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1 INTRODUCTION

ABSTRACT

We present a detailed analysis of the partial coverage of the Q12324082 (z¢;, = 2.57) broad-
line region (BLR) by an intervening H,-bearing cloud at z,,s = 2.3377. Using curve of growth
analysis and line profile fitting, we demonstrate that the H,-bearing component of the cloud
covers the quasi-stellar object (QSO) intrinsic continuum source completely but only part of
the BLR. We find that only 48 + 6 per cent of the C1v BLR emission is covered by the C1
absorbing gas. We observe residual light (~6 per cent) as well in the bottom of the O1A1302
absorption from the cloud, redshifted on top of the QSO Lyman « emission line. Therefore,
the extent of the neutral phase of the absorbing cloud is not large enough to cover all of the
background source. The most likely explanation for this partial coverage is the small size of
the intervening cloud, which is comparable to the BLR size. We estimate the number densities
in the cloud: ny, ~ 110 cm™3 for the H,-bearing core and nyg ~ 30 cm~3 for the neutral
envelope. Given the column densities, N(H) = 3.71 £ 0.97 x 10 cm™2and N(H1) = 7.94 +
1.6 x 10?°cm™2, we derive the linear size of the Hy-bearing core and the neutral envelope
along the line of sight to be Iy, ~ O.leg:gg pc and Iy, ~ 8.212?:? pc, respectively. We estimate
the size of the C1v BLR by two ways: (i) extrapolating size—luminosity relations derived
from reverberation observations and (ii) assuming that the Hj-bearing core and the BLR are
spherical in shape and the results are ~0.26 and ~0.18 pc, respectively. The large size we
derive for the extent of the neutral phase of the absorbing cloud together with a covering factor
of ~0.94 of the Lyman « emission means that the Lyman « BLR is probably fully covered but
that the Lyman o« emission extends well beyond the limits of the BLR.

Key words: ISM: clouds — quasars: individual: Q1232+082 — cosmology: observations.

of the emission-line region by careful monitoring of the continuum
variations and the resulting emission-line response (Blandford &

The broad emission lines in the spectra of active galactic nuclei
(AGN) respond to variations in the luminosity of the central contin-
uum source with a delay due to light-traveltime effects within the
emission-line region. It is therefore possible through the process of
‘reverberation mapping’ to determine the geometry and kinematics

*Based on observations carried out at European Southern Observatory with
the Ultraviolet and Visual Echelle Spectrograph (UVES) mounted on the
Very Large Telescope (VLT), unit Kueyen, on Cerro Paranal in Chile, under
programmes ID 65.P-0038 (P.I. Srianand), 68.A-0106, 69.A-0061, 70.A-
0017 (PI. Petitjean) and 71.B-0136 (P.I. Srianand).
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McKee 1982; Peterson 1993; Netzer & Peterson 1997). In partic-
ular the size of the broad-line region (BLR) can be inferred from
the time delay measurement. Recent investigations of low-redshift
AGN show a tight relation between this size and the luminosity
of the AGN, R = A(L/10¥)%, where R is the radius of the BLR,
A is a typical distance in light-days and L is the HB luminosity in
ergs~'. The index is found to have a value close to B ~ 0.6-0.7
when the typical distance A is in the range 20-80 light-days (Wu
et al. 2004; Kaspi et al. 2005). Extending this relation to high lu-
minosities yields a typical radius of the order of 1 pc for the BLR
of bright high-z quasars. The size of the BLR has also been shown
to be correlated with the luminosity in the continuum (Bentz et al.
2009).
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The anticorrelation found between the radius of the region over
which an emission line is emitted and the velocity width of the
broad emission line in the same object supports the idea that
the BLR gas is virialized and its velocity field is dominated by
the gravity of the central black hole (Peterson & Wandel 1999).
If this is the case, then the BLR size and the emission line width
give an estimate of the mass of the central object (Peterson & Wan-
del 1999; Warner, Hamann & Dietrich 2003; Wang et al. 2009). The
BLR is stratified and the BLR reverberation mapping size for C1v is
about half that for HB. This is consistent with the above assumption
as more highly ionized species are expected to be found primarily
closer to the central source of ionization radiation.

The spatial extent of the BLR is revealed by the partial coverage
of some absorbing clouds, usually associated with the AGN, lo-
cated in front of the quasar and producing absorption lines that are
saturated but do not go to the zero flux level. Usually, the contin-
uum source is covered completely but the emission-line region can
be covered only partially (e.g. Petitjean, Rauch & Carswell 1994;
Hamann 1997; Srianand & Shankaranarayanan 1999). In Wampler,
Chugai & Petitjean (1995), four Fe 1 clouds are seen at different ve-
locities with the similar covering factor, f ~ 0.5. In Srianand et al.
(2002), line locking and covering factors are shown to be intimately
related and are used to constrain the geometry of the BLR. Cov-
ering factor is one of the characteristics together with variability
and high metallicity that are used to distinguish intrinsic from inter-
vening absorption systems. Indeed, partial coverage of intervening
systems has rarely been reported. It has been the case in the early
Keck spectrum of APM 0827945255 (Ellison et al. 1999; Petitjean
et al. 2000a) which is a lensed quasar whose images are separated
by only 0.35 arcsec so that the Keck spectrum encompasses all the
images (Ledoux et al. 1998). It is the case that the intervening Mg 11
systems are not covering all the lensed images (Lewis et al. 2002;
Ellison et al. 2004) and, because of this, typical dimensions of the
intervening clouds are derived to be of the order of ~1 kpc.

Partial coverage of a BLR by an intervening absorber had never
been reported before Ivanchik et al. (2010). These authors note that
the C1 lines associated with the z,,, = 2.3377 damped Lyman «
(DLA) system towards Q12324082 probably do not cover the C1v
BLR completely so that some flux stays unabsorbed at the bottom of

saturated lines. In the present paper, we analyse in details this unique
effect and test different interpretations. We present the observations
in Section 2. Partial coverage is ascertained in Section 3. Physical
conditions of the gas in the DLA are derived in Section 4 in order to
infer its extent. Results are discussed in Section 5 before conclusions
are drawn in Section 6.

