
Durham Research Online

Deposited in DRO:

21 September 2021

Version of attached �le:

Published Version

Peer-review status of attached �le:

Peer-reviewed

Citation for published item:

Laloux, Brivael and Petitjean, Patrick (2021) 'Towards modelling ghostly damped Lys.', Monthly notices of
the Royal Astronomical Society, 502 (3). pp. 3855-3869.

Further information on publisher's website:

https://doi.org/10.1093/mnras/stab173

Publisher's copyright statement:

c© 2021 The Author(s). Published by Oxford University Press on behalf of Royal Astronomical Society. This is an
Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any
medium, provided the original work is properly cited.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for
personal research or study, educational, or not-for-pro�t purposes provided that:

• a full bibliographic reference is made to the original source

• a link is made to the metadata record in DRO

• the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full DRO policy for further details.

Durham University Library, Stockton Road, Durham DH1 3LY, United Kingdom
Tel : +44 (0)191 334 3042 | Fax : +44 (0)191 334 2971

https://dro.dur.ac.uk

https://www.dur.ac.uk
https://doi.org/10.1093/mnras/stab173
http://dro.dur.ac.uk/33907/
https://dro.dur.ac.uk/policies/usepolicy.pdf
https://dro.dur.ac.uk


MNRAS 502, 3855–3869 (2021) doi:10.1093/mnras/stab173
Advance Access publication 2021 January 22

Towards modelling ghostly damped Ly αs

Brivael Laloux1,2‹ and Patrick Petitjean3‹

1Centre for Extragalactic Astronomy, Department of Physics, Durham University, Durham DH1 3LE, UK
2National Observatory of Athens, V. Paulou & I. Metaxa, Metaxa 11532, Greece
3Institut d’Astrophysique de Paris, Sorbonne Universités and CNRS, 98bis Boulevard Arago, F-75014 Paris, France

Accepted 2021 January 15. Received 2021 January 15; in original form 2020 August 17

ABSTRACT
We use simple models of the spatial structure of the quasar broad-line region (BLR) to investigate the properties of so-called
ghostly damped Ly α (DLA) systems detected in Sloan Digital Sky Survey (SDSS) data. These absorbers are characterized by the
presence of strong metal lines but no H I Ly α trough is seen in the quasar spectrum indicating that, although the region emitting
the quasar continuum is covered by an absorbing cloud, the BLR is only partially covered. One of the models has a spherical
geometry, another one is the combination of two wind flows, whereas the third model is a Keplerian disc. The models can
reproduce the typical shape of the quasar Ly α emission and different ghostly configurations. We show that the DLA H I column
density can be recovered precisely independently of the BLR model used. The size of the absorbing cloud and its distance to
the centre of the AGN are correlated. However, it may be possible to disentangle the two using an independent estimate of the
radius from the determination of the particle density. Comparison of the model outputs with SDSS data shows that the wind and
disc models are more versatile than the spherical one and can be more easily adapted to the observations. For all the systems,
we derive log N(H I)(cm−2) > 20.5. With higher quality data, it may be possible to distinguish between the models.

Key words: quasars: absorption lines – quasars: emission lines.

1 IN T RO D U C T I O N

One of the most challenging issues in quasar physics is to understand
how black holes are fed with infalling gas. The infall of gas on to
the host-galaxy occurs preferentially through cold streams along
the filaments of the cosmic web (van de Voort et al. 2012). So
far, no direct robust observational evidence has been found for the
existence of this infalling gas (Christensen et al. 2006; O’Sullivan
et al. 2020). Instead, outflows driven by active galactic nuclei (AGN)
are ubiquitously observed as blueshifted absorption features in quasar
spectra at any redshift (Rankine et al. 2020).

The infalling gas must be compressed when reaching the disc of the
galaxy and the compressed gas could give rise to a DLA in the quasar
spectrum. Since the DLA and the background quasar are located at
almost the same redshift, the DLA can act as a natural coronagraph,
blocking the quasar blazing radiation in Ly α. This can allow us,
depending on the dimension of these so-called eclipsing DLAs, to
detect fainter emission from star-forming regions in the host galaxy
and the extended quasar halo and/or to observe the narrow-line region
(NLR) of the AGN. The leaked emission from these regions can be
detected as a narrow Ly α emission in the DLA trough (Hennawi
et al. 2009; Finley et al. 2013).

If the absorbing cloud gets denser, smaller, and closer to the quasar,
then we expect the narrow emission line in the DLA trough to increase
in strength. In extreme cases where the hydrogen density is very high
(i.e. nH I > 1000 cm−3) and the cloud size is smaller than the size of
the quasar broad-line region (BLR), the leaked broad Ly α emission

� E-mail: brivael.laloux@hotmail.fr (BL); ppetitje@iap.fr (PP)

from the BLR can fill the DLA trough completely and the DLA
absorption profile is therefore not seen in the spectrum (Fathivavsari
et al. 2016). This is why these DLAs are called ghostly-DLAs. The
characterization of this kind of systems is extremely important to
understand the details of how the neutral gas ends up at this position
in such a harsh environment.

Conversely, the fact that a cloud smaller than the typical BLR size
only partially covers the emission can constrain the spatial structure
of the emission. These systems are potentially a powerful tool to
study the structure of the BLR.

The BLR is thought to be composed of approximately virialized
gas in the vicinity of the black hole (Netzer 2008). From this
idea, it is possible to derive the typical size of the emission by
performing reverberation mapping analysis (Shen et al. 2019). These
studies reveal an expected correlation between the BLR size and
the central luminosity (Bentz et al. 2013). However, it is also
possible that at least part of the broad emission lines are produced
by outflowing material launched from near the accretion disc. This is
most strikingly suggested by observations of broad absorption lines
(BALs) in about 20 per cent of quasars and the link between the
emission lines and BALs has been studied in details (Matthews et al.
2020). Observationally, reverberation mapping of the H β emission
of quasars at low redshift has resulted in constraining the geometry
and kinematics of the region emitting this line. Grier et al. (2017)
found these emission regions to be thick discs that are close to face-
on to the observer with kinematics that are well described by either
elliptical orbits or inflowing gas. Time lags as a function of the
velocity across the H β emission-line profile have been measured in
a number of AGNs. Various kinematic signatures have been found in
the different objects; these kinematic signatures are mostly virialized
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motions and inflows but also outflows (Du et al. 2016; Hamann et al.
2018; Giustini & Proga 2019).

These studies have been complemented by analysis of mi-
crolensing amplification of quasar continua and emission lines.
Microlensing-induced line profile deformations analysis can con-
strain the BLR size, geometry, and kinematics (Schneider &
Wambsganss 1990). Comparisons with models reveal that strong
microlensing effects put important constraints on the size of the
BLR (Braibant et al. 2017). Comparisons with observations show
that flattened geometries (Keplerian disc and equatorial wind) can
more easily reproduce the observed line profile deformations than a
biconical polar wind (Hutsemékers et al. 2019).

