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ABSTRACT

We present a new method to model an HST/COS (Hubble Space Telescope/Cosmic Origins
Spectrograph) spectrum, aimed to analyse intrinsic UV absorption from the outflow of Mrk
290, a Seyfert I galaxy. We use newly updated XSTAR to generate photoionization models
for the intrinsic absorption from the active galactic nuclei (AGN) outflow, the line emission
from the AGN broad- and narrow-line regions, and the local absorption from high-velocity
clouds and Galactic interstellar medium. The combination of these physical models accurately
fits the COS spectrum. Three intrinsic absorbers outflowing with velocities ~500km s~! are
identified, two of which are found directly from two velocity components of the N v and C 1v
doublets, while the third is required by the extra absorption in the Ly«. Their outflow velocities,
ionization states and column densities are consistent with the lowest and moderate ionization
warm absorbers (WAs) in the X-ray domain found by Chandra observations, suggesting a
one-to-one correspondence between the absorbing gas in the UV and X-ray bands. The small
turbulent velocities of the WAS (vy, < 100km s~!) support our previous argument from
the X-ray study that the absorbers originate from the inner side of the torus due to thermal
evaporation. Given the covering fractions of ~65 per cent for the three WAs, we deduce that
the lengths and the thicknesses of the WAs are comparable, which indicates that the geometry
of WAs are more likely clouds rather than flat and thin layers. In addition, the modelling of the
broad-line emission suggests a higher covering fraction of clouds when they are very closer
to the black hole.
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1 INTRODUCTION

Ionized outflowing gas from the central engines of active galac-
tic nuclei (AGN) has been studied for 30 years (since Halpern
1984). In about 50 percent of Seyfert I galaxies, outflowing gas
is characterized by blueshifted absorption lines in the UV band
(Crenshaw et al. 1999) and/or the X-ray band (Reynolds 1997;
George et al. 1998). The gas has a high covering fraction, a total mass
exceeding ~10° Mo, and is outflowing at a rate of 0.1 M yr™'
(Kriss 2004). Theoretically, it may have a significant impact on the
evolution of the host galaxy, when its kinetic luminosity reaches
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0.5 per cent of the bolometric luminosity of AGN (Hopkins & Elvis
2010). A significant fraction of Seyfert I galaxies can reach this
criterion (e.g. 23 in 10 nearby Seyfert I galaxies, Crenshaw &
Kraemer 2012). However, a key question that complicates the de-
termination of kinetic luminosity of outflowing gas is its distance
from the black hole (BH), and hence its geometry. In only a few
sources are the distance and the geometry well constrained through
careful studies in recent years (Steenbrugge et al. 2011).

Ideally, it is possible to probe the geometric and physical proper-
ties of photoionized outflowing gas by combining the information
from UV and X-ray observations (e.g. Costantini 2010). The X-ray
absorbing gas contains a multitude of ions with up to ~100 ob-
servable transitions in X-ray spectra (e.g. Kaspi et al. 2002). The
ionization states cover a large range and overlap with those of the
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UV absorbing gas. The gas at very high ionization states can only be
detected in X-ray spectra, while UV band spectra have advantages
in detecting absorption lines from gas at low-ionization states and
with low column densities. However, the observations in the two
bands do not merely offer the complementarity of a broader-band
view of the ionization structure of the plasma. UV observations
have significantly higher spectral resolution and so are able to sup-
ply better kinematic information by resolving complicated profiles
of absorption lines. Components with different velocities can be
fully distinguished, and their turbulent velocities can be estimated.
If reliable column densities for several ionic species are obtained
simultaneously, elemental abundances can be estimated (e.g. Arav
etal. 2007). The geometric and physical properties of the outflowing
gas can be inferred from the distributions of ionization state, col-
umn density, velocity and abundance. Moreover, relative positions
of the absorbing gas to different emitting components are easier to
be obtained in the UV band. Any variability in the UV and X-ray
bands will also constrain on the locations.

It has been proven difficult to perform joint analyses of UV and
X-ray spectra, because it is hard to find a one-to-one relation of
absorbers between the two bands. The reason is that the ionization
level and kinematics of both the UV absorbers and X-ray warm ab-
sorbers (WAs) are sometimes difficult to measure, and there is often
only partial overlap in the conditions of the two sets of absorbers
(Crenshaw, Kraemer & George 2003). Using recent high spectral-
resolution telescopes and instruments, there have been numerous
multiwavelength UV-X-ray campaigns. These provide much insight
into the physical conditions in the absorbing outflows. However, a
broad understanding of these outflows has yet to emerge, and the
relationship between the X-ray and UV absorbing gas is still not
understood in many cases. In most cases, UV absorbing gas is likely
associated with the X-ray WAs, but frequently one X-ray WA may
correspond to a blend of several UV absorbers (e.g. NGC 3516,
Kraemer et al. 2002; NGC 4593, Ebrero et al. 2013; 1H0419-577,
Di Gesu et al. 2013; Mrk 279, Scott et al. 2004; Mrk 509, Kriss
et al. 2012; MR 2251-178, Reeves et al. 2013). In other cases, the
absorbing gas may favour a continuous distribution of ionization
states in a smooth flow, instead of discrete components (e.g. NGC
5548, Steenbrugge et al. 2005; NGC 7469, Scott et al. 2005; IRAS
133494-2438 Lee et al. 2013). In other cases, variability of the ab-
sorbers interfere with identification (e.g. NGC 3783, Gabel et al.
2003a,b; NGC 4051, Collinge et al. 2001). In particular cases, e.g.
in NGC 4151, strong emission lines in the X-ray band contami-
nate the detection of WAs at lower ionization states (Kraemer et al.
2005). In summary, absorbers are complicated in the both bands,
and their information is not easy to be combined.

