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Abstract. Broad Absorption Line QSOs (BALQSOs) are a subtype of
radio-quite QSOs that exhibit complex and unusually broad (FWHM >
2,000 km/s) absorption lines. The existence of these lines in BALQSO
spectra raises some questions with respect to the properties, the physical
conditions and kinematics of the BAL material as well as the morphology
of BAL troughs. In this study, taking into consideration the clumpy struc-
ture of the AGN outflow winds, we propose a physical model in order
to explain the formation of BAL troughs and we give the mathematical
description of this model. We also propose a method for analyzing spec-
troscopically the BAL profiles in the UV region of the electromagnetic
spectrum. This method consists of the criteria we set during the fitting
process of BAL troughs. The purpose of these criteria is to enable us to
determine the exact number of components needed to simulate accurately
the BAL troughs and guarantee the uniqueness of the fit. We give an appli-
cation of the model and the method for Si IV and C IV resonance lines
in the case of two BALQSOs. From the analysis, we conclude that the
BAL material is in the form of clouds (density enhancements) that move
radially and intercept the line-of-sight to the central continuum source.
Using our method, we find the number of absorption components needed
to simulate the BAL profiles, which means the number of clouds in the
line-of-sight. We calculate the velocity shifts, the FWHM and the optical
depths of the absorption components of BALs and we propose an internal
structure for these clouds. Finally, we give some correlations between the
properties of absorption components of Si IV and C IV.
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1. Introduction

Broad absorption line QSOs (BALQSOs) are a subtype of radio-quiet QSOs defined
by the presence of deep, broad and high velocity absorption lines that are usually
blueshifted with respect to the corresponding emission lines in the UV region of
the electromagnetic spectrum (though there are cases that redshifted absorption has
been observed, see Hall et al. (2013)). These broad absorption features are found in
about 10-20% of the total quasar population (Foltz et al. 1990; Hewett & Foltz 1784;
Reichard er al. 2003).

In general, Broad Absorption Lines (BALs) are complex and unusually broad
absorption troughs which appear remarkably smooth in high resolution spectra. A
wide range of absorption characteristics in terms of outflow velocity, level of ion-
ization, structure of absorption troughs and strength of the absorption are revealed
in the studies of BALQSOs. Outflow velocities usually range from 0-5,000 km/s up
to 10,000-30,000 km/s while extreme cases where outflow reaches ~60,000 km/s
(Foltz et al. 1983) have been observed. The structure of absorption troughs ranges
from very smooth (P-Cygni like where single trough absorption which begins very
near zero outflow velocity is observed) for either shallow or deep absorption to very
broken-up for either strong or weak absorption (Turnshek 1988). There are BALQ-
SOs that have multiple trough absorption which sets in near zero outflow velocity
while others show BAL troughs detached (~20% of the time (Turnshek et al. 1988)
from the emission peak not setting in until outflow reaches a velocity of 3,000-5,000
km/s).

For BALs, a representative line width is ~10,000 km/s. However BALs exhibit
considerable diversity among their profiles. The minimum requirements for clas-
sification as BAL are: velocity widths >2,000 km/s (Weymann et al. 1991) and
blueshifted velocity extrema >5,000 km/s. However these values depend on how
BAL troughs are defined. For example, the balnicity index (Weymann et al. 1991)
which is applied in C IV, accounts only for troughs wider than 2,000 km/s and
blueshifted more than 3,000 km/s. On the other hand, the absorption index (Trump
et al. 2006), which can be used for any transition, is less restrictive and includes
troughs no smaller than 1,000 km/s, which can set in near zero outflow velocity.