In this paper, we construct simple models of the BLR, partially
covered by an absorbing cloud, and use these models to characterize
and fit observations of quasar spectra bearing ghostly-DLAs. In these
spectra, although a DLA cloud is present in front of the quasar, no
Ly α trough is detected whereas a Ly β trough, when redshifted in
the observed wavelength window, is clearly seen. We use the fact
that only part of the BLR is covered to investigate whether it will
be possible to differentiate between models and to constrain some
properties of the BLR and of the absorbing cloud. An important
starting point of our models is that we require them to reproduce the
typical spectrum of a bright high-redshift quasar represented by a
quasar template.

We describe the models in Section 2, explore how the models
can produce ghostly-DLAs in Section 3, investigate the use of the
models by fitting mock spectra in Sections 4 and 5, fit real SDSS
data in Section 6, and draw conclusions in Section 7.

2 MODELLING THE QUASAR SPECTRUM

In the following, we model the quasar spectrum in the Ly α and
Ly β emission regions. The quasar is described as a central point-
like source emitting a power-law continuum surrounded by a BLR
described as a distribution of clouds with particular spatial and
kinematic structures (see below) and a more extended NLR. Each
cloud of the BLR is supposed to emit the same amount of Ly α

photons. The rest-frame emission of each cloud is modelled as
a Gaussian emission line of width FWHM = 50 km s−1. The
stratification of the BLR is defined by the density of clouds through
the structure. Transfer of Ly α photons is not considered, which
means that we assume the covering factor of the BLR clouds to be
small. The BLR emission line is the superposition of the individual
emissions of the clouds after taking into account their velocities. We
add a narrow emission line to the spectrum corresponding to the
NLR emission. This region will be assumed not to be covered by
the absorbing cloud. As described below, we will use three different
geometrical models of the BLR: a spherical model, a wind model,
and a Keplerian disc model.

The typical radius of the high-redshift quasar BLR is of the order
of 1 pc. However, our models do not depend on the exact radius of
the BLR and in the following, radial dimensions in the BLR or in
the cloud will be defined as the unit free ratio r ≡ r0/rBLR, where r0

is the real radial dimension and rBLR is the BLR radius, both in pc
units.

To adjust the parameters of the models, we fit their outputs to
a composite quasar spectrum obtained using 2200 quasar spectra
of the Sloan Digital Sky Survey (SDSS; Vanden Berk et al. 2001).
Since we are interested in the quasar Ly α emission, we subtract
the N V emission from the template. For this, we fit the composite
spectrum with two sets of two Gaussians representing the Ly α and
N V emissions. The widths of the Gaussian functions are the same for

Figure 1. Comparison of spectra derived from the spherical model with the
quasar composite spectrum after subtraction of the quasar continuum and
the N V emission and represented by the black line. The blue, red and green
curves correspond to σ 0 = 9000 km s−1 and rmin = 0.01, 0.05, and 0.1,
respectively.

the two emissions. We then remove the contribution of the N V λ1240
emission line to obtain the typical Ly α quasar emission (represented
by the black line on e.g. Fig. 1).

To model the spectrum of a ghostly-DLA, we will add an absorbing
cloud on top of the continuum and the BLR emission, the NLR
staying uncovered.

2.1 Spherical model

In this model, the distribution of point-like clouds around the quasar
is spherical. The density of clouds depends on the distance to the
centre r and is given by the following density profile:

n = n0

(
r

rmin

)−α

, (1)

where n0 is the number of emitting clouds at the internal radius rmin,
the sphere being empty from r = 0 to rmin. We use α = 0.5.

The velocity of each cloud relative to the observer is random and
follows a Gaussian probability function of dispersion σ (Done &
Krolik 1996). This dispersion depends on the distance to the centre
and behaves according to Keplerian laws:

σ = σ0

(
r

rmin

)−0.5

, (2)

where σ 0 is the maximum dispersion.
To fill the BLR with clouds, the sphere is divided into 1100 layers

in which emitting clouds are randomly distributed one by one until
reaching the desired density in the layer. The first inner layer has
1100 clouds. The total number of clouds in the BLR is 356 400.
These numbers are chosen so that the resulting spectrum is smooth
enough keeping the computing time reasonable.

Given the above velocity law, it happens that amongst the two
parameters that determine the width of the BLR Ly α emission, rmin

and σ 0, rmin is the most important. In Fig. 2, we represent the Ly α

emission of the BLR for three different values of rmin and σ 0.
In Fig. 1, we fit the composite spectrum (after subtraction of the

quasar continuum) with a modelled quasar spectrum built from the
addition of the BLR and NLR emissions.

We find that the spectrum is reasonably well reproduced with
0.03 ≤ rmin ≤ 0.05 and 8500 ≤ σ 0 ≤ 10 000 km s−1. The width of
the NLR emission is in the range 400–700 km s−1. For the rest of
this paper, we will fix rmin = 0.05 and consider σ 0 and the width of
the NLR as free parameters.

MNRAS 502, 3855–3869 (2021)
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Modelling ghostly DLAs 3857

Figure 2. Modelled Ly α emission spectra of the spherical BLR model as a
function of the maximum standard deviation (8000, 10 000, and 12 000 km s−1

for the green, red, and blue curves, respectively) for different inner radius,
rmin = 0.01, 0.05, and 0.1, for the top to bottom panels, respectively.

Figure 3. Layout of the spherical BLR model (panel a) and its corresponding
spectrum (panel b). In the top left-hand panel, the colour scale corresponds
to the velocity (in km s−1) of the clouds relative to the observer. In the right-
hand panel, the blue dots illustrate the variation of the density of clouds in the
BLR. In panel (b), the composite quasar spectrum is fitted with the spherical
model with σ 0 = 10 000 km s−1, a BLR/NLR strength ratio of 2.33 and the
width of the narrow line of 500 km s−1. The contributions of different regions
of the BLR (inner for 0 < r < 0.33, middle for 0.33 < r < 0.66, and outer
for 0.66 < r <1) are singled out and shown as red, green, and blue lines
respectively.

The spatial layout of the emitting clouds in the BLR and the
corresponding spectrum for the spherical model are shown in
Figs 3(a) and (b), respectively. The dots are coloured according to
their velocity relative to the observer in the left-hand panel. In the
right-hand panel, the dots are plotted with the same colour to better
illustrate the variation of the density within the BLR.

We then single out three regions as a function of their distance
to the centre, the inner region from the centre to r = 0.33, the
intermediate region from r = 0.33 to 0.66, and the outer region from
r = 0.66 to 1. Their respective contributions to the spectrum are

Figure 4. Sketch of the wind model with an inclination of the model axis
relative to the line of sight to the observer, i ∼ 85◦. In red, the polar wind
with an opening angle acone = 45◦. In blue, the equatorial wind with an angle
atorus = 15◦. Both winds have an internal radius rmin = 0.1 and an external
radius rmax = 1.

represented in Fig. 3(b) by a red, green, and blue line, respectively.
Dots located near the centre have a larger dispersion in velocities (see
equation 2) than the one located further away, this is why the wings
of the spectrum are only produced by the emitting clouds located in
the centre.

2.2 Wind model

The second model is a combination of two models described in
Braibant et al. (2017). We associate two winds, one equatorial and
one polar (see Fig. 4). The velocity and density of the point-like
clouds within the wind are described below.