In this work, we focus on a nearby Seyfert I galaxy, Mrk 290,
which shows an extremely simple absorption system in the UV band
(Kriss 2002). Meanwhile, only three X-ray WAs were detected in
its outflow using the Chandra High Energy Transmission Grating
Spectrometer (HETGS) in our previous paper (Zhang et al. 2011,
hereafter Z11). This is therefore a relatively clean case with ad-
vantages for the illustration of joint analysis. Mrk 290 fortunately
has simultaneous observations with Chandra and FUSE in 2003
(paper related to FUSE observations is in preparation). However,
the exposure time of that FUSE observation is relatively short. In
order to demonstrate how our new method helps the joint analysis
in the two bands, we use Hubble Space Telescope (HST) Cosmic
Origins Spectrograph (COS) observations in 2009 instead, which
has a good spectral resolution and a higher signal-to-noise ratio.
The most likely origin of the WAs in Mrk 290 is from a slow torus
wind (several 100km s~'), based on constraints from the X-ray
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band. Thus it is possible that the UV and X-ray observations reveal
the same components even when the observations are separated by
years.

The prevalent method in UV studies is to compare individual lines
in velocity space. Information on different aspects of each absorp-
tion line, such as column density, ionization state, covering fraction,
broadening and saturation, is collected and combined to infer phys-
ical quantities of the outflowing gas. The process requires laborious
work. In this work, we demonstrate a novel and simple method to
combine the information from the UV and X-ray bands. We fit the
UV spectra directly using synthetic spectral models generated by
the xstar! photoionization code, the same modelling technique as
was used for the X-ray data.

The construction of this paper is as follows. We describe the
data reduction in Section 2, and the XSTAR code in Section 3. In
Section 4, we decompose the UV spectrum into different physical
components, and then describe corresponding models for them. The
detailed modelling of the ionized absorbers is given in Section 5,
and the discussion and exploration is given in Section 6. We end
with a summary of our conclusions in Section 7.

2 DATA REDUCTION

The COS was installed on HST in 2009 May. It has two medium-
resolution gratings, G130M and G160M, covering the wavelength
range 1135-1795 A with spectral resolutions of R = A/AX from
16 000 to 21 000 (Osterman et al. 2011). Mrk 290 was observed
with COS on 2009 October 28 with a total exposure time of 8
ks. The COS observations and the calibration data were retrieved
from the Multimission Archive (MAST?) and processed with the
pipeline CALCOS (version 2.19.6). Spectra extracted from indi-
vidual exposures were weighted by their signal-to-noise ratios and
then co-added to form a final spectrum. By comparing interstellar
medium (ISM) absorption lines from Complex C (Wakker 2006),
Narayanan et al. (2010) found the zero-point offset of the COS
spectrum to be +17 km s~!, which is corrected for in this paper.

In this paper, we adopt a new technique for the analysis of the
UV data. For the first time, we fit the UV data from COS using
techniques which are customary for X-ray data. To provide the
potential capability for a joint analysis of the UV and X-ray bands,
we convert the UV spectrum into the style usually used in the X-ray
band. We used the 1oL tool PINTOFALE? to simulate a Pulse Height
Amplitude (PHA) file from the co-added COS spectrum and also
to generate a corresponding response (RSP) file by convolving the
line spread functions (LSF) of G130M and G160M. We fit the data
using the Interactive Spectral Interpretation System (IsIs version
1.6.2, Houck 2002). During the fit, a model spectrum is folded
through the RSP file in order to generate synthetic data, which is
then compared with the observed data.

3 XSTAR FOR UV BAND

The models used to fit the data are calculated using the XSTAR pho-
toionization code. XSTAR is used to compute physical conditions and
synthetic spectra of photoionized plasmas. It performs the compu-
tationally intensive task of calculating profiles for a large number

Uhttp://heasarc.gsfc.nasa.gov/lheasoft/xstar/xstar.html
2 http://archive.stsci.edu
3 http://hea-www.harvard.edu/PINTof ALE/
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Table 1. The parameters for xsTAR table models.
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T n b? Ny Log(§) Abundance? z

(K) (em™?)  (kms™)  (10¥cm2) (ergs cm™!)
Local absorption:
HVC 5% 10° 0.2 25 1.12 Free Shull et al. (2011)  Free
ISM 8000 0.3 20 Free¢ Free Solar Free
AGN radiation:
BLR I 15000  10'° 811 1000 Free Solar Free
BLR1II 15 000 1010 3333 1000 Free Solar Free
BLR III 15000  10'° 6114 1000 Free Solar Free
NLR 15 000 103 250 1000 Free Solar Free
Intrinsic outflow absorption:
Absorber [ 6000 10° 16 Free Free Solar Free
Absorber II 6000 10° 29 free Free Solar Free
Absorber IIT 30 000 10° 115 free 2.2 Solar Free

Notes. The xsTAR parameters include: temperature, hydrogen nucleus density, turbulent velocity, column density, ionization
parameter, elemental abundances and redshift.
“The b values are equal to the turbulent velocities vy, for the local and intrinsic absorption lines. For the BLR and NLR, the

values b ~ FWHM/1.665 are used for producing required FWHMs of line profiles.

bThe solar abundances are defined by Grevesse et al. (1996).

“The column density of ISM has an upper limit as 0.64 x 10?° cm~2.

of lines, and allows interactive fitting of data to models via the use
of tables of synthetic spectra.

