrk 1040 (e.g. see the velocitfifgs in Figures 4 and 5).

The higher ionization zone 3 warm absorber in Mrk 1040 (sd#eT4) shows no evidence of outflow
(Vout = +130750 kms™1), while the highest ionization zone 4 (mainly arising frone tveak contribution
of He and H-like iron) has an upper limit af 80kms~! to the outflow velocity. This is in contrast to
the warm absorbers seen in many other Seyferts, where higtheerity zones can emerge in the higher
ionization gas. For instance in NGC 3516, fast outflowingesoof up to—4000 kms~! were present when
the AGN continuum brightened (Turner etlal. 2008; Holczer &Br 2012), which in this case may have
coincided with the emergence (or illumination) of an inneskdvind component to the absorber. Similarly in
NGC 4051, both high (several thousand kmsand low velocity (several hundred km' warm absorbing
zones appear to be present (Steenbrugge let al. 2009; Lobak?@11; Pounds & Vaughan 2011), while
in NGC 5548 the onset of a high velocity (BAL-like) compon@ftthe UV and X-ray absorber was also
recently revealed in during an absorption episode (Kaastah/ 2014).

Thus Mrk 1040 appears curious in that there is no evidenc¢htoiX-ray warm absorber to be out-
flowing, either through a slow component (with,; > 100 km s~!) or a faster higher ionization zone (with
Vout > 1000 kms™1), at least on the basis of the X-ray spectra from the presgteof observations. Both
the low velocity and ionization of the absorber in Mrk 104¢li places the gas at large distances from the
black hole, as we will show below. This is far removed from sawhthe high velocity and high ionization
components of the warm absorber discussed above, whichnsiaad originate from an accretion disk wind
on sub-parsec scales (e.9. Tombesi gt al. '2013) and someaif aste powerful enough to drive gas out to
kpc scales (Tombesi etlal. 2015; Feruglio et al. 2015).

5.2. The Properties and Location of the Warm Absorber in Mrk 1040

The best physical constraints on the absorbing gas in Mr Edse from the zone 3 absorber (see
Table 4), as this zone is also associated with the He-likesgiomi from the Mg triplet, which makes it
possible to calculate the covering fraction of the gas a$ ageits radial location. Photoionized emission
spectra, in the form of an additive table of models (or anlatahthin XSPECQ were also generated with
XSTAR, with the same properties as the zone 3 absorber and wittathe mput continuum and ionization

(log & = 2.1).

From the photoionization modeling, the normalization (ox}] , of an emission component is defined
by XxsTAR (Kallman et all 2004) in terms of:

k= f—— (1)
Dl%pc

whereLss is the ionizing luminosity in units of03® erg s™! over the 1-1000 Rydberg band abg,,. is the
distance to the AGN in k& Here f is the covering fraction of the gas with respect to the tatéitlsangle,

3sed http://heasarc.gsfc.nasa.gov/docs/softwareltsta/html/node96.html
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wheref = Q/4m and thus for a spherical shell of ggs= 1. For Mrk 1040, wherd.;,,, = 1.8 x10* ergs™!
andD = 68.7 Mpc (Theureau et al. 2007), then for a spherical shell theebguxsTAR normalization is
k = 3.8 x 10~%. Hence for a given column density of gas, this sets the tatalrosity of the soft X-ray
photoionized emission; also see Reeves ket al. (2016) fonigasicalculation.

We then applied thisSTAR emission component to the spectrum of Mrk 1040 in order toodyce the
He-like emission from Mg, which is the strongest emission line present in the spectmd in particular
the forbidden line component. Adopting the above normtbreof the emission component, then a column
density of Ny = 1.070-2 x 10?' cm~2 is required, in the case where the gas fully covers the X-cayce
with a solid angle ofir steradian. Alternatively if we fix the column density of thmitter to what was
previously measured for the zone 3 absorber (Whgfe= 1.5 x 10%! cm™2, see Table 4), then a minimum
covering fraction off > 0.4 of 47 steradian is required to model the emission.

A lower limit on the radial location of the emission can alsdbtained from the upper limit to the
velocity width of the line emission. Takingr? = GM/R and with an upper limit for velocity width of
the MgxI forbidden emission of, < 135kms™! (see Table 3), then for an estimated black hole mass of
Mrk 1040 of4 x 10” M, (Zhou et al. 2010), the location of the emitting gas assediatith zone 3 is found
to be> 10 cm or> 3 pc.