2 OBSERVATIONS

The high-resolution spectrum of the high-redshift quasar
Q12324082 (zey, = 2.57 and my = 18.4) was obtained over sev-
eral observing runs in the course of a survey for molecular hy-
drogen in DLA systems with the Ultraviolet and Visible Echelle
Spectrograph (UVES) mounted on the ESO Kueyen Very Large
Telescope (VLT) on Cerro Paranal in Chile (Petitjean, Srianand &
Ledoux 2000b; Ledoux, Petitjean & Srianand 2003; Noterdaeme
et al. 2008). We used Dicl and central wavelengths 390 and 564 nm
in the blue and red arms, respectively. The total exposure time on
the source was 17.5 h. The CCD pixels were binned 2 x 2 and the
slitwidth adjusted to 1 arcsec matching the mean seeing conditions
of ~0.9 arcsec. This yields a resolving power of R ~ 50000 and
signal-to-noise (S/N) ratio varies from 20 in blue arm to 40 in red.
The data were reduced using the UVES pipeline based on the ESO
common pipeline library system. Wavelengths were rebinned to the
vacuum-heliocentric rest frame and individual scientific exposures
were co-added using a sliding window and weighting the signal by
the total errors in each pixel.

The observed quasi-stellar object (QSO) spectrum exhibits a DLA
at zy,s = 2.3377. Molecular H, absorptions associated with the
DLA have been detected by Ge & Bechtold (1999) and analysed by
Srianand, Petitjean & Ledoux (2000) and Noterdaeme et al. (2008).
This is also the system where the first detection of HD molecules at
high redshift was reported by Varshalovich et al. (2001).

The overall spectrum is shown in Fig. 1 where we mark the po-
sition of the broad emission lines (highlighted by different colours)
as well as the redshifted absorption lines of different species that
will be discussed in the following. The emission lines are Lyman
B, OviAr1031, 1037, Lyman o, NvAX1238, 1242, Sitv Ar1393,
1402 and C1v AA1548, 1550. Column densities of H, and H1in the
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Figure 1. UVES spectrum of Q1232+082. Emission lines are named and highlighted by different colours, e.g. red for Lyman «, blue for C1v etc. These colours
are used in the following figures to indicate where in the spectrum the corresponding measurements are performed. The positions of redshifted absorptions

from species discussed in the text are indicated by vertical tick marks. The

grey dashed line shows the Q12324082 intrinsic continuum derived by fitting

regions devoid of emission and absorption lines and interpolating the fit below emission lines. This is the continuum we adopted in the analysis. Note that the

spectrum is not flux calibrated.

© 2011 The Authors, MNRAS 418, 357-369
Monthly Notices of the Royal Astronomical Society © 2011 RAS
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Figure 2. Illustration of the effect of partial coverage on absorption line
profiles in three cases: (a) a highly saturated line with total coverage, f =
1; (b) a highly saturated line with partial coverage, f = 0.8; (c) a partially
saturated line with partial coverage, f = 0.8 (see equation 2). LFR is the
fraction of the QSO flux which is not covered by the cloud and can be easily
derived in case (b).

absorbing cloud are N(H,) =3.71 £0.97 x 10 cm™2 and N(H1) =
7.94 + 1.6 x 10 cm~2 (Ivanchik et al. 2010).
In the following, errors are given at the 1o level and all column

densities are in units of cm™2.

3 PARTIAL COVERAGE

Partial coverage means that only part of the background source is
covered by the absorbing cloud. Mainly this can be the results of (i)
the absorbing cloud is smaller than the full projected extent of the
background source and (ii) the absorber, although larger than the
background source, is porous, e.g. the filling factor of the cloud is not
unity. This is readily detectable in the spectrum of the background
QSO if a saturated line does not go to the zero level indicating that
part of the radiation from the QSO is not shadowed by the cloud.
Partial coverage of an emission source by an absorption system is
characterized by covering factor which can be defined as the ratio
of the flux passing through the absorbing cloud, therefore the flux
which is affected by absorption, F cjoud, to the total flux, F'y.1, which

Partial coverage of the Q12324082 359

is the continuum flux in the spectrum extrapolated over absorption
lines:

F, cloud

f= ) eY)
F total

and the measured flux in the spectrum, F(}), is

F()") = (Ental - Fcloud) + Fclnud()‘-)e_r(k)v (2)

where 7(}) is the optical depth of the cloud (see Ganguly et al. 1999).
These definitions are illustrated in Fig. 2. The determination of the
covering factor is trivial in the case of a highly saturated absorption
line (see Figs 2a and b). In case of a partially saturated line (see
Fig. 2¢) several transitions (with possibly different covering factors)
must be used.

Absorption lines associated with an absorption system usually
span a wide range of wavelengths (see Fig. 1). Therefore, we can
investigate the dependence of the partial coverage on the position
of the lines in the spectrum. Different species are predominantly
found in different regions of the cloud, corresponding to different
physical properties of the gas (molecular, neutral and ionized) and
have absorption lines located on top of different parts of the quasar
spectrum attributed to different regions of the AGN (accretion disc,
BLR and NLR). We therefore can try to infer information on the
spatial extent of both the cloud and the AGN.

In the following, we make a detailed analysis of the z,s =
2.33771 molecular hydrogen absorption system in the spectrum
of Q12324082 in order to measure the covering factors of different
species relative to different regions of the AGN. We will call line
flux residual (LFR) the fraction of the normalized QSO flux which
is not covered by the cloud LFR = (Fy — Feiowd)/Fron = 1 — f
(see Fig. 2). In the following LFR is expressed in per cents.

3.1 Zero flux level correction

One possible source of uncertainty in the measurement of partial
coverage is that the zero flux level of the spectrum is in error due to
approximate background or sky subtraction. We have estimated this
uncertainty by measuring the flux residual at the bottom of saturated
lines located mainly in the Lyman « forest. Fig. 3 shows the result

3.6%

3790 3792

3628 3630

4111 4113

Wavelength (A)

Figure 3. Correction of the zero flux level in the spectrum of Q1232+082. The LFR measured in the core of saturated lines [some of them are shown in
individual panels, with green and blue regions indicating the core and wings of the lines (see text)] that are not associated with the molecular cloud at z =
2.33771 is plotted versus wavelength as filled squares. The red horizontal line shows the mean zero level for these lines. Error bars indicate the scatter in the

LFR measured in individual pixels.