XSTAR calculates the ionization balance, atomic level populations
and electron kinetic temperature for gas ranging from neutral atoms
to fully stripped ions, and includes all elements with atomic number
Z < 30. The operation of xsTAR and its data base have been described
in Kallman (2001) and Bautista & Kallman (2000). XsTAR contains
the microphysical rates and line lists needed to model optical, UV
and X-ray emission from such gas. Synthesizing spectra with the
resolution of COS, however, requires expanding many of the data
structures used in the spectral calculation. This modification, con-
tained in XSTAR version 2.2.1bn19 and newer, allows the synthesis
of spectra with resolving power up to ¢/Ae ~ 8 x 10*. The spec-
tral resolution is an input parameter which can be controlled by the
user, and the maximum value represents approximately an order of
magnitude increase compared with previous versions. In addition,
we have updated the line data base to include several low-ionization
lines which are observed from the Milky Way and its halo. Although
the increased resolving power results in a proportional increase in
execution time, this is mitigated by the availability of batch exe-
cution using pvm_xstar (Noble et al. 2009), so that useful grids of
models can be computed within a few days. With these improve-
ments, photoionization models generated by xsTar cover the UV
and X-ray bands simultaneously, allowing fitting results from the
two bands to be compared with each other directly.

In the case of xsTar models, the free parameters used in fitting are
usually the column density Ny, the ionization parameter of the gas
& = 4ntF /n (where F is the incident flux in the 1-1000 Ry energy
range and n is the hydrogen nucleus density) and the redshift z,
while the temperature, density, turbulent velocity and elemental
abundances are set by users, as shown in Table 1. Beside these, a
spectral energy distribution (SED) of the ionizing source is required
by xsTaRr for generating photoionization models.

4 SPECTRA ANALYSIS FOR INDIVIDUAL
COMPONENTS

In the COS spectrum, absorption and emission lines are heavily
mixed (Fig. 1). To get the information of the intrinsic absorbers

in Mrk 290, it is preferable to decompose all the physical com-
ponents. Three components need to be taken into account: AGN
intrinsic emission, AGN intrinsic absorption and local absorption.
The other two components to notice are the intergalactic medium
(IGM) absorption and the geo-coronal emission from the earth
atmosphere.

Geo-coronal emission originates mainly from hydrogen and oxy-
gen atoms in the exosphere of the Earth. In this COS observation,
there are three prominent geo-coronal features: Ly (1215.7 A) and
O 1 doublet (1302 A and 1306 A). During all the modelling, two
narrow bands (12101225 A and 1300-1308 A) containing the geo-
coronal lines are removed, though there is a local Si 11 absorption
line between the O 1 doublet.

Two nearby Lya absorption lines from the IGM absorber are
detected at 1228 A and 1228.5 A, around the redshift z = 0.010 28,
and the corresponding O vi absorption is also identified in the FUSE
spectrum (Wakker & Savage 2009). This IGM absorber may be
located in the outer halo of NGC 5987 (Narayanan et al. 2010). We
model them simply with one negative Gaussian to reduce the x2.

Eliminating the geo-coronal features and the IGM absorption, we
discuss the three primary parts in detail as follows. In this work,
all the quoted errors refer to 90 per cent confidence level for one
interesting parameter.

4.1 Local absorption

The local absorption is from high-velocity clouds (HVCs) and
Galactic ISM. HVCs are low-metallicity clouds plunging towards
our galaxy and interacting with its ambient halo gas (Collins, Shull
& Giroux 2007; Tripp & Song 2012). The line of sight towards
Mrk 290 penetrates HVC Complex C, whose absorption lines in the
COS spectrum have been studied by Shull et al. (2011) in detail.
Two absorbers were identified with blueshift velocities of —120
and —220km s~!. The absorber with —220km s~ velocity is at a
higher ionization state, which shows shallow Si 1, Si 1v and C 1v
absorption lines. The absorber with —120km s~! velocity has both
lower ionization lines (O 1, N1, C 1, S 1, Si i, Al 11, Fe i, P r) and
higher ionization lines (Si 1, Si 1v, C 1v, N v).

MNRAS 447, 2671-2682 (2015)
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Figure 1. The COS spectrum of Mrk 209 in the observer frame, where the data are in blue and the error bars are in cyan. The local absorption lines from
HVCs and ISM are labelled with black notes, the prominent emission lines from the AGN with orange notes and the intrinsic absorption lines from the outflow

with red notes. The geo-coronal lines and IGM absorption line are also marked.

Complex C is diffuse gas ionized by UV background photoion-
ization and possible interactions with Galactic halo gas. We produce
an XSTAR table model for its absorption, in which many input pa-
rameters are from the results of Shull et al. (2011). They obtained
the column density of Ny = 1.12 x 10?° cm™2, the hydrogen nu-
cleus density of 0.2 cm ™, and the turbulent velocity of ~25kms™'.
The metals have abundances less than 25 per cent solar metallici-
ties (Grevesse, Noels & Sauval 1996) as follows: C (10 per cent),
O (10 percent), N (1.5 percent), S (17 per cent), Si (21 per cent), Fe
(5 per cent), Al (4 per cent) and P (23.4 per cent), where the C abun-
dance is adopted from the nearby lines of sight to Mrk 817 and Mrk
876. We set the temperature as 5 x 10° K, which does not affect the
table model much in the range of 10° K (Slavin, Shull & Begelman
1993) to 10° K (Spitzer 1956). The ionization parameter and the
redshift are left as free parameters in the model.