A typical limit to the radial location of the absorber can legided from the definition of the ionization
parameter and the requirement that the thickness of thetarsdoes not exceed its distance to the super-
massive black hole, i.elyi1 ~ ngAR < ngR. Then from the definition of the ionization parameter, this
yields:-

Tmax = (Llon/fNH)(AR/R) (2)

Thus for the condition thaA R/R ~ 1 and for the measured zone 3 absorber parametdrg; ¢f= 2.1,
Ny = 1.5 x 102 cm~2 and an ionizing luminosity of;,, = 1.8 x 10* ergs!, thenr., ~ 10%' cm or

< 300 pc. Note that the location of the gas cannot be much larger tthia to satisfy the above geometric
condition, while it can be smaller AR/ R < 1 or if the gas is clumpy.

For comparison, the expected sizescale of the Narrow Lirgg0RgNLR) can be estimated by the
scaling relation of Mor et al. (2009):-

Rnir = 295 x L§013 (pe), (3)

where herel 4 is the bolometric luminosity of the AGN in units aD* ergs™!. If we take the 2-10 keV
luminosity to be a typical 3% of the total bolometric lumiitgsof Mrk 1040, thenLi,,; ~ 7 x 10* erg s

and the estimated distance of the optical NLR would®er ~ 100 pc, consistent with the above minimum
and maximum estimates for the radial distance of the iongasi(of3 pc < R < 300pc). If the ionized
X-ray gas is extended on distances of up~t0300 pc, then the density of the gas is low, of the order
n ~ 1cm~3 for a column density ofVy; = 10%! cm~2. This may be expected for large scale gas associated
with an extended NLR region. Note the distance scale of up@q8 is consistent with archival HST images
(Schmitt et all 2003), which show extendedi[( emission withint1" of the nucleus (see Section 5.3).
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We can place upper-limits to the mass outflow ratg) (which in the quasi-spherical case is given by
M = f4m NuRvous iy, Where f is the gas covering fraction and ~ 1.2 is the average particle mass
relative to H. From the observationdy = 1.5 x 10%! cm™2, the covering fraction (as estimated from the
emission) isf ~ 0.4, while we adopt a likely upper-limit to the outflow velocity 0,,; < 100kms™.
Thus for the most likely range in the radial locatiaR)(of the absorber, i.e. from 3 pc to 300 pc as above,
then the limits on the mass outflow rate de < 0.02 My yr—! andM < 2 My yr—! respectively. Even
for the most conservative upper-limit 81 < 2 M, yr—!, then the corresponding upper-limit to the kinetic
power of the outflow is very low witi.x < 10*°°ergs.

Similar constraints can be placed on the other absorberszdpigen the lower ionizations of zones 1
and 2 (Table 4), equation 2 would prediGt., values 1-2 orders of magnitude greater than for the more
highly ionized zone 3 discussed above (i.e. on kpc scalemheder a moderate clumping of the gas would
restrict it to spatial scales consistent with the extendul | emitting gas, which is discussed below. Thus
for the lowest ionization zone 1 (wittbbgé = 0), if AR/R ~ 0.02 and for the measured column of
Nu = 4 x 10*' cm™2, then the distance i8,., ~ 10%' cm (~ 300pc) and thus the density would be
n ~ Ng/AR ~ 200cm~3. This is typical of the estimated densities for line emgtMLR clouds [(Koski
1978). Furthermore, gas with this low ionizatidng ¢ ~ 0) will be more than capable of producing [D]
emission in the optical band. Indeed as will be shown fromsegbhentXMM-Newton/RGS soft X-ray
spectroscopy of Mrk 1040 (paper 1), absorption is seen en@hK-shell band covering the full range of
charges states; i.e. fromi&viil, including the strong detection of K-shell absorption fr@mi. The latter
absorption is also likely to be associated to the low iomiratone 1 gas.

5.3. Imaging and Kinematics of the Nucleus with HST

Interestingly, from thédST imaging of the [Q11] narrow line emitting gas in Mrk 1040 (Schmitt et al.
2003), the NLR appears to be extended on spatial scales ©fi” from the nucleus. This is consistent
with the above maximum estimate of,., ~ 300 pc for the warm absorber at the distance of Mrk 1040.
Schmitt et al.|(2003) report that the [@] emission appears bi-conical in structure, with an opeaimgje of
120, with the cone axis approximately perpendicular to the gakixy disk; theHST Wide Field Planetary
Camera 2 (WFPC2) image of Mrk 1040 is reproduced in Figurddéf? ganel) from these observations.
Note that no direct evidence is found for extended X-ray sioisfrom theChandra image of Mrk 1040.
However the brightness of the central AGN, the lower spatisblution oiChandra and the moderate photon
pile-up present in the zeroth order image precludes a gatiméi comparison with thelST image.