As shown in blue in Fig. 4, the equatorial wind is a torus with an
angle atorus = 15◦ as in Braibant et al. (2017). In red, the polar wind
is composed of two opposite cones with an opening angle acone =
45◦. The later value is a compromise. Indeed, a smaller value would
result in a gap on top of the emission line, when a larger value would
mingle the contributions of the two winds implying a result close to
the spherical distribution. The cone and the torus are coaxial. The
outer limit of both winds are rmax = 1 as for the spherical model but
the inner radius is fixed at rmin = 0.1. The spectrum is much less
sensitive to the later parameter as compared to the spherical model.

The point-like clouds in the wind flows have a radial velocity
relative to the centre given by the following law:

v(r) = vmax ln

(
1 + r

rmax
(e1 − 1)

)
. (3)

vmax is the maximal velocity of these clouds, reached at the maximal
considered distance rmax = 1. Since the AGN winds are radiative
pressure driven, the clouds are accelerating outwards. The acceler-
ation should decrease with the distance. This is why we chose a
logarithmic velocity law for which the velocity is null at r = 0 and
which reproduces better the shape of the quasar Ly α emission. The
ad hoc factor (e1 − 1) was added only to fulfill the condition v(r =
rmax) = vmax.
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Figure 5. In the first row, the layouts of the wind model BLR are represented for different inclinations: i = 20◦, 40◦, 60◦, and 80◦. Their respective spectra,
with no NLR emission added, are shown in the second row. The colour of the dots representing the emitting clouds are scaled as shown on the right-hand side
of the top panels. The total spectrum (black line, middle row) is the sum of three contributions from the torus (blue line), the front cone (red line), and the back
cone (green line) shown in the bottom row.

The emitting clouds are not homogeneously spread inside the
winds. The density of clouds is obtained by imposing the flux of
clouds crossing the boundary of the layers to be conserved through
the wind flow. We use 750 layers and the first of them has 750 clouds
in it, for a total of 350 252 emitting clouds inside the BLR. The
number of layers and the number of clouds inside the first one are
chosen such as the resulting spectrum is smooth and the wind model
has a similar total number of clouds as the spherical one.

We then construct the observed spectrum by defining the observer
position relative to the model axis. In this model, it must be noted that
we only need one angle that is the inclination, i, of the axis relative
to the line of sight to the observer. Indeed, by axial symmetry, all
other positions will be recovered by a simple rotation.

Due to its peculiar geometry, the spectrum produced by the wind
model varies as a function of the inclination, i, of the BLR. Fig. 5
shows the spatial layout of the BLR and its corresponding spectrum
for four values of the inclination : i = 20◦, 40◦, 60◦, and 80◦. In
the same way as for the spherical model, the colour of the dots
indicates their velocity relative to the observer. However, due to the
representation, it should be reminded that when projected in the same
region of the sky, the blueshifted dots are hiding the redshifted ones,
and thus for instance a DLA cloud located in the centre of a BLR
with i = 20◦ will not only obscure the blueshifted contribution but
also the redshifted one not represented here. We have not added an
NLR emission here to have a better insight on the contribution of
each part of the BLR.

At low inclination angle, the absolute projected velocity of the
clouds in the torus are small and accordingly the torus contribu-
tion is a narrow component centred at zero velocity whereas the
contributions by the cones are spread at higher velocities and are
well separated. When the inclination increases, the contribution by
the torus is more spread over the velocities and is mixed with the
contributions by the cones.

As an example, we show in Fig. 6 that we can reproduce the
composite spectrum with typical parameters: i = 60◦, vmax =

Figure 6. Comparison of the composite spectrum (Vanden Berk et al. 2001)
after subtraction of the quasar continuum and the N V emission (black dashed
line) with a spectrum obtained with the wind model (see the text). The model
(black solid line) is the sum of the BLR and NLR contributions (red and blue
solid lines, respectively).

9500 km s−1, the width of the narrow line is 500 km s−1, and the
BLR/NLR strength ratio is 2.33.

2.3 Keplerian disc model

We use a simplified version of the model described in Pancoast,
Brewer & Treu (2014) and favoured by interferometric observations
(Gravity Collaboration et al. 2018). The model consists of a thick
disc with half-opening angle θ0 = 45◦ in which point-like emitting
clouds are moving along circular orbits around the black hole (see
Fig. 7). The emitting clouds are assigned a distance to the centre with
the following distribution:

r = rmin + g

(
1

β2

)
× (1 − F )β2 rBLR, (4)

where g
(
1/β2

)
is a gamma distribution with a shape parameter β

= 1.4 and F = rmin/rBLR with rmin = 0.1 and where rBLR is the mean
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Modelling ghostly DLAs 3859

Figure 7. Top panel: sketch of the cut view of the Keplerian disc model. The
opening angle of the disc is θ0 = 45◦. Bottom panels: radial (left-hand panel)
and angular (right-hand panel) cloud density probabilities.

radius of the BLR. We use the dimensions of the model by Gravity
Collaboration et al. (2018) so that rBLR = 0.42. As for other models,
the maximum radius of the BLR is rmax = 1.

The azimuth θ of the clouds follows an exponential probability
distribution of scale height θ0/4 as presented in Fig. 7(b).

The velocity of the clouds is given by

v(r) = v0 ×
√

rmin

r
, (5)

with v0 being a free parameter. The direction of the velocity is
perpendicular to the radius of the orbit. The total number of clouds
in the BLR is 350 000 such as it matches with the previous two other
models.

As it can be seen on the right-hand panel of Fig. 8, blueshifted
clouds are located on one side of the plane when redshifted clouds
are located on the other side.

The left-hand panel of Fig. 8 shows the fit of the quasar template
with this model. It can be seen on the figure that the BLR spectrum
shows two peaks widely separated implying that the needed NLR
emission has a broader width, FWHM = 900 km s−1 in this case.
The main parameter of the model is the inclination, i, between the
disc axis and the line of sight to the observer.

3 G H O S T LY D L A S

A ghostly-DLA is the result of the presence of a small absorbing
cloud in front of the BLR. The cloud is small enough so that part of
the BLR is not covered. One very important observational fact to bear

Figure 8. Left-hand panel: fit of the quasar composite spectrum by the
Keplerian disc model. The quasar continuum and the N V emission have
been subtracted beforehand. Total, BLR, and NLR spectra are represented
by red, blue, and green curves, respectively. Right-hand panel: The relative
projected velocities of the emitting clouds are represented by dots with colours
indicating their direction. The inclination of the disc is i = 40◦. To ease the
visualization, the edges of the disc are represented by full lines when they
are on the side of the observer and dotted lines when they are hidden on the
opposite side.

in mind is that the cloud must cover the central source of continuum.
Indeed, ghostly-DLAs are identified by the presence of strong metal
absorption lines some of them being redshifted in spectral regions
devoid of any emission line.

After placing the DLA-cloud in front of the BLR, we define which
emitting clouds are covered and which are not. We derive the total
emission of the covered region and apply to the resulting spectrum
the absorption by the amount of neutral hydrogen in the cloud. We
then add to the absorbed spectrum the contribution of the uncovered
part of the BLR.