Galactic ISM absorption is attributed to ions, atoms, molecules
and dust. The molecular absorption is beyond the far-UV end of the
COS spectrum. The neutral gas absorbs the hydrogen Lyman series,
i.e. Lya in the COS spectrum. But this narrow band (1210-1225 A)
is removed in all the fittings due to the geo-coronal Ly«. Thus, the
COS spectrum is mainly affected by the ions in warm ionized gas
and by dust extinction.

The warm ISM gas is photoionized by the UV background radi-
ation (Haardt & Madau 2012). In the COS spectrum, its absorption
lines are similar to the lines from HVC. We also use XSTAR to
produce the photoionization table model for this component. The
density is set to 0.3 cm™3, the temperature to 8000 K (McKee &
Ostriker 1977), the turbulent velocity to 20km s~' and the metal-
licity abundance to solar values. The column density, the ionization
parameter and the redshift are left as free parameters. Along the line
of sight to Mrk 290, there is a relatively low Galactic absorption
Ny = 1.76 x 10?° cm~2 obtained by 21 cm measurements (Kalberla
et al. 2005). Removing the contribution from HVC, we have an
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upper limit for the column density of the warm ionized gas in ISM
of Ny = 0.64 x 10¥ cm™2.

Galactic dust extinction attenuates UV continuum radiation,
which can be corrected using extinction curves derived from other
lines of sight. We use the extinction curve formula described by
Gordon, Cartledge & Clayton (2009) that covers the wavelength
range from 910 A to 3.3 pm. The parameters used are a total-to-
selective extinction ratio of R, = A(V)/E(B — V) = 3.1 (Cardelli,
Clayton & Mathis 1989), and an extinction of E(B — V) = 0.012 at
the line of sight to Mrk 290 (Schlafly & Finkbeiner 2011). There is
no free parameter for the dust extinction component.

4.2 Intrinsic radiation from Mrk 290

It is generally assumed that AGN intrinsic emission in the UV
band comes from the accretion disc, broad-line region (BLR) and
narrow-line region (NLR). To fit the entire spectrum, it is possi-
ble to use phenomenological spline fits (Shull, Stevans & Danforth
2012). This method has the disadvantage that it does not recognize
broad absorption features and cannot constrain physical properties
of the emitting gas from different regions. In this work, we want
to disentangle the radiation from different regions so we can ap-
ply absorption models accordingly, especially when the intrinsic
absorbers in Mrk 290 are likely located between the BLR and the
NLR (Z11). In addition, two adjacent intrinsic C 1v absorption lines
(~1595 A) in the COS spectrum are just at the peak of a C 1v emis-
sion line, which contaminates the spline fits. As a consequence,
we adopt a different approach to fit the spectrum. We first analyse
the radiation from the BLR and the NLR and construct XSTAR table
models. We then combine these with a model for the radiation from
the accretion disc of Mrk 290, a featureless continuum in the COS
band (1140-1800 A), which we describe as a power law (Kriss et al.
2011).
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Figure 2. Lyo and the N v doublet are fitted with four groups of Gaussians
(red). The dash lines (green) represent the three BLR components that con-
tribute to Ly, while the dash—dotted line (purple) shows the Lya emission
from the NLR.

The photoionized clouds in the BLR and the NLR show many
emission lines, including Ly, C1v, N v, Si1v, O 1v, N 1v, He 1 and
other weak lines (Fig. 1). The profiles of these lines are complex,
and this complexity mainly originates from the BLR. The motions
of the BLR clouds might be a superposition of different components,
such as Doppler motions, turbulence, shock components, in/outflow
components and rotation (Kollatschny & Zetzl 2013, and references
therein), and can be altered by radiation pressure (Netzer & Marziani
2010). Moreover, different geometries of the BLR can conspire with
these components to result in similar line profiles. There is no way to
uniquely infer the global BLR motion and geometry from line profile
fitting. Line broadening is affected by cloud motion which can be a
combination of rotational and radial. A plausible assumption is that
the cloud speeds are approximately virial, i.e. v & «/GM /R where
M is the central mass and R is the distance from the centre. If so, the
BLR can consist of several groups of clouds with different speeds,
and the faster the speed of the component, the closer it is to the BH.
Each velocity component is assumed to have the same ionization
condition and share one FWHM (full width at half-maximum) value
to address the line broadening.

The best target for profile decomposition is the Ly emission
line combined with the N v doublet (1238.8, 1242.8 A), which has
high signal-to-noise ratio in the COS spectrum. A summation of
several velocity components from both the BLR and the NLR is
adopted to mimic their line profiles. Each velocity component has
three Gaussians with the same FWHM to contribute to the three
lines, two of which for the N v doublet have an optically thin 2:1
flux ratio between the strong and weak lines. The wavelength band
of 1225-1300 A is included for the fit, while all the absorption
features are removed or fitted with negative Gaussians. Finally, at
least four velocity components are required to give a good fit to the
line profiles of the Ly« and the N v doublet simultaneously (Fig. 2).
The FWHMs of the four components are distinctive: 10183 &+ 344,
5550 + 35, 1351 + 22 and 417 &+ 6km s~ . The narrowest one of
417km s~ ! is consisted with that of the forbidden lines [O 11] (4959,
5007 A) in the Sloan Digital Sky Survey (SDSS) spectrum of Mrk
290 with an FWHM of 400 km s~!, suggesting that this narrowest
component originates from the NLR. Thus, the other three velocity
components are attributed to the BLR. The redshift of the narrowest
component is 0.030 540, slightly larger than the redshift 0.0304
obtained from the SDSS spectrum that we used in Z11. Since COS
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has a better spectral resolution than SDSS, we correct the redshift
of Mrk 290 to 0.030 540.