Two HST Space Telescope Imaging Spectrometer (STIS) observatidvsk 1040 in 2009 were per-
formed with the G430M grating, sampling two different pmsit angles through the central part of the
galaxy. The details of the observations and of the analysisgedures are reported by Fischer et al. (2013),
who perform imaging and kinematics (primarily in [@D]) of a sample nearby Seyfert galaxies wHIST
STIS. Here we show the results obtained in Mrk 1040, in orderoimpare the location and kinematics of
the narrow line region emitting gas with the X-ray warm absor
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These results are summarized in Figure 12. The two STIS wdisams give two slit positions through
different portions of the galaxy, with slit A along the majaxis of the galaxy and slit B approximately
perpendicular to this. The positions of the two slits aredatkd in the left hand panel of Figure 12, overlaid
on the non dispersed WFPC2 image of Mrk 1040 at[PA5007. The center and right panels of Figure 12
show the resulting kinematics of the [@] line components versus position in arcseconds from the AGN
center. These plots indicate that there is evidence for sodest outflow located withig-0.2” of the
nucleus of Mrk 1040, with outflow velocities of typically200 kms™'. This blue-shifted component of
[O ] is visible in both of the slit A and B spectra and occurs weithim the inner 100 pc of the central
AGN. Slit A, positioned along the major axis, also shows edtl, blue-shifted [@1] emission up to 0.5
to the southwest of the nucleus and in the direction of theomais of the galaxy. This emission may
be attributed to rotation, if for instance the disk is rotgtin a counterclockwise direction and thus the
southwest side would appear blue shifted.

5.4. Implications for the X-ray Absorber

Thus the likely distance of the ionized X-ray gas is consistdgth the extended emission observed from
the optical NLR, as seen in the HST observations. The X-ragrkiatics are also broadly consistent with
what is seen itHST, where some modest outflow is associated with the nucleei$ afsup to —200 km s,
Indeed for the zone 1 absorber, which is most likely asseditd the [Q11] emission, the outflow velocity
is —150i}88 kms~! (see Table 4). The aperture Ghandra HETG is much larger than for thdST STIS
and thus given the likely upper limit af 300 pc to the location of the X-ray absorber, we cannot exclude
either an origin either associated with the weak nucleatawtocated within< 100 pc of the nucleus as
seen in [Q1l], or with the somewhat more extended gas associated wittotatng galactic disk, with low
radial velocities. A tighter constraint on the radial digta of the X-ray absorbing gas would be needed to
distinguish between these possibilities; this will be d&sed further in paper I, where we present evidence
for variations in absorber ionization between the différpochs.

One interesting scenario is that we are viewing a failedearalvind from Mrk 1040. The accretion rate
of Mrk 1040, given its luminosity and likely black hole magspbably does not exceed 10% of Eddington.
With such a weak AGN, it may be difficult to radiatively acaali® gas at distances beyord 100 pc
(Fischer et al. 2016), although this gas could still be iediby the AGN. Indeed the stringent upper limit
obtained earlier on the outflow kinetic powdr{ < 10%° ergs™') implies that this weak wind will leave
a minimal kinetic footprint on its host galaxy, while the Hyroutflow velocity is also no larger than the
velocity dispersion of the stellar bulge in Mrk 1040 (NelsoiVhittle 1995). The low X-ray velocity may
also be in part due to our orientation, if for instance we aggving Mrk 1040 pole-on compared to a more
equatorial wind. The narrowness of the Balmer lines in MA@ more likely due to a pole-on view,
rather than a high Eddington rate as is usually inferred irentygpical NLS1s.
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6. Conclusions

This paper has presented a 200&sandra HETG observation of the nearby Seyfert 1, Mrk 1040,
which is the first time a high resolution X-ray spectrum o8tAGN has been discussed. The spectra show
the strong signature of a warm absorber, with the lower &tion gas responsible for the strong series of
inner K-shell absorption lines from Ne, Mg and Si, origingtfrom ions with low charge states. Neither the
low or high ionization components of the absorber appeae toutflowing, to typically withirt=100 km s~
of the systemic velocity of Mrk 1040. We also find that the lovomization (inner K shell) absorption lines
are best reproduced with a model that requires a sfeep £.5) photon index below 1 keV. This argues for
an intrinsic origin for the soft X-ray excess from this AGN.

