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ABSTRACT

Using high-resolution Very Large Telescope spectra, we study the multi-component outflow systems of two quasars
exhibiting intrinsic Fe 11 absorption (QSO 2359-1241 and SDSS J0318-0600). From the extracted ionic column
densities and using photoionization modeling, we determine the gas density, total column density, and ionization pa-
rameter for several of the components. For each object, the largest column density component is also the densest, and
all other components have densities of roughly 1/4 of that of the main component. We demonstrate that all the ab-
sorbers lie roughly at the same distance from the source. Further, we calculate the total kinetic luminosities and mass
outflow rates of all components and show that these quantities are dominated by the main absorption component.
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1. INTRODUCTION

Rest-frame UV spectra of roughly 20% of all quasars exhibit
blueshifted broad absorption lines (BALs) that are indicative of
an outflow. BALs are mainly associated with resonance lines
of high-ionization species, such as C1v, Nv, Ovi (HiBAL),
and can reach velocities as high as 50,000 km s~! (Weymann
1995; Turnshek 1995). Despite various recent statistical studies
of BAL quasars (Hall et al. 2003; Trump et al. 2006; Ganguly &
Brotherton 2008), the relationship between HiBAL and the host
galaxy remains illusive as these outflows do not contain distance
diagnostics in their spectra. Thus, it is difficult to establish
whether the outflows affect only the near active galactic nucleus
(AGN) environment (0.1-10 pc) or they extend to the scales of
the entire galaxy (1-10 kpc).

A subset of BALQSOs also shows absorption features from
low-ionization species such as Mg 11, Al 11, and most importantly
for diagnostics, Fen and Sii. These absorption features are
generally complex, as they are made of multiple components
of narrower (of the order of a few hundred km s~') absorption
troughs. AGNs with this kind of features are often referred to
as FeLoBAL. In these systems, the spectra of Fe 11 and Si1 are
valuable because they often include absorption troughs from
metastable levels, which serve to determine the distance of the
outflow from the central source and thereby begin to relate
the outflows to their host galaxy. Such outflows were studied
in the past (Wampler et al. 1995; de Kool et al. 2001, 2002;
Hamann et al. 2001; Arav et al. 2001). However, the presently
available Sloan Digital Sky Survey (SDSS) and the development
of advanced BAL analysis tools (Arav et al. 2002, 2005; Gabel
et al. 2005) allow for a more accurate and systematic study of
these systems. With this in mind, we began a comprehensive
study of FeLoBAL outflows that contain distance diagnostics
(Arav et al. 2008; Korista et al. 2008; Dunn et al. 2010; Moe
et al. 2009).

Up to the present, though, all studies are based on either
global properties of the multi-component absorption troughs or
the strongest kinematic component. Little is known about the
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individual physical properties of the components and their rela-
tionship to the whole outflow. In the best-studied cases, Wampler
et al. (1995) and de Kool et al. (2001, 2002) were able to obtain
some column densities for individual components, but could
neither diagnose the physical conditions of the components nor
derive their relative distances. Simple assumptions that all com-
ponents had similar physical conditions and that they have either
constant speed or equal monotonic acceleration would lead to
the conclusion that either the absorbers are scattered along a
wide range of distances from the central source or they vary in
age as aresult of episodic ejections. But BAL systems in general
are far from simple. Apart from a weak correlations between the
absorber bulk velocities and bolometric luminosity of the AGN
(Laor & Brandt 2002; Dunn et al. 2008; Ganguly & Brotherton
2008), no correlations have been found among velocity, width,
ionization, or any other observable properties.

Recent high spectral resolution eschell observations of two
quasars QSO 2359-1241 and SDSS J0318-0600 with the
Very Large Telescope (VLT) have allowed us to study in
detail the various independent components that compose their
FeLoBAL. QSO 2359-1241 (VNSS J235953-124148) is a
luminous (Mp = —28.7), reddened (Ay = 0.5) quasar at
redshift z = 0.868 (Brotherton et al. 2001). SDSS J0318-0600
is also a highly reddened bright quasar (Ay ~ 1 and Mg =
—28.15) atredshift z = 1.967. Both quasars exhibit a rich multi-
component FeLoBAL comprising five and eleven components,
respectively. The strongest components in the FeLoBAL, which
are also the first absorbers from the central engine (see Section 3)
for each of these objects, were measured and analyzed in Arav
et al. (2008) and Korista et al. (2008) for QSO 2359-1241 and
in Dunn et al. (2010) for SDSS J0318-0600. It was found that
the absorbers are located at ~3 kpc and between 6 and 20 kpc
from the central engine, respectively.