We generate three XsTaR table models for the BLR and one ta-
ble model for the NLR. For them, b values are used in XSTAR for
producing equal FWHMs of line profiles: » = FWHM/2,/(In2) ~
FWHM/1.665. The density of the BLR is set to 10'°cm™3, while
that of the NLR is set to 10* cm™ according to the flux ratio of
[S u] (6716, 6731 A) doublet that is ~1 in the SDSS spectrum.
For both, the column density is set to 10?* cm™2, the temperature is
set to 15 000 K, the metallicities are set to the solar values, while
the ionization parameter and the redshift are left as free parame-
ters. The ionizing SED of Mrk 290 used in XSTAR is similar to the
low-state SED in Z11. The X-ray spectrum is obtained from XMM-
Newton observations in 2007, which is close to the COS observa-
tions in 2009, while other data are from NASA/IPAC Extragalactic
Database: radio 4.8 GHz data from Very Large Array, 25 pm data
from Infrared Astronomical Satellite (IRAS) and r-band data from
SDSS. For the UV data point, we adopt the extinction-corrected
flux at 1500 A of the COS spectrum to avoid contamination from
emission lines.

The clouds in the BLR partially cover the ionizing source, which
means that the BLR emission is from two parts: light transmitted
by the clouds in the forward direction to observers, and light in
the backward direction reflected by the clouds. xstar calculates
spectra for the both parts, which have quite different line ratios. For
the simplicity, we set the parameter of covering factor in XSTAR as
0.1 for the BLR components, and define an additional parameter
(Rnorm) to indicate deviations of the covering fraction to the fixed
value of 0.1. This free parameter is the ratio of ‘normalization’
values of the two spectra for the transmitted and reflected emission
(the other parameters in the XxsTar model are the same for the two
spectra). The BLR covering fraction will become larger when Ry,
increases, because more clouds are blocking the reflected emission
along our line of sight.

4.3 Absorption by the ionized outflow

In the COS spectrum of Mrk 290, Lya, N v and C 1v doublets are de-
tected near redshift 0.0287. The N v and C 1v lines show clear double
troughs (Fig. 3), suggesting at least two absorbers. For the purpose
of obtaining turbulent velocities of the absorbers, we fit these nine
intrinsic absorption lines with negative Gaussians (Table 2), while
the modelling of the background continuum is described in detail
in Section 5.1. When fitting the N v and C 1v doublets, we assume
that they come from two absorbers, and thus for each absorber we
relate their wavelengths according to the laboratory values and set
their FWHMs to be the same. The blueshift velocities of the two ab-
sorbers are —590 and —525 km s~!, and the corresponding FWHMs
are 31 and 51 km s~!, respectively.

The outflow velocities of the intrinsic UV absorbers are coinci-
dent with the WAs measured from the Chandra X-ray spectra in
Z11 (Table 3). Given the parameters of the three WAs obtained in
the X-ray band, we use XSTAR to predict their behaviours in the UV
band (Fig. 4) and to check the possibility that the intrinsic absorp-
tion lines in the two bands are caused by the same ionized gas.
The highest ionization (HI) WA with log(§) = 3.2 does not show
any significant absorption, the moderate ionization (MI) WA with
log(&) = 2.4 absorbs Ly« and the lowest ionization (LI) WA with
log(¢) = 1.6 shows Lya, N v and C 1v absorption lines. Thus, the
two UV absorbers identified from the double troughs of the N v and
C 1v doublets are similar to the LI WA, which is detected as one in
the X-ray band because of the lower spectral resolution. The Ly«
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Figure 3. The upper panels are the close-up of the intrinsic absorption lines. The solid red curve is the best-fitting model with negative Gaussians for the
absorption lines, while the dash curve is the background continuum. The lower panels are the apparent N, per unit velocity for the Ly line and the N v and
C 1v doublets. The plus (black) and dot (red) points are derived from the data spectrum, while the solid lines are obtained from the best-fitting model.

Table 2. Intrinsic absorption lines in Mrk 290.

Ton (Arest) Vi Xobs Flux (10~%) FWHM Voff
(A) A) (photon sTlem™2)  (kms™h (kms™h)
Lya (1215.67)  4.1617e—1  1250.64 = 0.01 105.77 4 0.69 279+2 —53241
Nv (1238.82)  1.5553e—1 1274.22 +0.01 217 +£0.16 31+4  —590+2
1274.49 £+ 0.01 3.83+£0.20 5147  —5254+1
Nv (1242.81)  7.7805e—2 1278.32° 1.30 £ 0.15 31b —590°
1278.59” 1.98 +0.17 51° —525b
C1v (1548.19)  1.9045e—1 1592.44° 4.56 +0.42 31k —590°
1592.77° 5.24 +0.65 51° —525%
C1v (1550.78)  9.4824e—2 1595.09" 6.76 + 0.53 310 —590”
1595.42° 8.334+0.76 51° —525%

Notes. “The transition oscillator strengths are from AtomDB (version 2.0.2; www.atomdb.org).
bThe values are fixed relative to N v (1238.82 A).

absorption line may still be affected by the MI WA, especially when log [N,(v)] = log t,(v) — log (fX) + 14.576
the Lya line is heavily saturated.
A clear smooth truncation at the bottom of the Lyx absorption