BALs clearly identify high velocity outflows (or inflows if the BAL troughs are
redshifted with respect to the corresponding emission line) launched from a rotat-
ing accretion disc that surrounds and feeds the central black hole. The properties of
the BAL material in phase space are uncertain. There may be a smooth, continuous
flow (Murray & Chiang 1995) or many individual clouds. So a smooth absorption
may be caused by a smooth continuous flow with the intensity depending only on
optical depth effects (complete source coverage), or it may be due to a flow of many
individual clouds (McKee & Tarter 1975; Turnshek 1984; Lyratzi et al. 2009, 2010,
2011; Hamann et al. 2013; Capellupo et al. 2014) which are optically thick and very
small compared with the size of the central continuum source. According to the sec-
ond point of view, the broad and complex absorption profiles can be interpreted as
the synthesis of a series of absorption components. The absorbing regions can be
thought as overdensities or density enhancements in the wind or interacting with the
wind (Weymann et al. ; Filiz Ak et al. 2012), produced by the accretion disc and
propagate radially at some angle above an optically thick torus (Murray et al. 1995;
Elvis 2000; Proga et al. 2000). It is commonly accepted that the region producing
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BALs (Broad Absorption Line Region — BALR) lies outside the region that produces
Broad Emission Lines — BELs (Broad Emission Line Region — BELR).

Recent radiation-MHD simulations by Takeuchi et al. (2013) reproduce variable
clumpy structures for the wind with typical sizes of ~20 rg in warm absorbers, cor-
responding to ~5 x 10™* pc assuming the black-hole mass of SDSS J1029+2623,
MBH ~ 108.72M,. Furthermore, Misawa et al. (2014) succeeded in resolving the
clumpy structure of the outflow winds in the gravitationally lensed quasar SDSS
J1029+-2623. Through their observations they rejected the hypothesis of a smooth
homogenous outflow and concluded to complex small structures inside outflows
from the galactic nucleus. They proposed two different structures for the clumpy
outflow: (a) small gas clouds close to the flux source and (b) filamentary (or sheet-
like) structure made of multiple clumpy gas clouds. Additionally, Filiz Ak et al.
(2012) found that about three per cent of quasars of their sample show disappearing
gas clouds over a three-year span, which in turn suggests that a typical quasar cloud
spends about a century along our line-of-sight. They point out: “One potential impli-
cation of the observed frequency of disappearing C IV BAL troughs is a relatively
short average trough rest-frame lifetime. Note that by lifetime we mean the time over
which a trough is seen along our line-of-sight and not necessarily the lifetime of the
gas clouds responsible for the absorption.”

In the cloud picture, the primary agent responsible for a line’s FWHM was sup-
posed to be the macroscopic ordered motion of the gas, while the intrinsic line
width was supposed to be due to thermal motions only. So the observed large widths
of BALs are assumed to be due to bulk motions of clouds, or macrotrubulence
(Gongalves et al. 2001). If this holds, then it implies an extremely large number of
clouds that are needed to create the smooth profiles. In the case of Broad Emission
Lines (BELs), this number is about 10’—10% (Arav er al. 1997, 1998; Dietrich
et al. 1999). However, Bottorff et al. (2000), in order to give an answer to this conun-
drum introduced the effect of microturbulence in order to explain the great width of
BELSs and constrain the number of clouds. Furthermore, Bottorff & Ferland (2000)
proposed that the line widths of contributing clouds or flow elements are much
wider than their thermal widths, because of the presence of non-dissipative magneto-
hydrodynamic waves. The collective contribution of clouds produces emission-line
profiles broader and smoother than would be expected if a magnetic field were not
present. According to previous researchers, smoothness can be achieved for less than
~8 x 10* clouds which may even be as low as a few hundred. In another work,
Bottorff & Ferland (2002) succeeded in reproducing the emission line spectrum, pro-
duced by emitting clouds, with a turbulent velocity of 200 km/s. Their assumption
is that due to dissipative heating, the turbulent velocity field broadens the emission
contributions of individual line-emitting clouds so that they overlap, smoothing the
line profile.

According to the transitions observed, BALQSOs can be separated into the fol-
lowing categories: The first category includes the so called HIBALAQSOs (high
ionization BALQSOs) where absorption appears in high level of ionization. The tran-
sitions which are dominant are C IV, N V, O VI. Also, moderate to weak absorption
lines of transitions such as Si IV and Ly-« are observed. In the case of low ionization
BALQSOs (LoBALQSOs, see Voit et al. (1993) and Gibson et al. (2009)), the absorp-
tion also has low ionization components and transitions of Mg II and sometimes C II
are present. Other weak to intermediate strength transitions include Al III and C III.
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LoBALQSOs are generally identified as BALs by the Mg IT A 2798 A line profile.
The last category includes the so-called FeLoBALs (Hazard et al. 1987), which, in
addition to the above mentioned transitions, show broad absorption troughs in lowly
ionized iron (e.g., Fe II, Fe III). According to the standard unification model, the dif-
ference between the AGN subtypes is the observers viewing angle towards the central
engine (Elvis 2000). On the other hand, an alternative assumption is that LoBALQ-
SOs are an evolutionary stage of AGN, in which the nucleus expels a surrounding
dusty cocoon (Voit et al. 1993; Urrutia et al. 2009; Farrah et al. 2010, 2012).