© 2011 The Authors, MNRAS 418, 357-369
Monthly Notices of the Royal Astronomical Society © 2011 RAS

220z 11dy gz uo 1senb Aq 01.6096/.GE/1/81 p/90Ie/SEIUL/WOoo"dNo-olwapede//:sdny Woly papeojumoq



360 S.A. Balashev et al.

of this analysis as the percentage of the residual flux relative to the
flux in the spectrum versus wavelength. We also show the three lines
with the largest error (3.6, 2.9 and 2 per cent). Note that a blend of
several non-saturated lines could mimic a saturated (broad) line that
does not go to the zero flux level. To avoid as much as possible such
lines, we excluded from the analysis the lines for which the width
of the wings (shown as the blue regions in the individual panels of
Fig. 3) is larger than the full width at half-maximum (FWHM) of
the line.

We did not find any systematic dependence of the effective zero
intensity level on wavelength. The average value is found to be
0.9 £ 0.2 per cent (see Fig. 2) and we correct the spectrum for this.
Note that the average flux level measured in the core of the DLA
absorption line is found to be 1.8 £ 0.1 per cent before correction.

3.2 Partial coverage of H, absorption lines

Because of the presence of prominent Lorentzian wings in J = 0
and 1 H, transitions, the H, column density in these levels can
be accurately measured to be logN = 19.45 £ 0.10 and 19.29 £+
0.15, respectively (Ivanchik et al. 2010). These column densities
imply that the optical depth in the centre of absorption lines is >>1,
i.e. all absorption lines from the / = 0 and 1 levels are highly
saturated. In addition the widths of J/ = 0 and 1 lines are larger than
the instrumental broadening, therefore all / = 0 and 1 absorption
lines should reach zero flux level in their centre. None the less, it
can be seen in the right-hand panel of Fig. 4 that the profiles of
these strongly saturated H, absorption lines do not go to the zero
flux level while the nearby saturated Lyman « lines do (with an
uncertainty <2 per cent, see Section 3.1). The residual flux in the
H, absorption lines reaches ~10 per cent of the QSO flux at the
corresponding positions.

The large number of the H, absorption lines and the fact that
they are located in the same portion of the spectrum provides a
good opportunity to investigate more the covering factor of the
H,-bearing cloud. Only H, absorption lines from the / = 0 and
1 rotational levels are strongly saturated and used to measure the
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covering factor. We measure the LFR as the average of the flux
residuals in the pixels of the bottom of the saturated lines. The
corresponding values are shown as filled squares in the left-hand
bottom panel of Fig. 4.

There is a hint for the LFR values to be larger on top of emission
lines. This supports the idea that the H,-bearing cloud covers the
central source of continuum but does not cover the whole BLR. The
position of these lines is roughly indicated as horizontal segments
in Fig. 4. Positions and widths of the QSO emission lines are taken
from Vanden Berk et al. (2001). Note that Lyman 8 is blended with
Ovr and Cmr with N 1. Corresponding emissions are clearly seen
in the Q12324082 spectrum (see upper left-hand panel in Fig. 4).
Note that H, L3-0 is blended with intervening Lyman « lines.

3.3 Partial coverage of C1 absorption lines

Neutral carbon absorption lines from the three fine structure levels
of the ground state are seen in one single component associated with
the H, molecular system. These levels are denoted in the following
as C1 (ground state), C1* (23.6 K above the ground state) and C1**
(62.4K above the ground state). The lines from these levels are
not highly saturated, span a wide wavelength range in the QSO
spectrum ~23800-5600 A (see Fig. 1) and a wide range of oscillator
strengths. In addition, by chance, some of these lines are located
on top of the QSO C1v emission line. C1and H, are believed to be
nearly cospatial in diffuse molecular clouds (Srianand et al. 2005)
and therefore we can expect the C1 lines to show partial coverage
as well. To estimate the LFR of these lines, we use two different
methods, curve of growth and profile fitting.

3.3.1 Curve of growth

Atomic data for C1 transitions were taken from the Wiese, Fuhr &
Deters (1996). Only lines without any apparent blend with absorp-
tions from other species were used in the analysis. The spectrum was
normalized with a continuum constructed by fitting spline functions
to points devoid of any absorption.

3630 3640 3650 3660
Wavelength (A)

Figure 4. Left-hand top panel: part of Q12324082 spectrum where H, absorption lines at z = 2.3377 are located. Red circles and crosses show the positions
of QSO emission lines with error bars indicating linewidths taken from Vanden Berk et al. (2001). Right-hand panel: part of Q12324082 spectrum showing
absorption lines of the L1-0 H, band at zps = 2.33771. The highly saturated and even damped H; lines do not reach the zero flux level whereas several
saturated intervening H1 Lyman « absorption lines do. Since these lines are redshifted on top of the Lyman 4O vi emission line from the QSO, this indicates
that the Hp-rich molecular cloud covers only part of the BLR. Left-hand bottom panel: LFR of Hj absorption lines. Error bars indicate the scatter in the LFR

measured in individual pixels.

© 2011 The Authors, MNRAS 418, 357-369
Monthly Notices of the Royal Astronomical Society © 2011 RAS
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Figure 5. Comparison of the curves of growth obtained in two cases: left-hand panel: using only absorption lines located on top of the QSO intrinsic continuum
(black points). In that case, absorption lines located on top of emission lines (coloured points) significantly deviate from this curve; right-hand panel: using all
the lines but correcting for partial coverage (see Table 1). The error bars represent 1o error determination of the equivalent widths. The dashed lines show the
theoretical curve of growth with a Doppler parameter deviating from 1o interval for estimated b-parameter for the best curve of growth. Bottom panels show
relative deviations of measured equivalent widths from the best curve of growth. Relative deviation of a point is the deviation measured in units of obtained

errors for this point. The dotted curves show relative deviations equal to £3.

Some of the lines partly overlap with each others because of
close wavelengths. If the overlapping lines belong to different C1
fine-structure levels (e.g. Ao & 1277.2 A), then the equivalent width
(EW) was measured by fitting simple absorption components with
fixed relative velocity shifts (but different central optical depth). If
the overlapping lines belong to the same fine-structure level (as for
Xo &~ 1329.1 A), then we fitted a profile where all the parameters
were fixed except one for the central optical depths.

We construct the observed curve of growth for C1 absorption
lines detected in the spectrum (see left-hand panel of Fig. 5). In
this figure, black points are for absorption lines located on top of
the QSO intrinsic continuum whereas other colour points are for
absorption lines located on top of an emission line with the colour
code as indicated in Fig. 1. The best theoretical fit to the black
points yields » = 1.85km ~!. It can be seen in the left-hand panel
of Fig. 5 that not only this fit is very good but also that most of the
other points do not lie on the theoretical curve. These lines have a
too small EW.