QSO 2359-1241 and SDSS J0318-0600 are the first to be
studied in detail from a sample of ~80 FeLoBAL quasars
with resonance and metastable Fe 11 absorption lines (FeLoBAL
quasars) in their spectra. These lines can be used for direct de-
termination of the physical conditions and energy transportation
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Table 1
Measured Column Densities in QSO 2359-1241

Species Elow (cm™1) Column Density (x10'? cm~2)

Comp. a Comp. b Comp. ¢ Comp. d Comp. e
He1 159 856 143 £ 0.7 229 + 3.4 6.1 £ 0.3 45+ 22 138.0 £ 9.9
Fen 0 0.49 £+ 0.08 57+ 15 27 +£03 2.7 £ 0.1 724 £ 3.5
Fen 385 0.93 £ 0.28 0.40 £ 0.09 0.60 £+ 0.22 324 £ 12
Fen 668 1.1 £0.5 182 £ 1.3
Fen 863 0.45 £+ 0.20 11.5 £ 09
Fen 977 7.1 £ 0.6
Fen 1873 77.6 £ 9.5
Fen 7955 50+ 0.5
Mg1 0 0.04 £+ 0.02 21 +£1.0 0.28 £ 0.02 0.04 £ 0.03 0.83 £ 0.06
Mgu 0 >65
Sin 0 198 + 48
Sin 287 794 + 206
Alm 0 12.7 £ 0.4 >79
Can 0 0.07 £+ 0.03 0.83 £+ 0.04 0.47 £ 0.02 33+£03
Nin 8394 6.2 + 0.6
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Figure 1. Absorption troughs showing five and 11 clearly separated absorption
components in the spectra of QSO 2359-1241 and SDSS J0318-0600, respec-
tively. The same components in velocity space seem to be present in all troughs
of the same object.

of the outflows. The sample was extracted out of 50,000 objects
in the SDSS database as part of a major ongoing effort to study
the nature of quasar outflows and their effects on the host galaxy
(Moe et al. 2009).

2. THE MEASURED COLUMN DENSITIES

Observations of QSO 2359-1241 and SDSS J0318-0600 con-
sist of echelle VLT/UVES high-resolution (R =~ 40,000) spec-
tra with 6.3 hr exposures for each object. Figure 1 illustrates
the structure of the absorption troughs. The observations for
QS0 2359-1241 were presented in Arav et al. (2008), together
with the identification of all the absorption features associated
with the outflow. Column densities of only the strongest compo-
nent (e) were measured at that time. The observations of SDSS
J0318-0600 are presented in Dunn et al. (2010). The high signal-

to-noise data allowed us to measure the column densities from
5 unblended absorbers in QSO 2359-1241 and 11 components
in SDSS J0318-0600. For the latter, though, only the strongest
components, a, i, and Kk, could be independently measured, while
all other components had to be measured as a single blended
structure. Whenever possible, the column densities were de-
termined through three different assumptions, i.e., full cover-
ing or apparent optical depth, partial line-of-sight covering, and
velocity-dependent covering according to the power-law method
of de Kool et al. (2001) and Arav et al. (2005). For each com-
ponent in QSO 2359-1241, we find that the troughs require the
power-law method to determine the full column density. We
quote the column density determined by the power-law method
in Table 1. For the three components in SDSS J0318-0600, we
find that the results of these three methods are generally in good
agreement, indicating that there is full covering of each source
and the column densities could be reliably measured (see Dunn
et al. 2010).

The measured column densities for the observed components
in QSO 2359-1241 and SDSS J0318-0600 are given in Tables 1
and 2, respectively.