: : . o [atoms cm~2(km s~ 1)],
line (Fig. 3) suggests heavy saturation. It is important to check

whether the N v and C 1v doublets are saturated, which affects the where fis the transition oscillator strength (Table 2), A is the wave-
determination of the ionization states of the absorbers. We measure length and 7,(v) = In[/,(v)/I(v)] is the optical depth that ,(v) and
the apparent column density per unit velocity interval for each line. I(v) are the intensities before and after the absorption (Savage &
This N,(v) in logarithmic form is Sembach 1991). A factor of 2 difference in fA, applicable to doublet
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Table 3. The best-fitting parameters of photoionization models.
Log(§) Ny Redshift Velocity*
(ergs cm™!) (1029 cm—2) (kms™h)
Local absorption:
HVC —0.74 £ 0.04 1.12 (fixed) ~ —0.000 430 =+ 0.000 001 —129.0+0.3
ISM —1.29 £ 0.01 0.57 £0.01  —0.000 121 £ 0.000 001 —-363+0.3
AGN radiation: Ruorm®
BLR1 —0.601 £ 0.007 - 0.030 546 £ 0.000 013 1.8+£39 50+04
BLR II 0.659 £ 0.004 - 0.029 855 £ 0.000 035 —205.5+10.5 1.2+0.1
BLR IIT 0.125 £ 0.009 - 0.029 872 £ 0.000 052 —200.3 £ 15.6 207+£19
NLR 0.592 £ 0.028 - 0.030 540 £ 0.000 005 0+1.5 -
Intrinsic outflow absorption: c
WA 1 1.13 £0.10 05+£02 0.028 570 £ 0.000 005 —591.0+ 1.5 66 £ 3 (per cent)
WA II 1.39 £ 0.04 48+t 14 0.028 789 £ 0.000 006 —5253 4+ 1.8 56 & 3 (per cent)
WA 11T 2.2 (fixed) 36.0+ 0.8 0.028 811 £ 0.000 005 —518.7+ 1.5 72 4 3 (per cent)
X-ray WAs from Chandra observations (Z11):
LI WA 1.62 £ 0.15 54+£18 - —570 £ 150 -
MI WA 2.42 +0.04 40.6 £ 6.2 - —480 + 30 -
HI WA 320+0.14 35£15 - —390 + 60 -

Notes. *The velocities of the HVC and the ISM are relative to heliocentric coordinates, while other components are relative to AGN rest frame. The
parameters of X-ray WAs are listed here for comparison, where the ‘LI’, ‘MI’ and ‘HI’ WAs mean the WAs at the lowest ionization, the moderate

ionization, and the highest ionization states.

“The Rporm i the ratio of ‘normalization’ values of the two spectra for the transmitted and reflected emission by the BLR clouds, which indicates the

degree of covering fraction to the BH.

bThe Cy is the covering fraction to the continuum and BLR emission by each absorber.
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Figure 4. The predicted UV absorption lines based upon the parameters
obtained in the X-ray band from the Chandra observations.

lines, is often adequate to apply this technique. When the profiles
of the N,(v) of the strong and weak lines in a doublet are in good
agreement, it is unlikely that unresolved saturated structure strongly
influences the observed lines. The profiles of the N,(v) of all absorp-
tion lines from both the data spectra (/4,,(v)) and the best-fitting
models with negative Gaussians (/oqe1(v)) are shown in Fig. 3. For
the N v or C 1v doublets, the profiles from /g,,(v) are significant
overlap with each other, but the scatters are large, especially for
the C 1v doublet. The profiles from I;,04.1(v) show discrepancies
at —525km s~', suggesting some saturation of that absorber.

In spite of the fact that the Ly« absorption line is heavily saturated,
the flux at the bottom of the absorption trough is non-zero. This is
partly due to the broad wings on the LSF that are produced by the

zonal (polishing) errors on the HST primary and secondary mirrors
(Ghavamian et al. 2009), but the dominant reason is likely that the
covering fraction of the absorbers is less than 100 per cent. Since
the BLR is extended, and the continuum may be from an extended
region too, there is a fraction of all photons Cy that pass through
the absorbing gas (Ganguly et al. 1999). If the continuum comes
only from the accretion disc, the size is likely significantly smaller
than the BLR. We consider the simplest scenario first, in which the
continuum emission /., is fully covered by the absorbing gas, the
BLR emission g r is partially covered, while the NLR emission
Inpr 18 not covered at all given that the absorbing gas is torus wind as
we argued in Z11. Then the observed flux after the correction of dust
extinction can be expressed as: 1)y, = (Icont + CrlpLr)e™ " + INLR,
where t is the corresponding line optical depth. The total covering
fraction to the BLR at each velocity can be obtained directly from
the heavily saturated Lyo, where the Cy varies between 70 and
80 per cent within the range of the blueshift velocity between —600
and —450km s~'. However, when we test this scenario with the
N v doublet which has a 2:1 oscillator strength (f) ratio between the
strong and weak line (note that T o< fA; Hamann et al. 1997), we find
C; < 0 which is unphysical. A possible reason is that the continuum
photons are scattered back into the light path again by the clouds in
the BLR (Ganguly et al. 1999). As a consequence, we consider the
covering fraction C for the continuum source is less than unity, and
set it the same as for the BLR to simplify our model and prevent
additional free parameters: I/, = (lcont + IpLr)Cre™ " + Intr. In
this scenario, the total C; value at each velocity obtained from the
Ly is slightly higher (85-95 per cent) in the velocity range of —600
and —450km s~'. The covering fraction of each individual absorber
will be obtained directly from the modelling.