The large discrepancy between the observed EW and the one
expected from the theoretical curve fitted on the lines located on top
of the intrinsic quasar continuum is maximum for the blue subset
of lines that are located on top of the C1v emission line. It cannot
be explained by continuum misplacement since the S/N ratio in
this part of the spectrum is quite large (~50). Blending with other
absorption lines also cannot explain this discrepancy because blends
tend to increase the EWs while we see systematically smaller EWs.
On the other hand, partial coverage is a reasonable explanation
for this discrepancy because it means that part of the background
radiation is not intercepted by the absorption system yielding a
decrease of the measured EW, W, = W(N, b)f, where N and b are,
respectively, the column density and the Doppler parameter, and f
is a covering factor.

© 2011 The Authors, MNRAS 418, 357-369
Monthly Notices of the Royal Astronomical Society © 2011 RAS

We refitted the curve of growth with additional minimization
parameters corresponding to the LFR values. Since the C1lines are

grouped around similar wavelengths, we applied the same value of

LFR for lines that are members of a group. Therefore, different LFR
values are used for the groups located on top of the C1v, Lyman «
and N v emission lines, respectively (see Fig. 1). The lines located
on top of the QSO intrinsic continuum are assumed to fully cover
the background source. Our best fit using the new y? procedure
is presented in the right-hand panel of Fig. 5 and the best-fitted
parameters are given in Table 1. The derived LFR values are of the
order of 20-30 per cent. The LFR error is found to be larger for the
lines located on top of the N v emission line because of larger errors
in the continuum placement in this region. The reduced y? value
after correction for partial coverage is ~1.2 instead of ~3.8 for the
case without correction. The b values and C1 column densities for
the final fit and the fit of the absorption lines that are located on top
of the continuum are in agreement which indicates that this partial
coverage explanation is quite satisfactory.

3.3.2 Voigt-profile fitting

We performed Voigt-profile fitting of C1absorption lines to confirm
the results obtained from the curve of growth analysis. As before, the
continuum was locally approximated by spline functions. We fitted
the absorption lines adding to usual parameters (b and N) a covering
factor parameter for each of the three main emission lines of the
QSO spectrum (C 1v, Lyman « and N v) to be constrained during the
minimization. A few line profiles together with the corresponding
fitted spectrum are shown in Fig. 6. In each panel we indicate the
required LFR, ~20, 19 and 27 per cent, respectively, for Lyman o,
Nv and C1v (see Table 1).
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Table 1. Column densities and Doppler parameters obtained from curve of growth
analysis and Voigt profile fitting, compared to the results without considering partial

coverage (Srianand et al. 2005). Column densities are in units of cm™~.

2

Value Curve of growth Profile fitting Srianand et al. 2005
b (km~") 1.85 +0.09 1.84 +0.15 1.70 £ 0.10
log N(C1) 13.87 £0.05 13.87 £ 0.05 13.86 £ 0.22
log N(Cr*) 13.58 & 0.04 13.56 4 0.04 13.43 4+ 0.07
log N(C1*) 12.83 £ 0.05 12.82 £+ 0.07 12.63 £ 0.22
LFR: C1v 29.2 £ 32 percent  26.9 £ 4.4 per cent
LFR: Lya 20.9 = 4.8 percent  19.6 £ 5.3 per cent

LFR: Lya + Nv  19.1 £ 6.7 per cent

19.4 £ 8.8 per cent

05k 1 1 1 1
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Figure 6. Final Voigt-profile fit of the C1 absorption lines. The overall fit is overplotted as a red solid line. Partial coverage of the emission lines (indicated in
each panel) is derived from the fit and is found to be ~20 per cent for Lyman «, 19 per cent for N v and 27 per cent for C1v (see Table 1). Colours correspond

to the location of the lines in the spectrum as shown in Fig. 1.
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Figure 7. Examples of poorly fitted lines when the fit to all C1 transitions
is performed without taking into account partial coverage. Left-hand panel
shows the case of a line which is not affected by partial coverage. In that case,
the fit underestimates the profile because the overall fitted column density
is found too small due to the weight of lines affected by partial coverage.
Right-hand panel shows the case of a transition affected by partial coverage.
In that case the fit overestimates the absorption because the partial coverage
decreases the observed optical depth of the transition. Note that the effect is
large in the present case because LFR is found to be as large as 27 per cent
for the lines on top of the C1v emission line (see Fig. 6).

The final reduced x? is &3 when it is ~10 without any correc-
tion of partial coverage. Fig. 7 demonstrates that partial coverage
correction is indeed needed. Partial coverage makes a line with col-
umn density N and therefore optical depth 7, look like a line with
Tobs < To. When fitting with the same N, a series of absorption
lines, some of which are affected by partial coverage (when on the
top of emission lines) and some of which are not affected by partial

coverage (when on the top of the intrinsic continuum), the value
of N derived from the fit will be smaller than N,. Therefore, the
fit of the lines affected by partial coverage will be deeper than the
absorption line whilst the fit of the lines that are not affected by
partial coverage will not be deep enough. This is indeed the case
for the 11560.682 (not affected) 11656.982 A (affected) features as
can be seen in Fig. 7.

Note that a covering factor parameter was introduced as well for
absorption lines located on top of the QSO intrinsic continuum and
the best fit is obtained with total coverage of these lines.

Results of profile fitting are shown in Table 1. Parameters ob-
tained from curve of growth analysis and profile fitting are in ex-
cellent agreement with each other and both slightly different from
results obtained previously without consideration of partial cover-
age by Srianand et al. (2005).

3.4 Simand O1

In addition to the C1 and H, transitions studied above, we found
two additional absorption lines associated with the z,,, = 2.3377
absorption system and located on top of the QSO Lyman « emission
line that show also partial coverage: A = 1302.2 A of Or1and A =
1304.4 A of Si (see Fig. 8). The main component of the 0111302
transition at v ~ 0km™! has an apparent flat bottom but with non-
zero flux at the centre of line. This feature cannot be the result
of finite spectral resolution as its width is about 50km~', much
larger than our resolution, FWHM ~ 6 km~!. Also the shape is very
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Figure 8. Sin, O1and Cu absorption features at z = 2.3377 in the Q12324082 spectrum. Results from Voigt profile fitting together with components are
overplotted in the left-hand panel. The velocity origin is taken at the position of the Hy-bearing component. The right-hand panel shows the location of the
0111302 and SinA1304 absorption lines on top of the QSO Lyman « emission line together with two saturated lines going to the zero level on both sides.

unlikely to be a combination of many unsaturated lines because all
the components, the structure of which can be guessed from Si1,
would have to have exactly the same optical depth. Thus, assuming
that there is no error in the zero flux level as ascertained by two
saturated lines on both side of the Lyman « emission line, the LFR
for this line is ~6 per cent.