3. ANALYSIS OF SPECTRA AND MODELING
3.1. The Density of the Outflows

We use the observed ratios of column densities of excited to
resonance lines as electron density indicators, which are directly
proportional to the level populations. In QSO 2359-1241, we
find excellent diagnostics from the Felr column densities of
the a5D7/2 level at 385 cm™! and the ground level a5D9/2.
The diagnostics are shown in Figure 2. From these, we get
log(n,/cm™) = 4.4 £ 0.1 for component e (see Korista
et al. 2008), log(n,/cm™3) = 3.8 £ 0.2 for component d, and
log(n,/cm™3) = 3.6 & 0.1 and 3.6 £ 0.2 for components ¢
and b. Unfortunately, we have no excited lines in component
a suitable for diagnostics. The theoretical level populations for
the Fe 11 ion were computed from the atomic model of Bautista
& Pradhan (1998).

In SDSS J0318-0600, we find a density diagnostic for
component a in the ratio of C 11 column densities of the excited
level at 63 cm ™" (*P§ ,) to the ground level (°P{ ,), which yields

log(ne/cm’3) = 2.6 £ 0.2 cm™3. This is consistent with the
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Table 2
Measured Column Densities in SDSS J0318-0600

Species Elow(cm™1) Column Density (x 102 cm™2)
Comp. a Comp. i Comp. k Comp. b-h
Al 0 116.1 £ 0.1 400 + 40 35.0 £ 0.3 >390
Al 0 46.0 £ 0.4 1560 + 220 73.0 £ 0.8 >810
Cn 0 333 + 11 1100 + 200 >14000
Cu 63 577 + 21 >19000 1800 £ 300
Civ 0 734 £ 10 29000 £+ 3000 1297 £ 13 >10000
Fen 0 <40 1275 £ 35 154 £ 6 >490
Fenr 385 294 + 77
Fen 668 9.0 £ 0.3
Fenr 863 147 + 36
Fen 977
Fenr 1873 163 + 49
Fen 2430 250 £ 54
Fenr 7955 8.1 £ 0.2
Mgu 0 28.7 + 0.1 3200 £ 400 192 £ 1 >880
Mnu 0 17.5 £ 0.1
Nin 0 180 £ 4 <120
Nin 8394 64.0 £ 0.4 10.0 + 0.3
Sin 0 101 £ 3 7220 + 100 640 + 150 >3500
Sin 287 <50 7380 £ 130 352 + 12
Sitv 0 145 £ 6 5600 £ 1300 140 + 4 >1800
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Figure 2. Electron density diagnostics from Fe1r in QSO 2359-1241. The ratio
of column densities of the excited level at 385 cm™! (a °D7 /2) to the ground level

(a®Dy /2) is plotted against the logarithm of the electron density. The measured
ratios for each of the FeLoBAL components are drawn on top of the theoretical
prediction. The uncertainties in the measured ratios are depicted by vertical
bars, and that leads to uncertainties in the derived electron density which are
indicated by horizontal bars.

limit log(n,/cm™3) < 2.8 from the ratio of the Sim excited
(287 cm™!; ZP‘3’ /2) to the ground (ZP‘I’ /2) levels. For components

i and k, the Sim ratios yield log(n,/cm™) = 3.3 £ 0.2
and log(n./cm™3) = 2.85 + 0.10, respectively. Additional
diagnostics from Fe1r are available for component i and they
are all consistent with the present determination (see Dunn
et al. 2010). Figure 3 illustrates the present diagnostics. The
theoretical level populations for C 11 were computed using the
effective collision strengths of Blum & Pradhan (1992) and A-
values from Wiese & Fuhr (1995). For the Sit spectral model,
we use the effective collision strengths of Dufton & Kingston

log,e(n,) (em™)

Figure 3. Electron density diagnostics from the observed ratios of column
densities of excited to ground levels of C11 and Si1t in SDSS J0318-0600. For
the component a, only an upper limit to the SiIr ratio could be obtained from
observations.

(1991) and A-values for forbidden transitions of Nussbaumer
1977).