The low ionization and low velocity of the absorber likelyapés the absorbing gas betweers and
~ 300 pc from the black hole and it appears coincident with thecaptNLR emitting gas, as seen in [0]
in the HST images of this AGN. This is also broadly similar to the softa¥+ absorbers seen towards other
Seyfert 1s, which may typically range from a pc scale tordowlad (Krolik & Kriss 2001;|Blustin et al.
2005), to the NLR on scales of several tens to hundreds otpa(e.g. Netzer et al. 2003; Behar et al. 2003;
Kriss et al. 2011; Kaastra etlal. 2012). Finally we suggest tie lack of an X-ray outflow component in
Mrk 1040 may be due to a failed nuclear wind in this AGN, witk tias not able to accelerate out to scales
beyond~ 100 pc.
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Fig. 1.— The four panels show theéhandra HETG spectrum of Mrk 1040, in order of increasing wave-
length, obtained from combining all 4 sequences in Table he Tipper three panels are from the HEG
grating and the lower panel from the MEG. Error bars are shiovgneyscale and the spectra are binned at
FWHM resolution ofAX = 10mA and A\ = 20mA for the HEG and MEG respectively. The spectra
have been fluxed against a power-law continuum to creat&,aspectrum and are plotted in the observed
frame. Multiple absorption lines from an ionized absorber@esent in the spectrum, as seen from bottom
to top:- (i) Neni-x, (i) Mg v-xi1, (i) Si vi-xiv and (iv) Sxvi and Arxviil . Thus absorption is seen from
ions covering a wide range of ionization, from the low iotii@a inner-shell lines of Ne, Mg and Si (see
Behar & Netzer 2002), through to the H-like lines.
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the data/model residuals to tkhandra MEG spectrum, binned at FWHM resolution, with respect to the
baseline continuum consisting of a powerlaw with neutraloaption, as described in Section 3. The panels
are plotted in the AGN rest frame (at= 0.016652), with energy shown on the lower x-axis and wavelength
on the upper-axis. A wealth of absorption lines are seenarstiectrum, from top to bottom:- (a) Ne-
Thus as well as the highly ionized He and H-like lines,
absorption is seen from a range of inner K-shell lines of lountermediate ionization, varying from O or
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F-like ions to Li-like ions. See Table 2 for details of thedspresent in the spectra.
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absorption lines for each charge state ftom Behar & NetZz0Ap
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(b) Neix (He-5), (c) Mgviit, (d) Mgxi, (e) Siviii and (f) Sxiii. The profiles for Ne are extracted from
the MEG, while the other lines are extracted from the HEG,\WHHM resolution. Note negative velocities
denote blue-shift compared to the expected rest frame iesdigted in Table 2. The solid blue lines show
the best-fit Gaussian profiles. Other nearby lines from adjamns are marked on the plots, while the
Mg viiI absorption is from a resolved doublet centered on the stroofjthe two lines. Generally, the
absorption lines appear centered close to zero velocitjo@ting no outflow), with their best fit line widths
and velocity shifts reported in Table 2. See text for a dethdliscussion.
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< 1300kms1'). A weak Compton shoulder (on the red-wing of the Kne) may also be present and
the profile is consistent with reflection off distant, neautnal matter. Emission from the forbidden line
of Fexxv is present and is unresolved with a line widthcok 14 eV (or < 630 kms™!) and also likely
originates from distant matter. The line contribution of tharm absorber to the iron K profile is relatively
modest, with some weak absorption predicted from the resmnknes of He and H-like Fe. Note that after
accounting for the continuum curvature due to the warm despno residuals from a broad emission line
are apparent in the Fe K band.
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Fig. 8.— Broad band view of the Chandra HETG spectrum, birimed factorx2 the FWHM resolution