We detect six Sim transitions at z = 2.3377. One of them
(Sinx1304) is located on top of the Lyman « emission line as
well and is expected to show partial coverage as O1A1302. The oth-
ers are located on top of the continuum only. We performed a joint
fit of the Sin and O1 lines, using seven components (one of them
found coincident with the molecular component at z = 2.33771)
and allowing for partial coverage for O1A1302 and SinA1304. We
have tied up together the velocity positions of the seven components
and let the other parameters vary (Doppler widths and column den-
sities). We find the values of LFR for these lines are 6.2 and 7.5 per
cent for O1 and SinA1304, respectively. We have minimized the
number of free parameters using one LFR value for all components
of each absorption profile: 0111302 A and SinA1304 A. The Ot
component at —80km™! could have LFR slightly larger than the
main component at v = 0 km~!. However, the width of the compo-
nent is only ~20km~' and the bottom of the line is not perfectly
flat. Therefore, we have no strong argument to claim that LFR is
larger for this component.

We have fitted the Sin and O1 absorption features together with
the corresponding Al A1670 and C 1 A1334 transitions. The results
of the fit are presented in the left-hand panel of Fig. 8, where LFR
for SinA1304 and O 141302 are illustrated by red stripes. Note that
the possibility is left to have a LFR of ~2 per cent for each of
the AlnA1670 and CuA1334 transitions which are located in the
far wings of the N v and C1v emission lines, respectively. We find
however that this value is too close to the average error in the zero
flux level to be confident it is real.

© 2011 The Authors, MNRAS 418, 357-369
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3.5 Other species

Numerous other absorption lines from Fe 1, S 11 and N1 are present
in the spectrum. N1 transitions are located in a wavelength range
devoid of QSO emission lines while some lines of Fer and S 11 fall
partially in the wings of emission lines (see Fig. 1). These absorp-
tion lines are not highly saturated and have similar line strengths,
which makes the determination of the covering factor unreliable.
For example, the three S 11 lines are located in the wing of the QSO
Lyman o emission line. The profile fitting analysis of the three lines
indicates that a LFR of 11 £ 5 per cent is slightly preferred to
full coverage (see Fig. 9). A standard statistical analysis yields a

SII, 2 = 1250.58 A SILA=1253.81 A SIL2=125952 A
1.0

]

E

[*9

=

£ 05

=

£

s

“ 0.0F - e
20 0 20 20 0 20 20 0 20
SII, 4 =1250.58 A ST, A =1253.81 A ST, % =1259.52 A

y . L

=

=

=

3

S

=

£

2o W%y T % M 11 %)

v, km/s

Figure 9. Su absorption lines associated with the z = 2.3377 absorption
system. The results of two variants of a two-component fit are presented.
The top panels are for full coverage and the lower panels for a LFR of 11
per cent.
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Table 2. Covering factors of different emission-line re-
gions (columns) by different species (rows) after taking
into account the fact that the QSO intrinsic continuum
is fully covered. We note that the most reliable measure-
ment is for C1v emission line (see text).

Owvi Lyman o Nv Civ
Hy 080707
0.16 0.14 0.07
C1 0.38%535  0.56Tg,7 04700
0.02
O1 0.937005
: 0.02
Sin 0.914:0‘03

reduced x2 of 2.8 when partial coverage is allowed instead of 3.7
with full coverage. We think however that the conclusion of partial
coverage for the S 1 lines is only tentative.

3.6 Overview

We have shown above that the neutral part of the absorbing cloud
covers the source of the intrinsic quasar continuum completely
but only partly the broad emission line region. We therefore are
interested in which fraction of the BLR is covered by the cloud.

For this, we estimate the fraction of the total flux emitted by
the continuum source at the location of the emission lines. This is
done using the spectral shape of the intrinsic continuum as shown
in Fig. 1. It is obtained by extrapolating the continuum below the
emission lines by splines functions fitted in the regions devoid of
any emission or absorption lines. We thus can estimate both the
fluxes from the BLR, Fpgg, and the continuum. Using the values
of LFR derived in the previous sections and the fact that the cloud
covers the continuum completely, it is straightforward to derive the
covering factor of the BLR for different emission lines f = 1 —
(LFR Foa1)/F1r- Results are summarized in Table 2.

When estimating the errors, we have taken into account the errors
on LFR but also a ~20-30 per cent uncertainty on the QSO intrin-
sic continuum placement below the emission lines. Note that for
further discussion we use only covering factors of C1v and Lyman
o emission lines.

4 PHYSICAL CONDITIONS IN THE DLA
SYSTEM

If we could estimate the size of the intervening H,-bearing molec-
ular cloud, we could estimate the size and, possibly, the structure
of the QSO BLR using the covering factors derived in the previous
section. Therefore, we will first study the physical conditions in the
gas.

4.1 Ionization structure of the z = 2.3377 absorption cloud

The absorption profiles of different species are shown in Fig. 10
ranked following the ionization potential of the corresponding ion.
The H,-rich component is traced by HD and neutral species Mg1,
Fe1, Si1, S1, Crand Cl1. The latter species is closely tied up to H,
by charge exchange reaction processes. We tentatively detect Fe1
and Si1 absorptions, associated with the molecular component. The
measured column densities log (V) are 11.86 4 0.09 and 12.68 £+
0.18 for Sir1 and Fe1, respectively. These ions are detected only in
a few QSO absorption systems (D’Odorico 2007; Quast, Reimers
& Baade 2008) and indicate the presence of cold and well shielded

gas. Neutral sulfur is rarely seen in QSO absorption systems but
it is seen in five absorption systems with associated CO detection
(Srianand et al. 2008; Noterdaeme et al. 2009, 2010, 2011). We
therefore carefully searched for CO absorptions in the Q1232-+082
spectrum. Unfortunately, we could place only a 30 upper limit on
CO column density from the non-detection in the three strongest
band at 1447, 1477 and 1509 A: log N(CO) < 12.6. The singly
and twice ionized species span about 150 kms~! bluewards of the
H,-bearing molecular component.