In Arav et al. (2008), Korista et al. (2008), and Dunn et al.
(2010), we showed that the troughs in QSO 2359-1241 and
SDSS J0318-0600 arise from a region where hydrogen is mostly
ionized, thus the electron density derived above should be nearly
equal (within ~10%) to the total hydrogen density of the clouds.

3.2. Ionization Structure of the Outflows

Under the premise that the absorbers are in photoionization
equilibrium, we assume constant gas density clouds in plane
parallel geometry. Thus, the ionization structure of a warm
photoionized plasma is typically characterized by the so-called



28 BAUTISTA ET AL.

15~ —

log,,(n,)=+4.4

0.5

log,,(N(He 1¥)/N(Fe 11))

fcgw(Ua): —8.2

12 12.5 13 13.5
log,,(N(He 1%))

Figure 4. Results of grid models for QSO 2359-1241 and diagnostics of Uy
and total column density for all the kinematic absorption components of the
outflow. The various curves presented are for logo(Uy) = —2.2 (red), —2.4
(blue), —2.6 (green), —2.8 (cyan), —3.0 (magenta), and —3.2 (yellow). The
solid lines depict the results from the MF87 SED and the dotted lines show
the results from the spectrum transmitted through (attenuated by) component
e. The calculated column densities are plot for three different values of ng, in
agreement with the previous density diagnostics.

(A color version of this figure is available in the online journal.)

ionization parameter, which is defined as

Dy On
Uy=—=—"——, 1
" ngc  4nR%ngc M

where c is the speed of light, ny is the gas density, @y is the
ionizing photon flux, Qy is the rate of hydrogen ionizing photons
emitted by the ionizing source, and R is the distance from the
ionizing source to the cloud. From this definition, Oy can be
estimated directly from the luminosity of the object and some
knowledge of its Spectral Energy Distribution (SED).

Korista et al. (2008) and Dunn et al. (2010) constructed de-
tailed photoionization models of the main components of QSO
2359-1241 and SDSS J0318-0600 and determined their phys-
ical conditions. But, modeling all the absorbing components of
the outflow simultaneously opens a variety of new scenarios.
Fortunately, the combined measurements of column densities
for Feur and He1 in all of the components of QSO 2359-1241
and Si 1 and Si1v in the components of SDSS J0318-0600 allow
us to constrain the ionization parameter of all of these compo-
nents.

‘We use the photoionization modeling code cLouDY c07.02.01
(Ferland et al. 1998) to compute grids of models in Uy for
each value of ny of interest. All models are calculated for
Ny (total hydrogen column density) running from the inner
phase of the cloud to deep into the ionization fronts (IF’s)
where the temperature drops to only a few thousand K. For
QSO 2359-1241, we assumed solar abundances as in Korista
et al. (2008). Then, the accumulated column densities of the
metastable 2 3S excited state of He1 (hereafter, He 1*) and total
Fe 11 were extracted out of the cLoUDY output files and plotted
in Figure 4 as N(He r*)/N(Fe 11) versus logN(He 1*). These plots
serve as direct diagnostics of Uy by marking the measured
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column densities on the plots. Further, the value of Ny is also
readily available as there is a direct correspondence in each
model between the accumulated total hydrogen column and the
accumulated column density of all species.

The diagnostic power of the combined He 1* and Fe11 lines
was explained in Korista et al. (2008). It was shown that the
He 1* column density is set by the He 11 column, which is bound
to the H 11 fraction and the ionization parameter. This is because
whenever helium is ionized, hydrogen with a much lower
ionization potential must be ionized too. For any conceivable
quasar ionizing continuum, recombination of He 1l to neutral
He occurs simultaneously with recombination of H 11 to neutral
H. This is shown in Figure 1 of Korista et al. (2008). On the
other hand, the ionization fraction of Fe 11 across the ionization
threshold is determined by charge exchange with hydrogen:

Fe™ + H® = Fe* + H*.