We produce xsTAR table models for these intrinsic absorbers. The
b values of the two absorbers are their turbulent velocities, which
can be estimated from the FWHM s of 31 and 51km s~! (Table 2).
The FWHM roughly equals 2/1n2+/ vlzurb + vlzh, where vy, and vy,
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are the turbulent velocity and the thermal velocity, respectively.
When the FWHM values are small, the thermal broadening may
play an important role. The thermal velocity is determined by vy, =
13/T,/A km s~!, where Ty is the temperature in units of 10* K
and A is the atomic number. According to the thermal curve in
Z11, the temperature of the absorbers at this ionization state is
about 60 000 K, which corresponds to a thermal velocity of vy, >~
9km s~!. As a result, the turbulent velocities are 16 and 29 kms~!.
The SED is the same as was used for the BLR and NLR. The
column density, the ionization parameter and the redshift are the
free parameters.

5 SPECTRAL FITTING AND RESULTS

In the COS band, the absorption of the continuum emission by the
intrinsic absorbers is negligible, as also demonstrated in Fig. 4.
Thus, we can fit the entire COS spectrum of Mrk 290 by two
steps. First, ignoring the intrinsic absorption lines, we fit the AGN
emission and the local absorption simultaneously, including the
continuum from the accretion disc, the emission from the BLR and
NLR, and the absorption from the IGM, HVC and ISM. Then, we
focus on fitting the intrinsic absorption from the AGN outflows.

5.1 AGN emission and local absorption

We fit the AGN emission and the local absorption in the wavelength
range of 1140-1795 A, plus one Gaussian absorption model (‘gabs’)
to account for the broad intrinsic Ly« absorption line. The geo-
coronal features and the intrinsic N v and C 1v absorption lines are
excluded, and the HVC component blueshifted at —220km s~ is
not modelled, which has only a few shallow absorption lines (Shull
etal. 2011).

The fit to the entire COS spectrum is shown in Fig. 5; the model
and the data agree within the statistical errors over essentially the
entire spectral range (x2/d.o.f. is 2.1[60 090/28 342]). The detailed
models of the emitting and absorbing components are also displayed
in the figure, and the parameters of the best-fitting photoionization
models are included in Table 3.

The combination of the BLR and NLR models reproduces the
complex profiles of most emission lines, including Lyo, N v, N 1v,
C 1v, blend of Si 1v+O 1v, He 11 and O 1. In particular, the models
account for the peak of the C 1v emission line that has two absorption
lines superimposed (Fig. 3). The ionization parameters of the three
BLR components are slightly different but all are at low-ionization
states. The Ry of the broadest BLR component is larger than the
other two, which suggests a higher covering fraction for the clouds
close to the BH. The continuum from the accretion disc is fitted by
a power law with a photon index of ~1.9.

Given only one or two free parameters (Table 3), the XSTAR table
models for the HVC and the ISM warm-hot gas fit well most of the
local absorption lines as shown in Fig. 6. The lines with significant
differences between the HVC and the ISM are nicely represented
by the models, such as N 1 (at 1200 A) and C u (at 1335 A).
These differences are mainly due to the lower N and C abundances
and the higher ionization parameter in the HVC than in the ISM.
However, the observed N 1 triplet of the HVC absorption is deeper
than the predicted model, suggesting that the abundance of N may
be higher than the input value (1.5 per cent of solar) obtained by
Shull et al. (2011). The Al 1 line also indicates a higher abundance
than the input Al abundance of 4 per cent. The authors claimed that
ionization corrections were not made for the N 1 and Al 11 lines, so
that the N and Al abundances may be less accurate compared to
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the other elements. The Si 11 line is not perfectly matched by the
models, indicating that the distribution of the ionization states could
be more complicated in the HVC and ISM. The Fe 1 (1608 A) lines
and several S 1 lines upon the broad Ly emission line are absent
in the local absorption models because of incomplete atomic data
of Feumand S 1.

5.2 Ionized outflow absorption

The two photoionization models with the turbulent velocities of 16
and 29 km s~! are applied to fit the two intrinsic absorbers identified
from the N v and C 1v doublets. However, the Lya absorption
line may be also contributed by absorbers such as the MI X-ray
WA (logé = 2.42) as predicted by xstar models (Fig. 4). One
more intrinsic absorber (or WA) is added to account for the extra
absorption of Ly« by applying a ‘gabs’. Finally, three intrinsic UV
absorbers are modelled in the COS spectrum, and each of them
couples with a covering fraction Cy as discussed in Section 4.3.

The two photoionization models fit the N v and C 1v doublets, and
with the additional ‘gabs’ model they can represent the complicated
shape of the Lyw line (Fig. 7). The best-fitting parameters are listed
in Table 3, where the two absorbers have similar ionization states
(logé = 1.13 & 1.39) and covering fractions (66 and 56 per cent).
However, the second absorber with an outflow velocity of —525km
s~! (referred to as absorber II) has a column density 10 times higher
than the absorber with a velocity of —591km s~' (referred to as
absorber I). The ‘gabs’ model constrains the outflow velocity of
the third absorber (absorber IIT) as —519km s~!, the FWHM as
195 &+ 5km s~!, and a higher covering fraction as 72 per cent.

6 DISCUSSION

6.1 One-to-one correspondence of WAs

Based on the ability to model the broad-band spectrum using xs-
TAR, the physical properties of absorbers obtained from the UV and
X-ray bands can be compared directly. If the absorption lines de-
scribe the same absorbing gas, then the information combined from
the two bands give constraints on the intrinsic absorbers. For Mrk
290, the COS observations were taken in 2009, six years after the
Chandra observations in 2003. But the three intrinsic absorbers we
detected in the COS spectrum are very similar to the two X-ray WAs
at moderate- and low-ionization states (Table 3). The velocities of
absorbers I and II are separated by 66 km s~!, well within the veloc-
ity error bars of the LI WA. Since the column density of absorber
II is much larger than I, its contribution to the X-ray absorption is
relatively more important. The absorber II has a column density in
good agreement with that of the LI WA, and an ionization parameter
only ~0.2 dex lower which may be due to a decrease in the ionizing
luminosity. Nevertheless, the UV absorbers I and II are likely the
same gas described by the LI WA, and we call them WA I and WA
II from now on.