Taking into consideration the observations of Misawa et al. (2014) that confirm
the existence of clouds, in this paper, we propose a physical and mathematical model
able to analyze the complex structure of Si IV and C IV BAL profiles. Furthermore,
by analyzing the Si IV and C IV BALs we try to answer the following questions:
How can someone constrain the number of components needed to reproduce the Si
IV and C IV BAL profiles and thus be sure not only for the goodness but also for the
uniqueness of the fit? What are the physical and kinematical properties of the BAL
material? Are there any correlations between the Si IV and C IV BALs?

This paper is structured as follows: In section 2, we describe the proposed phys-
ical model and the mathematical expression of the model. In section 3, we give the
criteria under which we perform multicomponent fits to the Si IV and C IV broad
absorption troughs. We also describe the line and continuum fitting as well as the
goodness of fit and error analysis. In section 4, we apply the method in the case of
two BALQSOs and in section 5, we present our results. Finally, in section 6, we
discuss the implications and conclusions of our analysis.

2. Physical model

Broad Absorption Lines (BALs) are strong and unusually broad absorption troughs
which appear remarkably smooth in high resolution spectra. BAL profiles can not be
simulated by a single known distribution (e.g. Gauss, Lorentz, Voigt etc). Because
of this characteristic, it has been proposed that BALs consist of a series of absorp-
tion components produced by density enhancements called clouds (McKee & Tarter
1975; Turnshek 1984; Lyratzi et al. 2009, 2010, 2011; Filiz Ak et al. 2012; Hamann
et al. 2013; Capellupo et al. 2014; Misawa et al. 2014). Clouds, which are the core of
this study, intercept the line-of-sight and are moving radially, exhibiting negligible
rotation.

The components we use in order to simulate the BAL profiles correspond to clouds
(Regions I, Fig. 1) and they are broad (120 km/s < FWHM < 2200 km/s) compared
to the thermal and microturbulent width. For example, for Si IV the thermal width
in 10* K gas is FWHM ~ 4 km/s and for a gas of 10° K, FWHM ~ 12 km/s. For C
IV, these values are about 6 km/s and 20 km/s respectively. As for the microturbulent
velocities these range from tenths of km/s to a few hundred, though Bottorff et al.
(2000) showed that a microturbulent velocity of 10? km/s does not violate observa-
tions in the case of broad emission lines. So the thermal and microturbulent widths
are too small compared to the widths of the components we use in the fits. In order to
explain this discrepancy, we propose that what we call clouds are clusters of subunits
called cloud elements or cloudlets (cloud elements — regions II, Fig. 1). To avoid
confusion, we will always refer to the larger, more distinct structures as ‘clouds’
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Figure 1. Representation of clouds (I) and cloudlets (II). The cloudlets are assumed to form
clusters and each cluster is called a cloud.

(Regions I, Fig. 1) and the smaller structures as ‘cloud elements’ or cloudlets. We
borrow the term ‘cloud elements’ from Bottorff & Ferland (2001). According to
them, each BLR cloud is a collection of overlapping constant density clumps and
these smallest clumps are called cloud elements.

Each cloudlet produces an absorption line, the width of which depends on thermal
and microturbulent motions of ions inside the cloudlet. The synthesis of all these
cloudlet lines that are very close in velocity space and overlap, produce a broad
component corresponding to a cloud.