For simplicity, we consider a cylindrical absorbing cloud of radius
rcloud and constant column density. The resulting spectrum depends
on several characteristics of the absorbing cloud: its column density
(which can be estimated from the Lyman series absorptions when
these lines are seen in the quasar spectrum), its position, its size;
but it depends also on the inclination of the BLR with respect to the
observer in the case of the wind and disc models.

In the following, we illustrate the impact of an absorbing cloud
on the modelled quasar spectra. We impose the BLR models to
reproduce the template quasar emission and therefore fix parameters
so that models do so (see the previous section).

For this exercise, we assume that the quasar continuum has the
same density flux as the top of the Ly α emission line that is
typical of bright quasars at these redshifts and that the column
density of the absorbing cloud is log N(H I)(cm−2) = 21. In addition,
we intentionally minimize the flux from the NLR component to
illustrate better the consequences of partial coverage of the BLR.
In the two following subsections, we do not add any NLR
emission.

3.1 Position of the cloud

Given the symmetries of the models, the position of the absorbing
cloud has more impact on the resulting spectrum for the wind and
disc models.

In the left panel of Fig. 9, we present spectra obtained with the wind
model assuming an absorbing cloud located at the different positions
indicated in the right panel. The inclination of the cone is 60◦ and
the cloud has a radius rcloud = 0.4. The unabsorbed quasar spectrum
is shown as the dotted black line and the green line represents the
spectrum of the quasar with the cloud centred at (− 0.6, 0), thus not
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3860 B. Laloux and P. Petitjean

Figure 9. The left panel shows spectra built with the wind model (with i = 60◦) and an absorbing cloud located at different positions as indicated in the right
panel. The absorbing cloud has a column density log N(H I)(cm−2) = 21 and a radius rcloud = 0.4. The quasar spectrum without any absorption and with no
NLR emission is represented with a dotted black line.

covering the source of continuum located in the centre. The other
positions of the cloud are at (− 0.4, 0) (red solid line), (0,0) (blue
solid line), and (0,0.4) (yellow solid line). Note that, by symmetry,
the spectrum will be the same if the cloud is centred at (0, −0.4)
or at (0,0.4). For the same reason, when the cloud is at (0.4,0) the
spectrum will be the mirror version (relative to the zero velocity) of
the spectrum when the cloud is at (− 0.4, 0). Indeed, the covered
BLR-emitting clouds moving toward the observer in one case are
moving away in the other case. One can notice that the absorption is
more important when the cloud is centred at (0,0). This is due to the
higher density of emitting clouds at small distances from the centre.
Only a small fraction of these numerous low-velocity-emitting BLR
clouds are covered by the absorbing cloud when located far from the
centre. One can also notice the asymmetry in the (− 0.4, 0) spectrum
due to the majority of emitting clouds with negative velocity covered,
whereas the (0,0.4) spectrum is symmetric due to the same number
of emitting clouds with negative and positive velocities covered. One
can argue none the less that the difference between the two cases is
rather small, but in other situations, the difference could be more
significant.

In the left panel of Fig. 10, we present the spectra obtained with
the disc model assuming an absorbing cloud located at the different
positions indicated in the right panel, which are identical to those
used for the wind model. The spectra look similar to that of the
wind model but with a symmetry relative to the y-axis instead of a
symmetry relative to the x-axis. It is apparent however that, because
of the large opening angle of the disc, the red and blue peaks in
the corresponding quasar spectrum are less absorbed resulting in
the wings of the absorption trough to be steeper. The resulting two
emission peaks on both sides of the absorption are more distant
compared to the wind model. This implies that the NLR emission,
needed to fill the residual absorption, will have to be broader for
these models than for the wind model. This could imply that for a
fixed radius the absorbing cloud should be closer to the AGN in order
to avoid absorption of the central part of the NLR where velocities
are expected to be larger.

3.2 Size of the cloud

Fig. 11 shows how the spectrum evolves with the size of an absorbing
cloud centred at (0,0) for the three models, the spherical model (upper
panel), the wind model (middle panel), and the disc model (bottom
panel).

The continuum and the BLR flux levels have been fixed to 1 and
the absorbing cloud column density is still log N(H I) = 21.0. For
the wind and disc models, the inclination of the model axis is 60◦

and 40◦, respectively. As one could expect, the absorption is getting
more prominent when the size of the absorbing cloud increases. One
can see that it is easy to reproduce a ghostly-DLA for the spherical
and wind models without tuning the parameters. It is possible to
hide the absorption even more by decreasing the ratio between the
continuum and the BLR fluxes. This is obtained without adding an
NLR emission that is not absorbed and would fill in part if not all
of the residual absorption. To obtain a ghostly-DLA with the disc
model is more difficult and a stronger NLR is needed.

3.3 Examples

With the models, we can tune the parameters to obtain spectra of
different types of quasar Ly α emission lines. As said before and
derived from observations, we impose the cloud to cover the quasar
source of continuum. We also add a weak NLR emission. In Figs 12–
14 for the spherical, wind, and disc models, respectively, we show
the spectrum of a quasar with no absorption (upper right panel), and
the same with an absorbing cloud in front (two other panels). The
corresponding spatial structure is shown in the left-hand panels. It
can be seen that the spectra in the middle panels correspond to an
eclipsing DLA, where the absorbing cloud behaves as a coronagraph
and only a weak narrow Ly α emission is seen in the bottom of
the trough (Finley et al. 2013). The spectra in the bottom panels
correspond to ghostly-DLAs. To obtain an eclipsing DLA-QSO in
the case of the spherical and disc models, the radius of the absorbing
cloud must be large enough to cover a significant portion of the
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Figure 10. The left panel shows spectra built with the disc model (with i = 40◦) and an absorbing cloud located at different positions as indicated in the right
panel. The absorbing cloud has a column density log N(H I)(cm−2) = 21 and a radius rcloud = 0.4. The quasar spectrum without any absorption and with no
NLR emission is represented with a dotted black line.

Figure 11. Spectra obtained with the spherical model (upper panel), the
wind model (middle panel), and the Keplerian disc model (lower panel) with
an absorption cloud located at (0,0) and with a radius of 0.1 (black line), 0.2
(green line), 0.4 (red line), 0.6 (blue line), and 0.8 (yellow line).

BLR. Whereas the cloud can be smaller in the case of the wind
model geometry.

On the other hand, to obtain a ghostly-DLA, the absorbing cloud
must be rather small so that the non-covered emission fills up at least
part of the absorption. A high BLR flux relative to the continuum flux
also helps to obtain such ghostly-QSOs. More importantly, a strong
NLR emission can fill in the trough as soon as the width of the DLA
absorption trough matches the width of the NLR emission.

The evolution of the models as a function of the different
parameters is discussed in more details in the next section.

4 IN V E S T I G AT I O N O F TH E M O D E L S

Our main objective is to extract any information on the BLR structure
and on the characteristics of the absorbing cloud from observations of
ghostly-DLA QSOs by comparing the quasar spectra with the outputs
of our models. Before performing direct comparison, we would like

to gain insight on which parameters can be constrained best. To do
so, we will construct realistic mock spectra and fit them back with
our models.