The ionization structure indicates that a large fraction of the
metals could be associated with the molecular component. This is
the case of low-ionization species (E < 13.6eV) but also of higher
ionization species (see for example S 11 and Si i1 absorption profiles).
This indicates that the cloud is concentrated around the central H,-
bearing component.

4.2 Metal content

We have fitted all the absorption lines which are not strongly sat-
urated using Voigt profiles, derived total column densities and cal-
culated metallicities as [X/H] = log N(X)/N(H 1) — log [N(X)/N(H
1] with solar metallicities taken from Lodders (2003). Results are
given in Table 3 and are summarized in Fig. 11. The mean metal-
licity as indicated by the sulfur metallicity which has smallest error
is [S/H] = —1.32 £ 0.12. It is remarkable that, within errors, [S/H]
~ [Si/H], which indicates little depletion of Si.

Note that [C11/H] ~ [S/H] seems at odd. As Cl1 is coupled with
H, via charge exchange reactions (Jura 1974), Cl1 comes from
the H,-bearing component. Since we measure a high Cl1 column
density, this H,-bearing component must have a large molecular
fraction (>0.25; see Abgrall et al. 1992).

Therefore, in principle the C1 metallicity could be much higher
since we should divide the Cl1 column density by 2 x N(H;) and
not by the total hydrogen column density (N(H1)+2N(H,)), as we
have done in Table 3. This would give a metallicity close to solar in
the H,-bearing component [Cl1/2H;] < —0.27 4+ 0.17. This is an
upper limit as the cloud could be partially molecular only.

It is likely that most of the Si is to be found associated with the
molecular component (see Fig. 8, A = 1808 A line). This further
suggests that the cloud is concentrated around the clumpy central
component of higher metallicity.

Relative abundance of nitrogen to « elements, i.e. [N/S], [N/Si]
is ~—1, that is consistent with typical low nitrogen metallicity in
DLAs (Petitjean, Ledoux & Srianand 2008; Pettini et al. 2008).
Iron, nickel and manganese are observed to be depleted by a factor
of ~5 relative to sulfur. This moderate depletion probably on to
dust grains supports the idea that the presence of even little amount
of dust favours the formation of molecular hydrogen.

4.3 Number densities

4.3.1 C1fine structure

In Section 3.3 we have measured the column densities of C1 atoms
in the fine structure levels of the ground state. The balance between
the different level populations can be used to estimate the number
density in the gas. Radiative pumping of C1 excited states is prob-
ably not important since to explain the measured column density
ratios the ultraviolet (UV) radiation field should be about 50 times
higher than the mean Galactic value (see the discussion in Silva
& Viegas 2002; Noterdaeme et al. 2007). Such a high UV radia-
tion field is very unlikely for this one component system in which
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Figure 10. Absorption profiles of different species in the z = 2.3377 DLA system towards Q1232+082. The origin of the velocity scale is taken at the redshift
of the Hy component, z = 2.33771.

low-ionization species dominate. We also assume the cosmic mi-
crowave background radiation (CMBR) temperature to be T cypr =
2.73(1 + 2.3377) K, following standard cosmology model. Under We can derive an upper limit on the / = 1 HD column density

4.3.2 HD rotational levels

these two assumptions, and considering a homogeneous cloud, the from the most prominent absorption lines shown in Fig. 13. All
relative populations of the C1 levels depend only on the number other HD J = 1 transitions are partly or fully blended. We find log
density and the temperature. Collision coefficients were taken from N(HD,J = 1) < 14.1. The measured N(HD, J = 1)/N(HD, J = 0)
Schroder et al. (1991), assuming that the main collisional partner upper limit is in agreement with what is expected in HD/H, molec-
is Hp. We take for the temperature in the cloud the value, Ty, = ular clouds (Le Petit, Roueff & Le Bourlot 2002) and can be used
67 £ 11K, derived from the analysis of the molecular hydrogen to derive an upper limit on the number density in the cloud. For
ortho—para ratio (Ivanchik et al. 2010). Confidence contours for this, we follow the analysis of Balashev, Ivanchik & Varshlovich
ny, are shown in Fig. 12. The best value for the density is ny, = (2010) who have detected recently HD J = 1 absorptions at z =
105*3] cm™* with lo uncertainty. 2.626 towards J0812+4-032. Likewise the C 1 analysis, we can neglect
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Table 3. Column densities (in units of
cm™2) and metallicities relative to solar in
the z = 2.33771 DLA system.
Species log N [X/H]¢
N1 1454 £ 022 —-223+£0.24
Mgu 1533 +£024 —1.16 £0.25
Sin 15.06 £0.05 —1.42+0.09
Pu 12.86 £ 0.24 —1.54+0.25
Su 1481 £0.09 —-132+£0.12
Cl1 1297 £0.14 —1.23+0.16
Art 13.86 £0.22 —1.63£0.24
Mnu 12.22 £0.08 —2.224+0.11
Fen 1444 £0.08 —-197+0.11
Nin 12.81 £0.04 —2.35+0.09
“Relative to solar. Solar abundances are
taken from Lodders (2003).
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Figure 11. Metallicities relative to solar in the z = 2.33771 absorption
system toward Q1232+082. Empty squares show C, O and Al metallicities
derived from saturated lines and should be considered as lower limits.

radiative pumping. In spite of excitation energies of HD levels be-
ing higher than those of C1 (which makes collisions less effective),
self-shielding processes become rapidly important for HD. We as-
sume the temperature in the cloud is given by the H, excitation
temperature, Ty, = 67 = 11 K and that H; is the main collisional
partner (with collisional coefficients taken from Flower et al. 2000).
The upper limit on the density is 7y, < 160cm™, in agreement
with the value derived from C1.