Thus, the column density of Fe traces the column of neutral
hydrogen and

N(Hert")
N (Fe)

N(H)
x
N(H1)

Ug; (@)

in other words, the measured ratio of column densities of He 1*
to Fen serves as direct indicator of the average ionization
parameter of the gas cloud. Within the cloud, whose depth,
r, is expected to be much smaller than R, the Uy varies as

e—r(r)
Uy(r) x — 3)

e

where 7 is the optical depth to hydrogen ionizing photons,
which is proportional to the column density of neutral hydrogen.
Hence, at the inner phase of the cloud and for a large fraction of
it, hydrogen is nearly fully ionized and 7 remains small. Within
this depth in the cloud, the ionization of the gas and hence the
N(Her1*)/N(Fen) ratio is expected to remain roughly constant
(see Figure 8 in Arav et al. 2001). Deeper in the cloud, a small
decrease in the ionization of hydrogen leads to an increase in
7, which in turns reduces the number of ionizing photons right
ahead and results in even lower hydrogen ionization. At this
point, an IF develops and is accompanied by a quick drop of the
N(Her1*)/N(Fe 1) ratio into the cloud or, equivalently, N(He r*).
Furthermore, the N(He 1*)/N(Fe 11) versus N(He 1*) plots shown
in Figure 3 offer a complete diagnostic for Uy and the total
hydrogen column density (Ny) for clouds of a given chemical
composition.

Here, it is important to realize that as these plots are sensitive
to the integrated flux of hydrogen ionizing photons, most of
which (~ 90%) arise from the spectral region between 1 and
4 Ry in Quasar SED. Thus, the plots depend only little on
the actual shape of the SED. This is illustrated in Figure 3 by
showing the theoretical curves as calculated with the Mathews
& Ferland (1987, MF87 hereafter) quasar SED and with the
transmitted spectrum from the innermost component (e) of the
outflow. That component e is the first absorber from the source
in QSO 2359-1241 becomes apparent as this has the largest Uy
dex and is also the densest; thus it is concluded from Equation (1)
that it must have the smallest distance R among all components
(see also the discussion below).

From the diagnostics in Figure 4, it results that component
e has log(Uy) = —2.4 for log,y(ny /cm~?) = 4.4. Component
d with a density log,q(ny/cm™>) = 3.8 has log,((Uy) ~
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Figure 5. Results of grid models for SDSS J0318-0600 and diagnostics of
ionization parameters and total column density for all kinematic absorption
components of the outflow. The upper panels show the results with unattenuated
unreddeneded SED (left panel) and reddeneded SED (right panel), while the
lower panels present the results from the unreddened SED (left panel) and
reddened SED (right panel) after attenuation by component i. All models we
used log(ng) = 3.0, but are practically independent of n g . The different colors
of the curves correspond to log,o(Up) = —2.2 (red), —2.4 (blue), —2.6 (green),
—2.8 (cyan), —3.0 (magenta), —3.2 (yellow), and —3.4 (black).

(A color version of this figure is available in the online journal.)

—2.8, and the two lowest density components b and ¢ have
log,o(Un) &~ —2.7 and —2.9, respectively. Note that the electron
densities of components b and d are sufficiently similar to each
other, and in fact overlap within the uncertainty bars. Then, it is
appropriate to plot them on the same diagnostic diagram without
any significant loss of accuracy.

We build similar plots for SDSS J0318-0600 but based on
the column densities of Sin and Si1v (Figure 5). For these
models, we start with a chemical composition expected for
a galaxy with metallicity Z = 4.2, which we found to be a
reasonable choice that fits well the measured column densities
(Dunn et al. 2010). Models with either solar composition or
very high metallicities (e.g., Z = 7.2) can be discarded on the
basis of the observed absorption troughs for various species.
Basing the diagnostics on two ions of the same element has two
important advantages over the previous plots: (1) the column
density ratio is mostly independent of the assumed chemical
abundances, and (2) the plots are mostly independent of ngy. A
disadvantage, though, is that the Si1 is mostly created through
photoionization by radiation below the hydrogen ionization
threshold (0.6 Ry), while Si1v has a formation energy higher
than that of He11. Consequently, the N(Si1v)/N(Si1) is more
sensitive to the SED than in the previous case. Because SDSS
J0318-0600 is a extremely reddened object and the location of
the extinguishing dust with respect to the absorber is unknown,
we need to consider two different SEDs for the models. These
are the UV-soft SED developed in Dunn et al. (2010) and this
SED after reddening. In Figure 4, we plot log(N (Si1v)/N(Sin))
versus log;,(N(Si1) as obtained from the two SEDs considered
(upper panel) and in the cases in which these SEDs are attenuated
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by component i, which is identified as the innermost absorber
(lower panel).