2.1 Mathematical expression of the model

The mathematical model is built on the basis that the BALR/BELR consists of a num-
ber of absorbing/emitting clouds that intercept the line-of-sight towards the central
regions of the QSO that produce the continuum radiation (Lyratzi et al. 2007). The
clouds, for modeling reasons are assumed to be spherically symmetric around their
own centers. The observed BALs/BELs are the synthesis of absorption/emission
components produced by these clouds. So, in order to conclude to a mathemati-
cal function, that can simulate the complex BAL/BEL profiles produced by clouds,
Danezis et al. (2003) solved the radiative transfer equation for such a complex
plasma region. The final equation derived by the solution of radiative transfer is

L= | ho] [exp{=Li&} + ) Suej(l —exp{—Lejeih [ [exp(—Le&ed, (1)
i J 8

where i is the number of absorbing clouds in the line-of-sight, j is the number of
emitting clouds in the line-of-sight, g is the number of additional absorbing clouds
that may cover the i absorbing clouds as well as the j emitting clouds, I, is the
initial radiation intensity [[; exp {—L;&;} is the factor that describes the synthesis
of absorption components produced by i clouds, ) j Skej(l — exp(L¢jéej)) is the
factor that describes the synthesis of emission components produced by j clouds,
I1 ¢ €Xp {—Lg&,}: is the factor that describes absorbing clouds that obscure both the i



D. Stathopoulos et al.

absorbing as well as the j emitting clouds, L;, L., L, are the distribution functions
of the absorption coefficients k;;, kyej, kg, k;; is the absorption coefficient of the
i-th cloud in the line-of-sight, k;.; is the absorption coefficient of the j-th emission
cloud in the line-of-sight, k;,: is the absorption coefficient of the additional absorb-
ing clouds that may cover the i and j clouds in the line-of-sight, & is the optical depth
(7) at the center of the spectral line and S),; is the source function, that is constant
during one observation.

The geometry of the model is included in the factors L (Lyratzi et al. 2007;
Danezis et al. 2007), of equation (1). After investigating a number of geometries
for the clouds we concluded that the best fit of absorption/emission lines is accom-
plished if the geometry is spherical (Danezis 1983; Bates & Gilheany 1990; Gilheany
et al. 1990; Waldron et al. 1992; Rivinius et al. 1997; Markova 2000). Apart from
the geometry, the parameters ‘L’ can take the expression of one of the following dis-
tributions, according to the physical conditions we like to describe. So L can take
the form of either Gauss (random motions — thermal and non thermal), or Lorentz
(pressure), or Voigt (random motions and pressure), or rotation (rotation of a region
around its own center, Danezis et al. 2003, 2007), or Gauss — rotation (random
motions and rotation of a region around its own center (Danezis et al. 2003, 2007)).

2.2 Use of equation (1)

During the fitting process we use equation (1) independently for every component
of a doublet. For example in the case of C IV Ax 1548.187, 1550.772 A, we apply
equation (1) twice, once for the 1548.187 A (blue) and once for the 1550.772 A (red)
components of the doublet. By applying equation (1) twice we get two sets of lines.
The first one contains all the blue components of C IV doublet (in Fig. 2 in the case
of J01225+1339, there are 11 blue components, 9 absorption and 2 emission), while
the second one contains all the red components of C IV doublet (in Fig. 2, there are
11 red components, 9 absorption and 2 emission). Having these two sets of lines, we
then synthesize them to get the best fit. In the case of absorption lines, we use Gauss
distribution while in the case of emission lines, we use Voigt distribution.

3. Fitting criteria

When fitting broad absorption troughs we encounter two major problems: Not only
are we concerned about the best fit but also for the uniqueness of it. This means
that we do not search just for the best fit but we want to be sure that the number of
components and the values of the parameters used are uniquely determined. Before
moving to the fitting criteria we would like to point out the following:

— We choose to fit resonance lines and not singlets because in the case of singlets
we cannot constrain the number of components that gives the best fit of an absorp-
tion/emission profile. In the case of singlets, the more the components the better the
fit.