We attribute absorber III to the extra absorption of Lyx beside
that of WA I and II. As shown in Fig. 4, the absorber III should
have ionization state similar to that of the MI WA, otherwise it will
absorb the N v and C 1v lines at lower ionization state, or would
not absorb Ly« line at all at higher ionization state. We replace the
‘gabs’ model with a photoionization model to deduce a reasonable
column density for this component. According to the variation of
logé in WA 1I, the ionization parameter of absorber III is fixed at
2.2 which is 0.2 dex lower than that of the MI WA (logé = 2.4).
The turbulent velocity (b value) of 115km s~! is obtained from
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Figure 5. The top panel represents the best-fitting model of the AGN emission and the local absorption. The middle panel shows the separate models of
the AGN emission components including the accretion disc (black), the BLR (blue) and the NLR (red); and the bottom panel shows the models of the local
absorption components including the ISM (black), the HVC (red) and the dust extinction (green).

the FWHM, given that the temperature is 103 K (Z11). This new
xSTAR model results in a column density of 3.6 x 10*' cm~2, in good
agreement with the MI WA value of 4.1 x 10*' cm~ (Table 3). As
a result, the absorber III and the MI WA are reasonably the same
gas, so we call it WA III.

6.2 Outflow geometry

Various WA outflow geometries have been proposed, such as wind
from the accretion disc (Elvis 2000) or putative torus (Krolik &
Kriss 2001), and clouds in BLR (Kraemer et al. 2005) or NLR
(Behar et al. 2003). Whatever, all the spectroscopic modelling in
this work is consistent with the previous argument that the WAs
are the thermal wind from the inner side of the torus (Z11). The

turbulent velocities of the three WAs detected in the COS spectrum
support this scenario, which are small (Vg < 100km s™!') due
to mild thermal evaporation. For example, if the WAs are launched
from the accretion disc, broad resonance UV absorption lines would
be expected (Proga & Kallman 2004).

The WAs cover more than 70 per cent of the BLR in the range of
the blueshift velocity between —600 and —450km s~!. Given the
covering fraction of ~65 per cent for each WA, the lengths of the
WA should be roughly the same order of magnitude as the radius
of the BLR in Mrk 290, which is ~0.007 pc (or 2.16 x 10'' km)
constrained by reverberation mapping (Denney et al. 2010). Based
on the X-ray variations, the densities of WA I and II are constrained
to be n. > 5.5 x 10* cm™3, while that of WA III is constrained to
ben. < 6.2 x 10*cm™3 (Z11). As a result, the thicknesses of WAs
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Figure 6. The absorption models for the HVC (purple) and the ISM warm-hot gas (orange), respectively.

I and II should be less than 10'° and 10'' km, respectively, while
that of WA 111 should be larger than 6 x 10'! km. Thus, the lengths
and thicknesses are comparable, and the geometry of WAs are more
likely discrete clouds with radii of ~10'! km rather than flat and
thin layers of continuous wind.

In the X-ray study, the mass outflow rate contributed by WAs
is ~0.1 M@ yr~' assuming a bi-conical chimney-like continuous-
wind geometry with a total opening angle less than 7 (Z11). The
covering fraction obtained in the UV band implies a value about
half as large. No new WA with distinctive velocity or significant
column density is identified, which suggests an even lower mass
outflow rate. However, the time-scale for the WAs to move outside
the BLR is about 14 years, assuming that they have a transverse
velocity of ~500km s~! similar to the observed radial velocities,
which is larger than the escape velocity of ~440 km s~ at the inner
side of the torus (Z11). This is consistent with the non-detection of
new WA in the six year span between the two sets of observations.
This also adds to the plausibility of the one-to-one correspondence
of the WAs. The HI WA in the X-ray band is not detected in the
COS spectrum. But this tenuous, highly ionized material may still
surround the lower ionized clouds, contributing to half of the mass
outflow rate.

7 CONCLUSIONS

We have modelled the entire HST/COS spectrum of Mrk 290
with photoionization models generated by xstar. All the physical
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components in the COS spectrum are decomposed, and the prop-
erties of the intrinsic absorbers are compared between the UV and
X-ray band straightforwardly, because xsTaR has full coverage of
the UV and X-ray band. We summarize the main results and con-
clusions as follows.

(i) With only one or two free parameters for each component,
the xsTar models fit nearly all the local absorption lines from the
HVC (the component blueshifted at —120 km s~!) and the ISM. The
model for the HVC, however, suggests higher N and Al abundances
than the values measured by Shull et al. (2011).

(ii) The AGN emission from the accretion disc, the BLR and the
NLR is disentangled, which allows us to apply absorption models
for outflows that may originate from the inner edge of the torus.
The clouds in the BLR and NLR are all at low-ionization states.
The modelling of the BLR emission suggests a higher covering
fraction of clouds when they are very closer to the BH.

(iii) Three intrinsic UV absorbers outflowing with a radial veloc-
ity ~500km s~ are identified, which are consistent with the two
WASs obtained in the X-ray band. The WAs are likely in the geom-
etry of clouds rather than flat and thin layers. Their small turbulent
velocities (v, < 100km s~1) also support the scenario that the
WASs are from the torus due to thermal evaporation.
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