From these diagnostics, the densest component i has the
highest Uy (= —2.75 £ 0.10 dex for the unreddened SED and
3.02 +0.10 dex for the reddened SED) and largest total column
(= 20.9 £ 0.1 dex for the unreddened SED and 20.1 £ 0.1 dex
for the reddened SED). The lower density components a and k
have considerably less column density and are less ionized.

From the physical conditions derived above, it is now possible
to estimate the distance from each absorption component to
the ionizing source. But, it is convenient to determine first the
relative distances of all component to the source. The relative
distance can be obtained more accurately from observations than
absolute distance. This is because the absolute determination of
distance depends strongly on the number of ionizing photons
of the SED and on whether this is reddened before ionizing
the cloud. So, we see that in QSO 2359-1241 and SDSS
JO318-0600, the absolute distance to the absorbers varies by
several factors depending on whether reddening of the SED
occurs before or after ionizing the absorbers. This sort of
uncertainty, however, does not affect the relative distances
among absorbers. From Equation (1), one gets

1
log(R/Ry) = E[IOg(QH/QHo) —log(ng)/npo) — 1log(Up / Uno)l,
“4)

where Ry, Qpno, nHo, and Uy are the distance, rate of ion-
izing photons, particle density, and ionization parameter for a
given reference component, which we choose as the strongest
component in each of the absorbers studied (i.e., e in QSO
2359-1241 and i in SDSS J0318-0600). In identifying the in-
nermost absorber, it is important to realize that in the first ap-
proximation that uses the same SED in determining the distance
to all components the result is actually correct for the innermost
component and overestimated for the rest (see Equation (4) of
the manuscript). This means that the absorber with the shortest
distance to the source in this first approximation is indeed the
innermost absorber. For any other absorber to locate in the in-
nermost position, the absorbers with shorter distance in the first
order approximation would have to be at larger distances that
initially estimated, which is impossible if the flux of ionizing
photons is to be reduced by the effect of attenuation. Note that
the relative locations of all the components could, in principle,
be determined following the same logical argument, except that
they are so close together that their estimated distance differ-
ences soon become smaller than the uncertainties. The strongest
components are also the innermost, as we will see below. For
any absorption component, that sees the same unattenuated radi-
ation from the source as the reference component, Qy = Q go-.
On the other hand, if a component is shadowed by intervening
gas, particularly by the reference component, Qg < Q po.

Table 3 presents the relative distance for components in the
two absorbers considered. First, we assume that all components
see the same unattenuated source (Qy = Qpo) and the results
are given in columns 4 and 5 of the table. Under this assumption,
components e and i are the innermost absorbers in QSO
2359-1241 and SDSS J0318-0600, respectively. Beyond these,
other components are dispersed along 2—4 times that distance.
We note that there are no correlations between velocity, ny,
and R.