— We do not treat resonance lines as singlets but instead we treat each member of
a doublet independently. Treating doublets as singlets, is an oversimplification, that
can lead to large deviation in the values of measured parameters, especially in the
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Figure 2. Best fits of the SiIV and C IV spectral regions of J01225+41339 and J02287+-0002.
The black dotted line denotes the observed spectrum while black, thick solid line corresponds
to the best fit. We denote the shorter wavelength member of a doublet with blue thin solid line

(blue: 1393.755 A for Si IV and 1548.187 A for C IV) while we denote the longer wavelength

member of a doublet with the red dashed line (red: 1402.77 A for Si IV and 1550.772 A for
C IV). The zero velocity corresponds to the longer wavelength member of a doublet. Below
each fit we present a panel with the residual, which appears in green thin line. Furthermore,

the reduced x2 is given for every fit. Note that the value of the reduced x?2 serves only as a
qualitative measure of the fit and should not be interpreted as indicating the probability of the
fit.

case of Si IV where the wavelength separation between the blue and red components
is large. Furthermore treating doublets as singlets prevents us from applying the
criteria that follow. By using equation (1) twice we study independently the blue and
red component of a doublet.

— The number of components needed to reproduce a broad absorption trough is
controversial and probably will remain an open question for a long time. The
major problem of multicomponent fits is that the best-fit solution is not unique (Laor
et al. 1994). In the case of the UV Si IV and C IV resonance lines, their doublets are
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blended. This means that the fit will be highly degenerate unless both ions are fitted
simultaneously. So in order to find a final solution, which is unique, and independent
of initial parameter/guess we fit simultaneously SiIV and C IV doublets with param-
eters tied. We assume that both Si IV and C IV follow the same kinematic structure
(Becker et al. 2009).

From all of the above, we conclude to two groups of criteria:

(1) Criteria between the blue and red components of a doublet (C IV AX 1548.187,
1550.772 A and Si IV AX 1393.755, 1402.77 A).

(a) The number of blue and red components of a doublet must be exactly the same.
This means that to each component of the 1548.187 A C IV line corresponds a
component of the 1550.772 A C1V line. The same applies to the Si IV doublet.

(b) Each C IV 1548.187 A component at a specific velocity shift has its correspond-
ing C IV 1550.772 A component at the same velocity shift. The same applies to the
Si IV doublet. However, we require that the difference in velocities at line center
must not differ from the expected doublet separation by more than one velocity bin
(this condition is adopted from Wildy et al. (2015)). In the spectra studied in this
paper, one velocity bin corresponds to ~120 km/s.

(c) The C IV 1548.187 A component and C IV 1550.772 A component at the
same velocity shift must have the same width. The same applies to the Si IV dou-
blet. The components’ FWHM cannot be smaller than the spectrograph’s FWHM,
which sets an upper limit on the number of components required to achieve the best
fit.

(d) For emission lines, the ratio of optical depths between the blue and the red com-
ponent is 1,/7. = 2, as dictated by atomic physics (Savage & Sembach 1991). For
absorption lines this ratio is free to vary 1:1 < /7, < 2:1.

(2) Criteria between C IV and Si IV components at the same outflow velocity from
the corresponding emission redshift.

(a) Both C IV and Si IV doublets consist of the same number of components.

(b) Each C IV 1548.187 A (blue) component at a specific velocity shift has its cor-
responding Si IV 1393.755 A (blue) component at the same velocity shift. The same
applies between the C IV 1550.772 A (red) components and the Si IV 1402.77 A
(red) components. In practice, Si IV absorption components are shallower than the
ones appearing in C IV. So, there is the possibility that a very shallow C IV compo-
nent has the corresponding Si IV at the same outflow velocity which possibly is not
detectable.

(c) /7 (C IV) at a specific velocity shift must be the same as 1,/ (Si IV) at the
same velocity shift. This criterion is applied under the assumption that both doublets
(Si1V and C IV) at the same velocity offset are formed in the same outflow and that
the physical conditions do not change significantly as a function of velocity (de Kool
et al. 2002).
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We point out that the fitting code is forced to fulfil all the criteria mentioned above.
So these criteria are in fact the constrains that are followed during the fitting process
and they are not set in order to cross check our results in the end.

3.1 Line, continuum fitting and goodness of fit

The continuum fit: For the continuum we fit a power law model to a set of
continuum windows free of strong emission lines using the Levenberg—Marquardt
minimization process. These windows are: 1320-1340 A, 1445-1465 A, 17001705
A, 2155-2200 A.

The line-fitting:  Curve fitting is the process of constructing a curve or mathematical
function, which has the best fit to a series of data points such as the BALQSOs
spectra under study. Curve fitting involves interpolation where an exact fit to the data
is required.