for clarity. In the upper (a) panel the fluxed spectrum is cared to a simple power-law continuum of
I' = 1.8 fitted above 3keV and attenuated only the Galactic abserg@umn. The curvature towards
lower energies due to the warm absorber is apparent in tlaéndadel ratio residuals. The lower panel (b)
shows the spectrum with the best-fit warm absorber modelaiglein this case the warm absorber model is
able to account for the spectral curvature towards softy<ereergies. Note that the emission lines have not
been included at Mg or Fe K (due to the coarser binning adppteese are shown in the previous Figures 6
and 7.
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Fig. 9.— Relative contribution of respective warm absanptzones towards the attenuation of the soft X-
ray spectrum. The four absorption components, from lowebighest ionization, correspond to the warm
absorber zones listed in Table 4. The lower ionization zdreesd 2 (panels a and b) have the largest opacity,
with absorption due to inner shell Ne, Mg, Si; these zonesemgonsible for much of the soft X-ray spectral
curvature and absorption line structure. The higher idiinazone 3 (panel ¢) contains absorption mainly
due to Li and He-like ions, whilst the highest ionization eqpanel d) has the lowest opacity and contributes
only to the H-like lines.
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Fig. 10.— The warm absorber model, shown in blue, superieghas the HETG spectrum binned at
FWHM resolution. The upper panel shows the MEG data and therléwo panels the HEG data. A three
zone warm absorber with ionization in the rarige(¢/ergems—!) = 0 — 2 is able to account for the
absorption in both the Ne (upper panel), Mg (middle paned) @n(lower panel) bands, covering the lower
ionization inner-shell absorption lines to the highly ioed He/H-like lines. The warm absorber parameters
are tabulated in Table 4 and the net velocities of the zongsaonsistent with zero, suggesting that none
of the zones appear to be associated with outflowing gas.
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Fig. 11.— Comparison between warm absorber models in thauplee¢ panel) and Mg (lower panel) K-
shell bands. The solid blue line shows the best fit absorbdehas described in Section 4.2, which assumes
a steep UV to soft X-ray photoionizing continuumIof= 2.5 and is able to reproduce all of the absorption
features shown. On the other hand the dotted red line shovedtemmative absorber model, where a flat
I' = 2 photoionizing continuum has been assumed filom 1000 Rydberg. This latter model is unable to
reproduce the depths of the low ionization inner shell gtigam lines that are apparent from Meviil and

Mg Vvi-1X and can only account for high ionization lines, such asXNer Mg xI. Thus the warm absorber
models are sensitive to the assumed slope of the intrinflicXs@y continuum. Note the spectra have been
binned to the FWHM resolution of the MEG and HEG respectively
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Fig. 12.— HST imaging observations of the nucleus of Mrk 1040e left hand plot shows the WFPC2
image of Mrk 1040 at [Q11] A5007 showing the central.5 x 2.5” region of the galaxy centered on the AGN
(white cross). North is up, east is to the left. At the disen€ Mrk 1040 the scale is 330 pc ards The
position of the two slits used for the HST STIS observatiansh(the G430M grating) are marked A and B
respectively. Slit A is positioned along the major axis af tfalaxy. The middle and right panels show the
results of the kinematics obtained from thel[( line fitting for the two slit positions versus the position
(in arcseconds) from the AGN center. The top panels showsdloeity shift of the [Qil] emission vs.
position, where negative values denote blueshift. Thusallsromponent of outflow ok —200km s~ is
found within+0.2” of the nucleus in both of the slit A and B spectra, while a silaikshifted component is
seen up to 0/5SW of the nucleus for slit A only — this latter component maydhe to rotation. The middle
panels show the FWHM of the [@] line components fitted, while the lower panel shows thetiraddO 111]
flux vs. position. The different colored points illustrateetkinematics of different components of [[J
selected on FWHM. Thus blue, green, and red points signéywildest, second widest, and third widest
components respectively, as can be seen from their FWHMesatuthe middle panels.
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Table 1. Summary of Mrk 1040 Chandra Observations
Obsid Start Date/Tinte Inst  Exposure (ks) NetRate’
15075 2014-02-2504:00:17 HEG 28.6 0.231 £ 0.004

- MEG — 0.432 £+ 0.004
15076 2013-10-1909:24:53 HEG 19.7  0.237£0.005
- MEG — 0.444 £+ 0.005
16571 2014-03-0312:26:42 HEG 89.6 0.240 £ 0.002
- MEG - 0.453 £0.002
16584 2014-02-2601:17:35 HEG 60.0  0.247 £ 0.002
- MEG — 0.459 £+ 0.003
Total — HEG 197.8 0.238 +£0.001
- MEG 197.8 0.457 £0.002

a2Qbservation Start/End times are in UT.
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Table 2. Gaussian Profiles of Prominent Soft X-ray Absomtimes