However, given that the distance scales from the absorbers
to the central source (kpc scales) are much greater than the
size of the central source, it seems much more physically
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Table 3
Calculated Distances to the Outflows
Comp. v (km s7h) Sv(kms)? log(npg) Unattenuated SED Attenuated SEDP log(Npg) E/Eo M/Mo
log(Un) log(R/Ro) log(Un) log(R/Ro)
QSO 2359-1241
b —945 14 +£5 3.65 £ 021 —-2.68 £ 0.05 +05+0.2 —-2.68 + 0.05 +0.0+£0.2 20.04 + 0.07 0.10 0.21
c —1080 30 + 21 3.6 £ 01 —2.89 £ 005 +0.7+0.1 -2.87 £0.05 +02+0.1 19.46 £+ 0.05 0.06 0.06
d —1200 28 £ 12 3.84 £0.16 —-2.83 +£0.05 +05+£02 —-2.81 +0.05 +0.0+0.2 19.66 £ 0.05 0.08 0.11
e —1380 59 + 22 44 + 0.1 —2.42 £ 0.03 20.56 + 0.05 1 1
SDSS J0318-0600, unreddened SED
a —7450 150 £ 10 2.65 £ 0.20 —3.04 = 0.10 +0.54+0.2 —-3.02 + 0.05 —-03 +0.2 182 £ 0.2 0.01 0.004
i —4200 670 + 10 33+£02 =275+ 0.10 20.9 £ 0.1 1 1
k —2800 290 £ 10 285 +02 —330+0.10 +05+02 —-340+0.10 —-02+0.2 188 £0.3 0.002 0.005
SDSS J0318-0600, reddened SED
a —7450 150 &£ 10 2.65 +£ 0.20 -3.13 £ 0.10 +04+0.2 —-2.80 + 0.05 —-02 £ 0.2 182 + 0.2 0.07 0.02
i —4200 670 + 10 334+£02 —3.02 +0.10 20.1 £ 0.1 1 1
k —2800 290 £ 10 285 +02 —-340+0.10 +04+02 -3.19+0.10 —-0.1 £02 188 £0.3 0.01 0.03
Notes.

4 Full width half maximum measured from Fe 11 in QSO 2359-1241 and Alu for SDSS J0318-0600
b The scales for QSO 2359—1241 and SDSS J0318-0600 are (Ry, Eo, M) = (1.3+0.4kpc, 2 x 10 ergs s~!, 40 Mg yr=') and (6% 3 kpc, 1 x 10% ergss~!,
180 M, yr~!) if redning of the SED occurs before ionizing the outflow or (3 & 1 kpc, 4 x 10*3 ergs ~!, 100 Mg yr—!') and (18 + 8 kpc, 6 x 10* ergs s~!,

1100 Mg yr~') if redning occurs after.

plausible that the innermost components will shadow all further
absorbers. Thus, as the first absorber is ionized by the source
the next component in line from the source will only receive the
transmitted SED from the first absorber, i.e., an attenuated SED.
Furthermore, every component would only see SED attenuated
by all absorbers closer to the source. Thus, in Table 3, we
recalculate the distance for all components, other than the
innermost, using SEDs that account for the attenuation by the
innermost components. In this case, log(Qy/Qno) = —1.0 for
QS02359-1241 and —1.64 or —0.80 for SDSS J0318-0600
when using the unreddened and reddened SED, respectively.
Surprisingly, all components of both objects converge, within
the uncertainties, to the same distance from the central source.
The uncertainties quoted in the table combine the errors in
the values of ny and Ny as diagnosed from the measured
column densities from spectra. In both quasars studied here,
the innermost absorbers are clearly identified as the densest and
largest systems. The relative ordering of subsequent absorbers
with respect to the central source could be tentatively estimated
too, but we make no attempt to do so because the distance
between them is always smaller than the uncertainties.

Alsoin Table 3, we present for every component the estimated
kinetic luminosity and mass flux rate, defined as

E =47 um,QRNyv’, o)

M = 8z um,QRNyv, (6)
were (4 ~ 1.4 is the mean particle mass for solar composition,
m,, is the proton mass, and €2 is the global covering factor. For the
present calculations, we adopt £ = 0.2 (see Section 4.2 in Dunn
et al. 2010), which impacts the absolute values E(y and M given
in the table but not the relative contributions of the components.
These quantities are clearly dominated by the contribution of the
largest innermost component of each outflow, while the minor
components together contribute little to the total energy and
mass carried out by the outflow. This indicates that the minor
components may not be considered as ejection events in their
own merits, but instead they are physically related to the main
component.

Clearly, if attenuation of the SED were ignored, the distance
to each of the minor components would be overestimated as
well as their £ and M contributions. Yet, even in this case, all
the minor components together could only account for a small
fraction of E and M sustained by the main component.