4.1 Mock spectra

Mock spectra are built from the models described earlier. We impose
parameters so that the modelled emission spectrum fits the quasar
composite spectrum. We then choose the parameters of the absorbing
cloud: its size, position, and column density, in such a way that
the corresponding spectrum belongs to the ghostly-DLA category.
An important characteristic of these spectra is that the source of
the quasar continuum located at the centre of the models must
be covered by the absorbing cloud. Indeed, strong metal lines are
observed associated with ghostly-DLAs some of them redshifted in
wavelength ranges devoid of emission lines.

Noise is added to the modelled spectrum with a given signal-to-
noise ratio (S/N) and the spectrum is rebinned to a spectral resolution
R. For each model, we will consider spectra with R = 2500 and
S/N = 10 on the one hand and R = 5000 and S/N = 50 on the
other. The first case (LR for low resolution) corresponds roughly
to the characteristics of good SDSS spectra. The second case (HR
for high resolution) investigates what could be done with better data
that could be obtained with e.g. XSHOOTER on the VLT. Given the
width of the lines, higher spectral resolution is not needed.

The chosen parameters for the models are presented in the
first row of Tables 1–3 for the spherical, wind, and disc models,
respectively.

4.2 Fit of mock spectra

Once a mock spectrum has been generated, it is fitted with the three
models in order to estimate the degeneracy between models and to
evaluate our capability to recover some of the true parameters. For
this, we compute the reduced χ2 between the mock spectrum and
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Table 1. Results from the fit of a mock spectrum constructed with the spherical model in two versions LR and HR.

No. Method Quality N(H I) Radius x coordinate y coordinate Inclination Strength NLR Strength BLR χ2

1 Spherical NA 20.6 0.3 0.0 0.0 NA 0.60 1.40 NA

2 Spherical LR 20.6 0.4 0.24 0.0 NA 0.59 1.40 1.01
3 Spherical HR 20.6 0.5 0.12 0.0 NA 0.66 1.39 1.13

4 Wind LR 21.0 0.2 0.0 0.18 50 0.29 1.89 1.03
5 Wind HR 21.0 0.1 0.0 0.0 50 0.01 1.81 2.11

6 Disc LR 20.3 0.2 0.04 − 0.02 30 0.88 0.90 1.06
7 Disc HR 20.3 0.1 0.07 − 0.07 30 0.79 0.91 3.52

8 Wind LR 20.6a 0.9 0.09 0.81 50 0.86 1.58 1.11
9 Wind HR 20.6a 0.8 0.0 0.72 50 0.93 1.57 4.12

10 Disc LR 20.6a 0.9 0.09 0.18 0 1.11 5.37 1.13
11 Disc HR 20.6a 0.2 0.18 − 0.04 20 0.68 1.18 4.72

Notes. The input parameters are indicated in the first row. We fit the low- and high-resolution spectra with the spherical, wind, and disc models to try to recover
the input parameters. The parameters of the best fits for the different models are presented in rows 2–7. When the fit recovers the initial parameter within 10 per
cent, the value is printed in boldface. aThe second part of the table (rows 8–11) shows the same with the neutral hydrogen column density fixed at the correct
value (20.6) as indicated by an "a".

Table 2. Results from the fit of a mock spectrum constructed with the wind model in two versions LR and HR.

No. Method Quality N(H I) Radius x coordinate y coordinate Inclination Strength NLR Strength BLR χ2

1 Wind NA 20.3 0.4 0.16 0.32 60 0.6 1.4 NA

2 Wind LR 20.3 0.4 0.08 0.36 50 0.80 1.31 0.86
3 Wind HR 20.3 0.6 0.60 0.0 60 0.56 1.40 1.11

4 Spherical LR 20.3 0.3 0.30 0.0 NA 0.57 1.16 1.08
5 Spherical HR 20.3 0.1 0.1 0.0 NA 0.37 1.17 5.22

6 Disc LR 20.3 0.6 0.0 − 0.30 0 0.57 4.25 0.97
7 Disc HR 20.3 0.7 0.07 − 0.56 0 0.0 4.28 3.82

Notes. The input parameters are indicated in the first row. We fit the low- and high-resolution spectra with the spherical, wind and disc models to try to recover
the input parameters. The parameters of the best fits for the different models are presented in rows 2–7. When the fit recovers the initial parameter within 10 per
cent, the value is printed in boldface.

Figure 12. Examples of spherical model spectra (right-hand column) and
their corresponding spatial structure (left-hand column). From the top to
bottom: regular QSO, eclipsing DLA QSO, ghostly-DLA QSO.

the models built with every possible parameter combination. The
reduced χ2 is computed as follows:

χ2 = 1

n − m

∑
i

(Oi − Mi)2

σ 2
i

, (6)

where n is the number of pixels, m the number of fitted param-
eters, Oi the observation, Mi the model, and σ 2

i the variance of

Figure 13. Examples of wind model spectra (right-hand column) and their
corresponding spatial structure (left-hand column). From the top to bottom:
regular QSO, eclipsing DLA QSO, ghostly-DLA QSO.

the data. As the far wings of the emission are not well repro-
duced by our simplified models,the χ2 computation is performed
taking into account only the pixels between −7000 and +7000
km s−1.

We vary the parameters as follows:

(i) The radius of the absorbing cloud: every tenth of a distance
unit from 0.1 to 0.9.
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Modelling ghostly DLAs 3863

Figure 14. Examples of Keplerian disc model spectra (right-hand column)
and their corresponding spatial structure (left-hand column). From the top to
bottom: regular QSO, eclipsing DLA QSO, ghostly-DLA QSO.

(ii) The x coordinate of the quasar: every tenth of the radius of the
cloud, going from 0 to rcloud for the spherical and disc models and
from −rcloud to rcloud for the wind model.

(iii) For the wind and disc models, the y coordinate: every tenth
of the radius of the cloud such as

√
x2 + y2 < rcloud. For the wind

model, y ≥ 0, whereas it can be positive or negative for the disc
model.

(iv) For the wind and disc models, the inclination of the BLR:
every 10◦, from 0◦ to 90◦.

(v) The column density: 12 values between log N(H I) = 19.0 and
21.4.

(vi) The strengths of the NLR and BLR emissions are varied only
slightly to optimize the fit.

Note that we fix the width of the NLR to FWHMNLR = 600 km s−1

and the maximal velocity vmax = 10 000 km s−1 for the spherical and
wind models. For the disc model, the width of the NLR component
is also fixed but at FWHMNLR = 950 km s−1.

We vary the free parameters and compare the mock spectra with
hundred of thousands of models. In reality, note that the column
density for some ghostly-DLAs with high enough redshift could be
inferred from the Lyman series. We however want to check if our
method can recover the correct column density in case these lines
are not available in the observed wavelength window.

4.3 Spherical model

Parameters from which we construct the mock spectrum of the
spherical model are listed in the first row of Table 1. Since the BLR
is a sphere, no inclination is needed but also, due to axial symmetry,
the cloud is only moved along the x-axis, and the y coordinate is kept
equal to 0.

We then fit the mock spectrum in its two versions, LR and HR,
with the spherical, wind, and disc models. Results of the best fits are
given in Table 1 from row 2 to 7.