In our analysis, from a mathematical point of view, we are looking for the math-
ematical function (equation (1)) which, under specific constraints (criteria 1 and
2), when interpolated will give us the best fit to the data. We need to mention
that our model does not give a least square fit to the data. Instead we iterate until
the operator is satisfied that the data are satisfactory modeled. Data are assumed
to be satisfactory modeled when we get a reduced x> smaller than two. As men-
tioned in section 2.1.1, the final mathematical function that we interpolate in a
spectral region is the synthesis of as many functions (equation (1)) as the lines under
study (e.g. for S IV 1393.755, 1402.77 A, we combine two functions, one for the
blue line and one for the red line, where the first function describes the synthe-
sis of all the 1393.755 A components and the second describes all the 1402.77 A
components).

From a physical point of view, the best fit depends on the values that the parame-
ters of equation (1) can take. These values must be subject to the constraints that the
criteria (1) and (2) set.

In order to find the best fit, we increase the number of doublets until a standard F-
test yields no further significant gain (95% confidence level) in the goodness of fit,
as measured by the reduced y2.

We remind that in the case of absorption lines we use Gauss distribution while in
the case of emission lines we use Voigt distribution.

3.2 Error analysis

The uncertainties of absorption line fitting parameters are estimated by adding Gaus-
sian noise to the best fits. The width of the Gaussian at each pixel equals the flux
uncertainty at that pixel. For each best fit, we produce 60 noisy spectra and fit each
one of them in the same manner we fit the original spectrum. The uncertainty of each
spectral parameter is then measured from its distribution. The error bar of a spectral
parameter is then calculated as the RMS of 60 fitting results.
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4. Application in BALQSOs J01225+1339 and J02287+0002

In order to test our method we give an application in the case of two BALQSOs:
J01225+4-1339 and J02287+0002. The data were obtained between Nov. 2006 and
Jan. 2007 using the VLT2/FORSI telescope operated in service mode. FORSI1 is the
visual and near UV focal reducer and low dispersion spectrograph (300 V grism of
11.1 A FWHM) of the Very Large Telescope (VLT) operated by European South-
ern Observatory (ESO) (Appenzeller et al. 1998). The BALQSO J01225+41339 has
a redshift of 3.0511 and a signal to noise ratio (S/N) of 92 in the continuum around
1700 A, while the redshift of J022874+0002 is 2.7282 and S/N is 67. For more
information about the data, see Negrete et al. (2014).

Because this study focusses on the characteristics of and differences between C
IV and Si IV BAL troughs in corresponding velocity ranges, we adjust the maximum
blue edge velocity limit of the C IV BAL trough region considering the Si IV region.
Usually the Si IV region is blended with the emission lines of O I 1302 A (at ~
—21, 800 km/s from Si IV emission), Si IT 1304 A (at >~ —21, 300 km/s from Si IV
emission), C II 1334 A (at >~ —14, 500 km/s from Si IV emission). These emission
lines are usually weak; however by visually inspecting the spectra, we observed that
in some cases these weak features may affect the Si [V BAL troughs. Thus we con-
sider that a BAL trough extends up to —20,000 km/s following Filiz Ak et al. (2014).

5. Results

In Fig. 3, we present the continuum fits to the spectra of both BALQSOs, while in
Fig. 2 we give detail of the best fits of Si IV and C IV spectral regions as well as the
individual components that compose the final profiles. We present the values of the
calculated parameters in Table 1, which is structured as follows: the first columns has
the number of clouds, the second and third columns have the velocity shifts of the
corresponding blue and red components of each doublet, the fourth and fifth columns
have the FWHM (in km/s) of the corresponding blue and red components of each
doublet respectively, the sixth and seventh column have the optical depths at line
center of the corresponding blue and red components of each doublet respectively.
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Figure 3. Continuum fits to the spectra of J01225+1339 and J02287+0002. The fitting
windows free of strong emission and absorption are given in the text.
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Table 1. Calculated parameters obtained by the fitting process.