Line ID Eresta Elaba Uoutb Uwidthc EW(eV) Acd
Nelv (N-like) 861.8+0.6 8627 +310+210 170t _13+05 8.1
Nev (C-like) 873.1+0.7 873.0 —30+240 490+200 —3.8702 303
Nevi (B-like) 883.3100 8834 43012 170! —09+05 6.7
Neix He- 921.5%55 9220  +1601252 < 520 —-1.479% 130
Neix He-3 1073.44+0.6 1073.7 4804170 2257100  —1.670%  21.2
Nex Ly-of 1018.575% 10215 - - ~1.7+£05 115
Nex Ly-83 1211.0t9¢ 12109  —25+1% <270 —0.7+£03 9.6
MgV (O-like) 12642404 12631 —260+100 <100 08404 6.1
Mgvi (N-like)  1274.9+0.4 12758 42104100 <100 —09+04 6.5
Mgvii (C-like) — 1289.4%03  1289.0  —90°7) <280 —09+04 7.1
Mgvii (B-like)* 1305.6+0.2 13054  —5074 <105  —15%9% 207
Mgvii (B-like)*  1303.570%  1303.2  —70*}%2 105¢ -1.009% 7.7
Mg X1 He 13517102 1352.2  +110730° 150750 —1.1t0% 198
Mg Xil Ly-« 1472.075% 14722 +407759 150755°  —1170% 146
Sivii (O-like) 1756.179% 17554 —1207199 <150 —0.9+05 7.8
Sivin (N-ike) — 1770.3%32 17714 4+185712° <150t —1.1%9% 126
Sixi (Be-like) 1827.2%1% 18292 4330750 <210 —0.9+04 6.4
Sixi (Li-like) 1847.14£0.9 18455 —260+150 <210' —0.7+04 6.3
Sixi He 1865.270%  1865.0  —30773) <210 12405 124
SxvI Ly-a 2624.17%0  2622.0  —2407330 < 520 54131 225
Arxviil Ly-a 332264+ 1.6 33206 —180+150 < 950 -3.4%17 85

2 FLest 1S the measured line centroid (units eV), in the AGN rest fah),,;, denotes the expected
lab-frame energy, which for the He or H-like lines are takemf www.nist.gov, while values for
the inner shell lines (O through to Li-like ions) are takeonfrBehar & Netzer (2002). Where a

line is a (unresolved) doublet, the weighted mean of the eepdab energies is calculated.

bVelocity shift of absorption line in kms!. Negative values denote blue-shift, positive values

redshift, with the uncertainty range given at 90% confidence

°Intrinsic 1o velocity width of absorption line in knis'.

dimprovement in fit statistic after modeling Gaussian absongprofile.

°Resolved absorption line doublet modeled by two Gaussiefilgs.

fThe velocity shift and width of the Nee Lyman- is poorly determined, due to the presence of
the nearby FexI absorption line.

tVelocity width of line tied to the best-fit value from an adgat line.
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Table 3. X-ray Emission Lines in the Chandra HETG Spectruididf 1040

Line B pasar Flux® Ewe o4 ACE

Mgxi (f)  1333.34+0.5 070755 1.1+07 <135 9.7
Mgxi (i)  1341.240.5 070753 1.14+0.7 <135% 9.7
Sixiv Ly-a 1999715 0.42%52% 13408 <390 83
Fe Ko 640314 18%07  44t)] <1310 35.2
Fexxv (f) 66307 0707095 17+11 <630 6.3

aMeasured line energy in quasar rest frame, units eV.
PPhoton flux, units<10~° photonscm?s~*

°Equivalent width in quasar rest frame, units eV.

410 velocity width, units kms'.

¢Improvement in C-statistic upon adding line to model.

tIndicates parameter is tied.
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Table 4. Warm Absorber Parameters from HETG Spectrum

Parameter Zonel Zone 2 Zone3 Zone4
Ny® 4.0104 21703 15707 1019
log(¢/ergems™ )0 —0.04%01%  1.077511 211701 3.7+04
Vout® —1501105  +10T50 413015 <80
AC? 946.7 130.3 46.0 10.3

2Hydrogen column density, units102' cm—2.

Plonization parameter in log units.

cQutflow velocity in units kms!. Positive values indicate inflow.

dImprovement in C-statistic upon the addition of the comprie the

model.
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