The fits of the LR spectrum are equally good for all models due
to the noise hiding the differences between the models. On the other
hand, not surprisingly, the spherical model gives the best fit in HR.
This is encouraging because this exercise shows that we may be able
to distinguish between the three models providing good data with
sufficiently high spectral resolution and S/N are available.

When the redshift of the system is high enough, the absorptions
from the other Lyman series lines are seen in the quasar spectrum
(Fathivavsari et al. 2016) and the neutral column density can be

derived directly from these absorptions. We have therefore fixed
the column density to the correct value and reproduce the exercise.
The results are presented in Table 1 from row 8 to 11. We can
notice higher χ2 values for the wind and disc models, which makes
the spherical model even more distinguishable from the other two
models.

The ratio between BLR and NLR emissions is approximately
retrieved. This is however not the case for the size of the DLA-
cloud and its position even for the spherical model in HR. We will
discuss further in the next section the constraints derived on the
parameters.

Figs 15(a) and (b) show the mock spectrum (black line) in LR and
HR versions, respectively, along with the best fit for all models. It
can be seen that at low resolution and low S/N, it is not possible to
discriminate between the three models. However, differences appear
at higher resolution and S/N. The disc model fails to reproduce the
shape of the trough. On the other hand, one can see that the wind
model can reproduce the overall shape of the emission but fails to
reproduce the far wings of the line and the two peaks of the emission
differ slightly from the spherical ones. Note that the far wings are
not taken into account in the fit as they may be a poor discriminant
because of the simplicity of our models. In contrast, the differences
seen in the shape of the peaks could be a good indicator to look at in
real data providing the quality of the data is high enough.

4.4 Wind model

We construct a mock spectrum using the wind model, the input
parameters of which are given in the first row of Table 2.

We then fit the mock spectrum in its two versions, LR and HR,
with the spherical, wind, and disc models. Results of the best fits are
given in rows 2–7 of Table 2. From the χ2 values given in the table, it
is clear that we cannot discriminate between the different models in
LR. But, and as for the spherical model, we can do so if high-quality
(HR) data are available.

An important fact is that independently of the resolution or of the
model, the correct H I column density is recovered. However, this is
not the case for the other parameters except the inclination and the
BLR to NLR emission ratio for the wind model in HR.

Figs 16(a) and (b) show the mock spectrum (black line) in LR and
HR versions, respectively, along with the best fit for the three models.
Again, at low resolution and low S/N, it is difficult to discriminate
between the models even though the spherical model (red line) seems
to show too flat peaks. This impression is confirmed in HR. We
observe in Fig. 16(b) that the flatness of the peaks of the spherical
model does not allow this model to fit the mock spectrum well. We
can also notice that the absorption feature of the mock spectrum
is asymmetric that cannot be reproduced by the spherical model.
Indeed, this asymmetry is the result of the spatial structure of the
BLR in the wind model. For the spherical model, the absorption is
bound to be symmetric as every cloud has the same probability to
have a positive or negative velocity. In other words, negative and
positive velocities are absorbed in the same way independently of
the position or the size of the absorbing cloud.

The disc model spectrum shows peaks with a flatness intermediate
between that of the spherical and wind models. The largest difference
between the disc model and the mock spectrum, although not
prominent, resides in the shape of the central part of the absorption
trough, which is due to the peculiar inclination of the disc.

As Table 2 shows, the best inclination is 0◦, which means that the
mean plane of the disc is perpendicular to the line of sight.
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Table 3. Results from the fit of a mock spectrum constructed with the disc model in two versions LR and HR.

No. Method Quality N(H I) Radius x coordinate y coordinate Inclination Strength NLR Strength BLR χ2

1 Disc NA 21.0 0.4 0.08 − 0.32 40 0.69 0.41 NA

2 Disc LR 21.0 0.4 0.0 − 0.40 40 0.61 0.37 0.82
3 Disc HR 21.0 0.4 0.08 − 0.32 40 0.69 0.41 1.26

4 Spherical LR 21.2 0.4 0.12 0.0 NA 0.44 0.86 1.06
5 Spherical HR 21.0 0.9 0.0 0.0 NA 0.83 0.70 5.67

6 Wind LR 21.2 0.7 − 0.28 0.56 60 0.38 1.04 0.90
7 Wind HR 21.2 0.9 − 0.72 0.09 70 0.52 1.40 2.58

Notes. The input parameters are indicated in the first row. We fit the low- and high-resolution spectra with the spherical, wind and disc models to try to recover
the input parameters. The parameters of the best fits for the different models are presented in rows 2–7. When the fit recovers the initial parameter within 10 per
cent, the value is printed in boldface.

Figure 15. A mock spectrum (black line) is constructed with the spherical
model in two versions, LR (panel a) and HR (panel b). Best-fitting models
using the spherical model (red line), the wind model (blue line), and the disc
model (yellow line) are overplotted. Note that far wings of the BLR emission
are not considered in the fit.

4.5 Keplerian disc model

As we did previously, we construct a mock spectrum with the
Keplerian disc model whose input parameters are displayed in the
first row of Table 3. The best fit parameters for each model in
LR and HR are presented in rows 2–7. The resulting χ2 values
indicate that the fits in LR are good for all three models. These
fits are significantly worse in HR for the spherical and wind
models, whereas the fit is good for the disc model, as expected.
Once again we can recognize the model used to built the mock
spectrum providing good spectral resolution and S/N are used for the
observations.

We notice that the column density is pretty well recovered for all
models. Besides, in HR, the fit using the disc model retrieves all the
input parameters including the BLR to NLR flux ratio, together with
the size and position of the absorbing cloud that is promising.

Figure 16. A mock spectrum (black line) is constructed with the wind model
in two versions, LR (panel a) and HR (panel b). Best-fitting models using the
spherical model (red line), the wind model (blue line), and the disc model
(yellow line) are overplotted. The far wings of the emission are not taken into
account in the fit.

In Figs 17(a) and (b), we display the mock spectrum together
with the best fits using the three models. We can see that even in
LR, the spherical model struggles to fit the mock spectrum properly
as it fails to reproduce the asymmetry of the trough. This is even
more apparent in HR. On the other hand, the wind model succeeds
to reproduce the overall shape of the line in LR and even in HR
except for some minor features.

4.6 Summary

From this study, we find that the model used to produce the mock
spectrum can be recovered for the three models. However, this is
valid only if the spectral resolution and the S/N are sufficient,
meaning that with the quality of SDSS data, the distinction will
be difficult. With higher quality data, some specific features can be
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Figure 17. A mock spectrum (black line) is constructed with the Keplerian
disc model in two versions, LR (panel a) and HR (panel b). Best-fitting models
using the spherical model (red line), the wind model (blue line), and the disc
model (yellow line) are overplotted. Note that the far wings of the emission
are not taken into account in the fit.

used to discriminate between models such as the asymmetry of the
trough rejecting automatically the spherical model. The flatness of
the spherical model peaks is also a good indicator. In general, the
wind and disc models are more versatile and are more difficult to
disentangle.

An important result is that even with LR data, we can derive a
good estimate of the H I column density. This will be investigated in
more details in the next section.