Cloud AV; AV; FWHM,, FWHM, H I
(km/s) (km/s) (km/s) (km/s)
J01225+1339

Si IV A 1393.755, 1402.77 A
1 3700+£370 3720+370 340420 340420  0.16+0.03  0.15+0.03
2 4840390 4830390 200£10 200£10  0.29+0.12  0.2040.08
3 6040660 6040650 140+10 140£10  0.10£0.07  0.0940.06
4 8620860 85904860 570450 5704£50  0.23+£0.07  0.1940.06
5 96404670 9600670 1160480 1160£80  0.50£0.20  0.41+0.16
6 10780850 10780850 79060 790460  0.284+0.10  0.14+0.06
7 124104620 123704620 9300440 930+40  0.11+0.03  0.10+0.03
8 136201090 1351041080 55040 550440  0.10+£0.03  0.09+£0.02
9 15630780 15680790 630430 630+£30  0.13+£0.03  0.0940.02

CIV Ax 1548.187, 1550.772 A
1 3800380 3780380 530450 530450 1.05£0.16  0.924+0.28
2 4960400 4880400 330+£30 330430  0.71£0.16  0.4940.11
3 6180690 6180690 21010 21010 0.72+0.14  0.66+0.17
4 85504850 85504850 90090 900£90  0.404+0.07  0.33+0.07
5 97304680 9710680 1670£110  1670£110  0.64+0.13  0.53%0.11
6 109304880 109504880 1190£120  1190£120  0.36+0.11  0.1840.06
7 122704610 122304610 1390470 13904+£70  0.494+0.06  0.44:+0.05
8 13730£1100  13620+1100 900480 900+80  0.30+£0.06  0.2640.03
9 15580780 15470780 1020450 1020£50  0.19£0.02  0.1320.01

J02287+0002

Si IV A 1393.755, 1402.77 A
1 860350 7504300 230420 2304£20  0.1240.01  0.11£0.01
2 22004250 22704300 12020 120420  0.11£0.01  0.0840.01
3 34204410 3380440 13040 130440  0.11£0.01  0.0840.01
4 77804£1020  7770£1010 15704220  1570+210  0.35+0.04  0.3240.03
5 9450+£1110  9400£1200  1500£190  1500+190  0.52+£0.06  0.3020.04
6 118901430  11820+1500 830480 8304+80  0.15+0.02  0.10£0.01
7 14540£1790 1454041890 17020 170420  0.05+£0.01  0.0440.01

C IV Ax 1548.187, 1550.772 A
1 9704340 9704310 370440 370+40  0.10+£0.01  0.09£0.01
2 22704270 22804280 170+50 170+£50  0.48+0.05  0.3520.05
3 3120£370 3190£380 18020 180420  0.4240.04  0.31£0.04
4 76204980 76104980 22204300 22204300 0.27+£0.02  0.2440.02
5 96104960 95504950  2180+£210  2180+210  0.46+0.03  0.274+0.03
6 118204+1360  11750+£1350  1270£180  1270+180  0.174£0.01  0.1120.01
7 13850£1700 138501700 280430 280+30  0.11£0.01  0.09£0.01

The true FWHM is determined considering the instrumental width of the spec-
trograph, which is 11.1 A and by using the following equation (Rafiee & Hall

2011):

FWHMZ, = FWHMZ . + (1 + 2) 2FWHM;

obs

nst?

2)
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Figure 4. Plotted data for JO1225+1339: (a) Velocity shifts (A V) of Si IV blue (1393.755 A
and red (1402.77 A) components of the doublet; (b) FWHM of Si IV blue and red components;
(¢) Velocity shifts (AV) of C IV blue (1548.187 A) and red (1550.772 A) components; (d)
FWHM of C IV blue and red components; (e) Velocity shift of blue components of C IV
doublet compared with the velocity shifts of blue components of Si IV doublet; (f) Velocity
shift of red components of C IV doublet compared with the velocity shifts of red components
of Si IV doublet (g) optical depth ratio t,/7; (C IV) compared with the optical depth ratio
/7 (SiIV); (h) ratio of C IV (FWHM) to Si IV (FWHM) for every cloud as a function of
outflow velocity.



UV Si 1V and C IV Broad Absorption Troughs in BALQSO Spectra

where the instrumental broadening (FWHMj,g) is the observed-frame while the
observed (FWHM,ps) and true (FWHMyqe) full width at half maximum are the
rest-frame.