Finally, in Table 3, we quote the absolute values of Ry, Eq,
and M for the main components of QSO 2350-1241 and SDSS
J0318-0600 as obtained in Korista et al. (2008) and Dunn et al.
(2010). These absolute value of Ry is a lot more uncertain than
the relative quantities tabulated here, for the reasons explained
already at the beginning of this section. The determination of
absolute kinetic energies and mass outflow rates are even more
uncertain because they depend on R and the assumed valued for
the global covering factor, which is the least-known parameter
of the investigation.

4. DISCUSSION AND CONCLUSIONS

The high spatial resolution and signal-to-noise ratio of the
VLT spectra allowed us to study the properties of each of
the kinematic components in the FeLoBALS of quasars QSO
2350-1241 and SDSS J0318-0600. From the measurements
of column densities for different kinematic components, we
determined the electron number density for these components.
For QSO 2350-1241, we used the ratio of column densities
of Fen from the excited level at 385 cm™! and the ground
level. In the case of SDSS J0318-0600, we used the ratios of
column densities among levels of the ground multiplets of Siut
and C 1. Interestingly, there is a clear density contrast between
the main kinematic component in each object and the smaller
components. By contrast, all smaller components in each object
seem to exhibit roughly the same density. The density contrast
between the densest components and the smaller ones in each
object is ~ 0.8 dex for QSO 2350-1241 and ~ 0.5 dex for
SDSS J0318-0600.

Next, we determine the ionization parameters characteristic
of each of the absorption components in both quasars. To this
end, we designed diagnostic plots by which the ionization
parameter as well as the total hydrogen column can be uniquely
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determined. These plots demonstrate that: (1) any given ratio
of column densities among medium and low ionization is a
smooth function of the column density for a fixed value of
the ionization parameter and (2) these curves of column density
rations versus column density are monotonic with Uy. There are
various consequences of this: (1) for a given pair of measured
column densities (and fixed density, chemical composition, and
SED), no more than one solution in Uy and Ny can be found,
(2) Uy and Ny and their errors are necessarily correlated; (3)
these solutions can be found either graphically or numerically
in a way much more efficient than through generic numerical
optimization techniques; and (4) the graphical nature of the
diagnostic allows one to set the observations from various
different observers on the same page and gain valuable insights.

In the determination of Uy and Ny, traditional plots of pre-
dicted column densities versus Ny as abscissa have various
disadvantages. This is because for every column density mea-
sured there is whole family of solutions (Uy, Np), thus both
parameters must be determined simultaneously. A typical ap-
proach used is to normalize the predicted column densities to
the measured columns and then look for the intersection be-
tween various curves. The disadvantages in this procedure is
that dividing theoretical values by measured values mixes up
theoretical and observational uncertainties. Further, a solution
based on intersections of curves or broad regions offers no sim-
ple intuitive understanding of how the results may change in
the case of systematic effects on either the theoretical model-
ing or the observations. By contrast, the plots that we propose
here clearly allow one to visualize the error bars of the mea-
surements and their significance relative to the predictions of
different models. One can also visualize how systematic effects
on the calculations, such as chemical composition or shape of
the SED, would shift the results of the diagnostics. Another
very important advantage of the proposed plots is the potential
to put various kinematic components of the same trough on the
same plot and compare them under equal conditions. It is true
that the proposed plots do not show the resulting Ny explicitly,
but by fixing Uy the whole problem is solved and there is a
direct correspondence between the observed column density of
observed species and Ny. Thus, Ny can be read directly from
the tabulated solutions of the models.

We determined relative distances of the various kinematic
components, under the assumption that all components see
the same unattenuated SED. It becomes immediately clear
that the component with the largest column density is always
the first in line from the source. Once the first kinematic
component in line was identified for each object, we include the
effect of attenuation of the SED on the distance determination
for the remaining components. It was found that distance
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determinations that ignore attenuation affects are significantly
overestimated. By contrast, when attenuation by the innermost
component is considered in the distance estimation, all the
kinematic components in the absorption troughs are found
in close proximity to each other, and possibly related. This
result, if found generally true in most FeLoBAL, ought to have
important consequences in our understanding of the dynamics
and energetics of quasar outflows.

We acknowledge support from NSF grant AST 0507772 and
from NASA LTSA grant NAG5-12867.
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