5 IN V E S T I G AT I O N S O F T H E PA R A M E T E R S

We have shown in the previous section that we can reproduce ghostly-
DLAs well and that there is a promising difference between models.
In this section, we will try to understand if, once a model is preferred,
we can derive quantitative constraints on parameters such as the
inclination of the BLR in the case of the wind and disc models and
the size, position and column density of the absorbing cloud.

To estimate these constraints, we first fix a reduced χ2 threshold
value to define an acceptable fit. Even though a χ2 closer to 1 is
considered better, a rule of thumb states that a value below 1.5
indicates an acceptable fit. It does not mean that a fit above this limit
is bad. It only gives us a way to compare χ2 values between the
different fits.

We use the same mock spectra built from the three models with
parameters as given in the first row of Tables 1–3 and we fit the mock
spectra with the best model as derived from the previous section.

In the following, we chose one input parameter, fix its value and
vary all other parameters deriving the minimum χ2. We finally vary
the value of the chosen parameter and study the evolution of this
minimum χ2.

Figure 18. Minimum χ2 as a function of the DLA column density for the
different mock spectra obtained, from the top to bottom panel, using the
spherical, the wind and the Keplerian disc model, respectively. In each panel,
the minimum χ2 evolution is plotted as a dashed line (resp. solid line) for
spectra in LR (respectively HR). The black vertical dotted lines correspond to
the input column densities. The thin black horizontal dotted lines correspond
to the χ2 = 1.5 threshold.

Figure 19. Minimum χ2 as a function of the inclination of the BLR with
respect to the observer for the wind model (top panel) and the disc model
(lower panel) mock spectra. On each panel, the minimum χ2 evolution is
plotted as a dashed line (respectively solid line) for spectra in LR (respectively
HR). The black vertical dotted lines correspond to the input inclination. The
thin black horizontal dotted lines correspond to the χ2 = 1.5 threshold.

5.1 Column density of the absorbing cloud

As said before, when the redshift of the absorber is high enough, the
DLA column density can be inferred from the absorption lines of the
Lyman series. However, in most cases, only the Lyα line wavelength
range is available.

Fig. 18 shows the minimum χ2 as a function of the neutral column
density for the three models in LR and HR. The minimum of each
curve is indicated by a coloured dot.

In the three cases, the correct N(H I) value indicated by a vertical
line is retrieved by the model that the mock spectrum is based on.
The determination is more precise with high-quality data (HR).

5.2 Inclination of the BLR

Fig. 19 represents the minimum χ2 as a function of the inclination
angle with respect to the observer for the wind and the disc mock
spectra. We do not use the spherical model as the later is symmetric
and has no inclination parameter.

The minimum value of each curve is indicated by a coloured
dot. We observe that the two curves have a minimum at the correct
inclination of the BLR of their respective mock spectrum. However,
the constraints are weak. Using the χ2 threshold given before, we
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Figure 20. Maps representing the χ2 as a function of the radius of the cloud
and its distance to the centre for the mock spectra obtained using the spherical
model in LR (left panel) and HR (right panel). The blue triangle indicates the
radius and distance used to obtain the mock spectrum. The χ2 colour scale is
shown on the right-hand side of the figure.

Figure 21. χ2 as a function of the position and radius of the cloud in HR
for the wind model. The best-fitting position is indicated by a blue triangle
whereas the two possible input positions are indicated by two black boxes.
There are two possible input positions due to the symmetry relative to the
x-axis.

cannot constrain the inclination when fitting LR spectra. With HR
spectra, the inclination is better constrained.

From this comparison, it is again clear that high-quality data are
needed to constrain this parameter within a decent error box.

5.3 Size and position of the absorbing cloud

It is easy to foresee that the position and size of the absorbing cloud
are degenerated parameters. The reason for this is that the emitting
cloud density in the BLR is decreasing outwards. Two absorbing
clouds with different radius can yield a similar spectrum provided
the largest one is located further away from the centre because it will
cover a larger but less dense region.

This is why for the three mock spectra with both resolutions, the
minimum χ2 as a function of the radius is almost constant and no
clear minimum is seen.

Here again, we will fit the mock spectra with the model that has
been used to construct it. The correlation between the cloud radius
and its distance to the centre is illustrated in Fig. 20, showing the χ2

as a function of those two parameters when using the spherical model.
It is interesting to note that with high-quality data, it is possible to
derive a lower limit of the radius, because the cloud must in any case
cover the central region where the quasar continuum is emitted. In
addition, the correlation between the distance to the centre and the

Figure 22. χ2 as a function of the position and radius of the cloud in HR for
the disc model. The best-fitting positions, which are also the input positions,
are indicated by two blue triangles. There are two possible input positions
due to the vertical symmetry.

radius of the cloud is tight, which means that the cloud cannot be
much larger than its distance to the centre. This is a very interesting
constraint as one could estimate independently the radius of the
cloud by deriving the particle density in case C I absorption lines are
detected (Fathivavsari et al. 2016).

For the wind and disc models, the χ2 does not depend only on the
radius and distance to the centre but also on the exact position of the
cloud therefore its x and y coordinates. Fig. 21 shows the χ2 at each
position of the cloud for a radius varying from 0.1 on the top left-hand
corner to 0.9 on the bottom right-hand corner with an increment of 0.1
when fitting the HR wind mock spectrum. In LR, almost all positions
of the absorbing cloud give a good fit and it is possible to constrain
neither the size nor the position. That is why only the HR version is
discussed here. It is apparent that the radius and the distance to the
centre are degenerated because tightly correlated for this model as
well. For each cloud radius, the best fit is obtained with a cloud at
a distance corresponding roughly to the radius. One can also notice
that the right-hand side of the BLR is clearly favoured in the fit. This
is due to the asymmetry of the absorption that favours one side of the
model. Note that the model being symmetric relative to the x-axis,
there are two possible input positions for the same mock spectrum.

For the disc model, we observe in Fig. 22(a) similar effect but
even more apparent. Indeed, the locus of parameters yielding good
fits is smaller and the radius can be constrained between 0.4 and 0.7
when the correct value is 0.4. We can also notice that the direction
is pretty well constrained. This is investigated further in Fig. 23.
This plot represents the minimum χ2 as a function of the direction
φ of the absorbing cloud with respect to the y-axis for different
values of the radius. The minimum is reached with a direction of
approximately −76◦, which is the correct value represented by a
black dotted line. At the other radius, the figure tends to show a
preferred direction of −60◦. This clearly shows that a preferred
direction can be derived especially if the radius can be constrained
independently from estimating the density using C I lines.

5.4 Summary

To summarize the results of the above exercise, we can conclude the
following within the framework of the three models described above.
(i) Not unexpectedly, high-quality data are preferred in all cases. (ii)
The neutral hydrogen column density of the absorbing cloud can be
estimated independently of the model used with reasonable precision
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Figure 23. Curves (χ2, φ) showing, for the wind model and each absorbing
cloud radius, the minimum χ2 found along the radial direction defined as the
angle, φ, of the position of the cloud centre relative to the y-axis. The colour
scale of the cloud radius is given on the left-hand side of the figure.

even with LR data. (iii) The radius and position of the absorbing cloud
are degenerated. However, if the radius of the cloud can be estimated
by an independent method, then the position of the cloud can be
constrained. (iv) The radius of the cloud has to be larger but not
much larger than the distance to the centre. For all other parameters,
constraints are not strong and may be possible only if the best of the
three models can be determined unambiguously.