4.3.3 C1 fine structure

Singly ionized carbon is mostly located in a region surrounding the
H,-rich molecular core of the cloud. Therefore, from the excitation
of its fine structure level it is possible to estimate the number density
in the envelope of the molecular-rich cloud. From the A = 1335.7 A
line (see Fig. 10), we measure log N(C ") = 13.92 £ 0.15. Unfortu-
nately it is not possible to measure N(C 1) directly as the CuA1334
absorption line is strongly saturated (see Fig. 8) and we have to
estimate it indirectly (see Srianand et al. 2000). It is known, that the
metallicity of the a-chain elements is enhanced compared to carbon
by a factor of about 2, when the mean metallicity is low (i.e. < —
1.0). Therefore, we consider that Z(C) = Z(Si)/2 and derive log
N(Cu) = 15.6 £ 0.3. In a neutral medium, the upper level of C 11 is
predominantly excited by collisions with hydrogen (Silva & Viegas
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Figure 12. Confidence contours for the physical conditions derived from
the relative populations of the C1 fine structure levels and the populations
of the first two rotational levels of H,.
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Figure 13. Expected location of HD (J = 1) lines from the z = 2.33771
absorption system toward Q12324-082.

2002; Srianand et al. 2005). This assumption is supported by the
velocity structure of O1 which traces the neutral gas and is present
over the whole C 11 absorption profile. The probability of the ground
state fine structure transition 3/2 — 1/2 is Ay; ~ 2.29 x 107¢s~!
and the excitation rate with atomic hydrogen is taken from Silva
& Viegas (2002). For the range in temperature T ~ 100-2000 K,
we estimate the density of the neutral region, ny; = 32731 cm=.
This is smaller but not very different from the density found for the
molecular-rich core.

5 DISCUSSION

In this section we discuss several interpretations to explain partial
coverage of QSOs by an intervening cloud: binary quasars, gravi-
tational lensing and transverse dimensions. These explanations are
schematically pictured in Fig. 14. In our case and as shown in
previous sections, the continuum source is fully covered by the
molecular cloud when the BLR seems to be partially covered by
the dense and neutral part of the cloud but also by part of the singly
ionized species.

5.1 Binary quasars

Binary quasars are thought to be the consequence of a galaxy
merging event and are observed with separations as small as ap-
proximately 10kpc (Hennawi et al. 2006; Rodriguez et al. 2006;
Foreman, Volonteri & Dotti 2009; Vivek et al. 2009). At redshift
z ~ 2 binary quasars with transverse distance <3 kpc would be
unresolved by UVES observations. Partial coverage can be seen
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Figure 14. Illustration of the possible explanations for the partial coverage
of QSOs by an intervening absorption system.

in case the background source is a binary quasar if the absorbing
cloud covers one of the quasars and not the other. However, in
such a situation, the intrinsic continuum source would not be cov-
ered completely. This is not the case of the z = 2.3377 absorption
system towards Q12324082 which covers the intrinsic continuum
completely.

5.2 Gravitational microlensing

Gravitational lensing (especially microlensing) is one of the expla-
nations for partial coverage. In the simplest case of the quasar being
macrolensed by a galaxy or a galaxy cluster, there is no difference
in the QSO image spectra. We therefore expect partial coverage
of both the BLR and the intrinsic continuum. Since in the present
case, the cloud is very small, the contrary would need a very special
configuration.

Observations by Sluse et al. (2007) and Wucknitz et al. (2003)
indicate that additional microlensing by stars or objects with mass
~10% M can enhance part of the spectrum (continuum and/or a
fraction of the BLR) in only one image. If the continuum is strongly
enhanced compared to the BLR in the image that is not covered
by the cloud, then partial coverage in the continuum could stay
unnoticed. However, this explanation would request again a very
special situation.

Indeed, if we consider the spectrum as a superposition of a con-
tinuum and emission lines, F = F¢;,, + F, then in case two images
are macrolensed with factors M, and M, and only one image is
microlensed with a factor u, the fluxes in the two images are

Fi =M, Fer, + M, F, (3)
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F, =M, Fory + Mo 1 F.. 4

In the simple case of the absorption system being located in front
of the microlensed image and totally absorbing it, the measured
covering factors in the continuum, f., and in the emission line, fep,
will be

F. M 1
fcz( : )= =, ©)
Fi+F /), Mp+M
F, M,
= = . 6
fem <F1+F2)em M1+M2 ()

In the case of the absorber in front of Q1232+4082, we observe
fem ~0.5andf. 2 0.98 (from zero level correction, see Section 3.1).
This would imply M, ~ M, but more importantly requires a prob-
ably unreasonably large microlensing effect 2> 50.

5.3 BLR kinematics and size in Q12324082

We discuss here the information we can derive on the size of the
BLR from the observation and analysis presented above. For this
we use oversimplified models considering spherical geometry. This
is speculative but given the lack of information on the exact geo-
metrical and kinematical structure of the BLR (Denney et al. 2010),
may still be interesting.

The most probable explanation for partial coverage of the
Q12324082 BLR by the z = 2.3377 absorption system is that
the transverse size of the cloud is smaller than the projected size
of the BLR. Following the standard paradigm for AGN, the QSO
emission takes place in different regions of different sizes. There-
fore, if the transverse extent of the intervening cloud is smaller than
the maximum extent of the background source, partial coverage can
happen. The inner part of the accretion disc produces the continuum
emission. Linear size of the disc is of the order of I < 10'° cm
(Dai et al. 2010 and references therein), corresponding to 6gisc ~
1078 mas at z = 2.57 (with hjg = 0.72, Qy = 0.27, Q4 = 0.73).
The linear size of the BLR is several orders of magnitude larger
than the size of the accretion disc and of the order of ~1 pc (e.g. Wu
et al. 2004; Kaspi et al. 2005). Thus the angular size of the BLR is
limited to about O g < 1072 mas. In addition, the BLR is supposed
to be stratified, the low-ionization lines having larger extent than
the high-ionization ones (Peterson 1993).

We have estimated the number densities in the cloud: ny, ~
110 cm™—3 for the H,-bearing molecular core and ny ~ 30 cm™ for
the neutral envelope. Given the column density, N(H,) = 4.78 £
0.96 x 10" cm™2, this gives Iy, ~ 0.1575% pc for the linear size of
the H,-bearing molecular core along the line of sight. This should
also correspond to the size of the C1 cloud. Indeed the kinematical
structure of the H,, HD, C1 and Cl1 absorption features shows a
single narrow component at the same position (see Fig. 10). Re-
member also that Cl1and H; are tied up (see e.g. Noterdaeme et al.
2010). With the assumption that the transverse size of the cloud is
of the same order of magnitude as the longitudinal size, we find
that this is small enough to explain the partial coverage of the BLR.
To estimate the BLR size we assumed that the cloud and BLR are
spherical in shape, and used

Lpir = Labs Kcosm ngumv (7)

where Lg; g and L, are the transverse sizes of the BLR and the ab-
sorber, respectively. K osm 1S @ cosmological correction factor due
to the fact that the QSO and the absorption cloud have different
redshifts. In the standard cosmological model and because the red-
shifts are similar (ze,, = 2.57 and z,,, = 2.3377), this factor is about
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intervening cloud

& BLR
Figure 15. Partial coverage of Q12324082 BLR by an intervening absorp-
tion cloud at z = 2.3377. Geometry is assumed spherical. The estimated size
of the BLR corresponds to the C1v emission-line region covered at 48 per
cent.