In Fig. 4(a, ¢) and Fig. 5(a, c), we plot the velocity shifts (AV) of the blue and
red components of Si IV and C IV for both spectra. From the graphs, it is obvious
that the criterion 1(b), stating that the velocity offset of the blue component of a
doublet is the same as the velocity shift of the red component, is fulfilled. In Fig. 4(b,
d) and Fig. 5(b, d), we give the correlation between the widths of the blue and red
components of individual doublets that compose the Si IV and C IV BALs. Again,
the criterion 1(c), stating that the width of the blue member of a doublet is the same
as the width of the red member is satisfied.

In Figures 4(e) and 5(e), we plot the velocity shifts of the blue components of
C IV and the velocity shifts of the blue components of Si IV. In Figures 4(f) and
5(f), we do the same for the red components of C IV and Si IV. As one can see, the
criterion 2(b) is satisfied. In Figures 4(g), 5(g) one can observe that the criterion 2(c)
is satisfied.

6. Conclusions

In light of the recent observations of Misawa et al. (2014) that confirm the existence
of clouds, the aim of this study is to propose a method of multicomponent analysis
of BAL troughs in the UV spectra of BALQSOs. The main points of our analysis are
the following:

(1) We propose a physical model for the structure of BAL material. The broad
absorption line region consists of a number of independent clouds where every
cloud is a cluster of subunits called cloudlets. In that way we confirmed that the
material that composes BAL profiles is in the form of “clouds” rather than a
continuous homogenous flow.

(2) Based on the previous consideration we give a possible interpretation for the
large widths of BALs. The widths of BALs are caused by the synthesis of broad
components produced by clouds. Every component corresponding to a cloud has
large width that depends on the internal structure of the cloud which is a cluster
of a large number of cloudlets.

(3) We presented the mathematical expression of the physical model. We showed
how equation (1) combined with the proposed criteria can decompose the BAL
troughs to the exact number of components required to give a unique fit.

(4) We presented a series of criteria that ensure the exact number of components
required to achieve a unique fit in the case of the UV resonance lines of Si IV
and C IV. The uniqueness of the fit provides a very good estimation of the values
of the calculated parameters.

(5) We observed that in both studied spectra, in a group of 16 components (9
components in J01225+1339 and 7 components in J022874-0002) the ratio
FWHMcry /FWHMg;jry has an increasing trend with a mean value of 1.51 +
0.10 (Figures 4(h), 5(h) and 6).

Fitting Si IV and C IV broad absorption troughs according to the proposed mul-
ticomponent analysis method we managed to achieve good fits, (as measured by the
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Figure 5. Plotted data for J02287-0002: (a) Velocity shifts (A V) of Si IV blue (1393.755 A)
and red (1402.77 A) components of the doublet; (b) FWHM of Si IV blue and red components;
(¢) Velocity shifts (AV) of C IV blue (1548.187 A) and red (1550.772 A) components of the
doublet; (d) FWHM of C IV blue and red components of the doublet; (e) Velocity shift of blue
components of C IV doublet compared with the velocity shifts of blue components of Si IV
doublet; (f) Velocity shift of red components of C IV doublet compared with the velocity shifts
of red components of Si IV doublet (g) optical depth ratio /7 (C IV) compared with the
optical depth ratio /7 (Si IV); (h) ratio of C IV FWHM to Si IV FWHM for every cloud as
a function of outflow velocity.
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Figure 6. Ratio of C IV FWHM to Si IV FWHM for every component of both BALQSOs as
a function of outflow velocity.

reduced x?) and show that all the criteria we set are satisfied. In this way we confirm
that BAL troughs can be satisfactorily modeled under the assumptions of our pro-
posed method. By applying our multicomponent analysis method in the case of two
BALQSO spectra, we calculated the velocity shifts of individual components, the
FWHMs and optical depths at line center which are presented in Table 1 and plotted
as histograms in Figures 4, 5.

In a future work we would like to study the ratio of parameters between Si IV
and C IV components. However, our sample of two BALQSOs is very small, so in
order to reach to more robust conclusions about the FWHMs and other parameters
we need to study a greater number of BALQSOs. If our conclusions are valid in a
larger sample, only then we can reach to some generalized conclusions concerning
BALQSOs.
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