1. Kgcom is a coefficient that depends on the alignment of the two
objects and therefore on the distance, /, between the two projected
centres. Given the dimension of the absorber, we can calculate the
most probable dimension of the background source for an observed
covering factor. Since the absorber and the background sources are
not related, the alignment is random and the probability that / =
lo is proportional to /y. Therefore, one can calculate the probability
distribution function for Ky.,m and obtain the best value of Kgeom
and its errors. Using the measured covering factor, ~0.47, for the
C1v emission line, we derived this way a size of the Civ BLR
Rew ~ 0.1879% pe. A schematic representation of this situation is
illustrated in Fig. 15.

We can use the size—luminosity relationship derived from rever-
beration mapping (Kaspi et al. 2005, 2007) to estimate the size of
the C1v BLR to be compared with our results. We estimate the lu-
minosity of Q1232+082, AL, (1350 A) (erg™"), to be ~10%-. Using
fig. 6 of Kaspi et al. (2007) we derive a C1v lag of the order of 300d,
corresponding to about 0.26 pc. Note that recently, the study of dif-
ferential microlensing in Q2237+0305 (Sluse et al. 2011) yielded
similar results for the size of the C1v BLR, 0.067% pc. The same
typical size is obtained from the study of GeV break in blazars
(Poutanen & Stern 2010).

On the other hand, for the neutral phase, we have N(H1) = 7.94 x
10%° cm=2 and therefore Iy, ~ 8.2+ pc. Remember that the neutral
phase of the cloud as traced by O1and Si 1 covers only ~94 per cent
of the Lyman o emission. The large size we derive for the neutral
cloud extent seems in contradiction with the above small size of the
C1v BLR. However, it must be reminded that the Or1 and Si1 are
located nearly exactly on top of the Lyman « emission line. This
would mean that the Lyman o BLR is probably fully covered but
that the Lyman o emission extends well beyond the extent of the
C IV emitting BLR. In turn this means that the extended Lyman «
emission corresponds to about 6 per cent of the flux at the peak of
the emission. Note that the velocity difference between O111302
and Sin 11304 is ~500km™". Therefore, as can be seen on Fig. 8,
right-hand panel, the kinematics of the region which is not covered
must be of this order. Unfortunately, we cannot go farther in our
derivation of the extent of the Lyman o emission.

The determination of the BLR size Rp;r allows us to estimate
the mass of the central black hole, associated with Q12324082
assuming that the BLR is virialized:

Mpn = ¢— . ®)

where ¢ =~ 5.5 is a scalefactor (Peterson et al. 2004) and G is
the gravitational constant. We estimate the width of the C1v emis-

sion line AV = 246372 km ~!, which is less than the value o, ~
2780km ~! derived by Vanden Berk et al. (2001). We find Mpy =
6.8741 x 10 M. This is slightly lower than the mean BH mass
derived by Vestergaard et al. (2008) for quasars of this luminosity
at this redshift but well within the overall scatter.

6 CONCLUSION

The analysis of H,, C1, O1and Si 1 absorption lines from the molec-
ular DLA system at z,,s = 2.3377 toward Q1232+082 has shown
that the intervening absorbing cloud is not covering the background
source totally. We used a curve of growth and a profile fitting anal-
ysis to estimate the partial covering factor. The different methods
yield covering factors of the H,-bearing core (as traced by H, and
C1) to be =48, 66 and 75 per cent for the C1v, Cm1 and Lyman g—
O vi emission lines whilst the QSO intrinsic continuum is covered
completely. The O111302 and SinA1304 absorptions cover only
~94 per cent of the Lyman « emission.

According to the generally accepted model of AGN, broad emis-
sion lines are emitted by warm and highly ionized gas located in the
BLR with transverse dimension of the order of ~1 pc. The quasar
continuum is produced by the inner part of the accretion disc, which
linear size is several orders of magnitude less than the BLR size.
Thus the most probable explanation of the observed partial cover-
age is the comparable angular sizes of the BLR and the compact
H,-bearing absorption cloud. The fact that the continuum is com-
pletely absorbed makes other explanations such as the presence of
a binary quasar or gravitational lensing less plausible.

We derived the linear extent of the H,-bearing cloud and neutral
envelope to be Iy, ~ 0.157003 pc and ly; ~ 8.2¥57 p, respectively.
Assuming that the H,-bearing component is spherical in shape, we
estimate the size of the C1v BLR to be ~0.2 pc. The large size we
derive for the neutral cloud extent together with the covering factor
of ~94 per cent of the Lyman « emission means that the Lyman
a BLR is probably fully covered but that the Lyman « emission
extends well beyond the extent of the C1v emitting BLR. In turn
this means that the extended Lyman « emission corresponds to about
6 per cent of the flux at the peak of the emission (over ~500km™").
Assuming the C1v BLR is virialized, we derive the mass of the
central Mgy = 6.8755 x 10 M.

Partial coverage of the background source by intervening clouds
has been observed a used to derive the radius of the clouds when
the background source is the combination of several gravitational
images (Petitjean et al. 2000a; Ellison et al. 2004). This is the first
time that partial coverage of a QSO BLR by an intervening cloud is
reported.

This kind of situation tests the kinematics of the BLR. Indeed we
see that the covering factor depends of the position of the absorption
on top of the emission line. This can be due to the presence of inflows
or outflows in BLR (Denney et al. 2009) which could be covered
differently or the BLR could have a disc-like structure implying the
projected velocity is correlated with the spatial position. Obviously
it will be difficult to disentangle the different kinematics. However,
it may be interesting to dramatically increase the quality of spectrain
which an intervening compact absorption system is observed. This
may reveal that partial covering factor is not unusual and could be
used to constrain the BLR structure.
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