6 FIT OF SDSS SPECTRA

In this section, we compare our models with observational data
from the SDSS data release 12. We use the sample of ghostly-
DLAs listed by Fathivavsari (2020). By definition a ghostly-DLA
is characterized by the presence of strong metal lines, whereas the
expected corresponding strong H I Ly α trough is not seen in the
quasar spectrum. In some cases, no trace of the H I absorption
can be seen. In that case, it is not possible, without any additional
information to constrain our models. In other cases however, some
residual of the H I absorption is left in the spectrum providing a direct
access to the H I column density. Among the 23 ghostly-DLAs in the
sample, 7 show some absorption residual. Among the seven spectra
only three have a high enough S/N (S/N > 10) to perform a realistic
fit with our models, QSO J000958.66+015755.18 having the highest
S/N (S/N > 20).

6.1 Fit of QSO J000958.66+015755.18

The spectrum of QSO J000958.66+015755.18 has the highest S/N in
the sample of ghostly-DLAs. In addition, the redshift of the quasar is
zQSO = 2.973, which means that the Ly β line is seen in the spectrum.
The ghostly-DLA is at zDLA = 2.976 35, derived from the numerous
strong metal absorption lines.

Before comparing the observations with our different models, we
have to remove the N V contribution from the quasar emission. We fit
a Gaussian emission located at λrest = 1240.1 Å and remove it from
the spectrum. During the fit, we have excluded the pixels affected
by strong absorptions unrelated to our system and located around
−4000, −2000, and 6000 km s−1.

The best fit of the QSO Ly α emission line is displayed in Fig. 24.
The fit is a wind model with an inclination relative to the line of

Figure 24. Best fit (red curve) of the Ly α emission of quasar
J000958.66+015755.18 (black curve) with a wind model. The continuum,
the BLR and NLR emissions are, respectively, the yellow, blue, and green
curves.

Figure 25. Location of the BLR emitting clouds coloured as a function of
their relative velocity for the best model of J000958.66+015755.18. The
model is a wind model with inclination i = 30◦. The absorbing cloud with
radius r = 0.6 at location (0.4,0) is indicated by the black circle.

sight of 30◦. The absorption cloud has a column density of log
N(H I) = 20.8, a radius r = 0.6 and is located at (0.48, 0.0) (see
Fig. 25). The redshift of the quasar studied here is high enough so
that the Ly β absorption from the DLA is redshifted in the observed
window. We therefore can use this line to confirm some of our
findings. We use the best fit of the Ly α line and translate the model
to Ly β.

For this, we adjust the continuum and add the Ly β and O VI

λλ1031.9,1037.6 doublet emissions. To model the Ly β emission,
we consider the exact same emission clouds in the BLR as for Ly α.
In addition, we assume that they also emit the O VI emission, i.e. the
BLR has the same configuration for both species. Telfer et al. (2002)
indicate that the Ly β and O VI blend has a flux of approximately
0.2 that of the Ly α one. In Somalwar et al. (2020), the authors
present a quasar spectrum where the Ly β and O VI doublet emissions
are not blended and have a flux equal to 2.5 per cent and twice
7.5 per cent of the Ly α emission, respectively. We use the latter
numbers.

The only parameter that remains unknown, is the Ly β/Ly α flux
ratio for the NLR. This ratio can vary between 1/3 and 1/30. To have
an upper limit on the Ly β emission, we use a ratio of 1/3.

The result is presented in Fig. 26. The weakness of the line emis-
sion compared to the continuum explains easily why the absorption
due to the DLA is detected in Ly β whereas it is not detected in Ly α.
Note that the fit is good enough to confirm the H I column density
derived from the fit of Ly α only. It can be seen that there is some
flux residual at the bottom of the Ly β trough. With the quality of the
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Figure 26. We extrapolate our model to Ly β with parameters constrained
by the fit of the Ly α emission in quasar J000958.66+015755.18. The
contributions of Ly β, and O VI λλ1031.9,1037.6 are, respectively, the yellow,
blue, and red solid lines The continuum is the green curve and the black solid
line is the sum of all emission components. In grey, the spectrum of the
observed QSO J000958.66+015755.18. The three vertical lines indicate the
positions of the Ly β and O VI emission lines.

Figure 27. Best fit of the Ly α emission in the spectrum of QSO
J124202.03−002209.00 (red curve) overplotted on to the data (black curve).
The continuum, BLR, and NLR emissions are represented by, respectively,
the yellow, blue, and green curves.

SDSS data, it is not possible to derive anything from it. However,
using much better quality data (e.g. from XSHOOTER on the VLT),
it would be possible to constrain better our model and especially the
Ly α/Ly β emission ratios.

It is possible that the absorbing cloud bears some O VI that could
absorb the BLR O VI emission and the quasar continuum. Due to the
fact that Ly β is located in the Lyman forest, it is difficult to test this
possibility but again better quality data at higher spectral resolution
could probably probe the presence of O VI in the cloud.

6.2 N(H I) column densities

We selected two additional quasars the spectrum of which is good
enough to try to fit the Ly α emission in order to derive a neutral
hydrogen column density in the cloud. Here, we briefly present the
fit of these quasar spectra.

QSO J124202.03−002209.00 has zQSO = 2.379 25 and zDLA =
2.3792. The fit displayed in Fig. 27 shows that no narrow component
is needed to reproduce the spectrum. The fit is a wind model with a
60◦ inclination and log N(H I) = 21.2.

QSO J125437.96+315530.84 has zQSO = 2.299 and zDLA = 2.301.
The fit is presented in Fig. 28 and one can see that a narrow component
is needed but its contribution is weak. The fit is a wind model with
an inclination of 40◦ and log N(H I) = 21.4.

For the three ghostly-DLAs with good enough data in SDSS, we
derive H I column densities of 20.8, 21.2, and 21.4. Although the

Figure 28. Best fit of the Ly α emission in the spectrum of QSO
J125437.96+315530.84 (red curve) overplotted on to the data (black curve).
The continuum, BLR, and NLR emissions are represented by, respectively,
the yellow, blue and green curves.

number is small this shows that indeed ghostly-DLAs are bona fide
damped Ly α systems with log N(H I)>20.3. We note also that the
three quasars are best fitted with the wind model.

7 C O N C L U SIO N

We have constructed three geometrical models for the quasar BLR
spatial and kinematical structures. The three models can reproduce
the typical shape of the quasar Ly α emission. Adding an absorption
cloud in front of the BLR, we have used these models to obtain mock
spectra of so-called ghostly-DLAs. These absorbers are characterized
by the presence of strong metal lines but no Ly α trough is seen in
the quasar spectrum, indicating that although the region emitting
the continuum is covered by the absorbing cloud, the BLR is
only partially covered. We generate mock spectra with similar
characteristics as good SDSS data (S/N = 10 and spectral resolution
R = 2500) but also with higher S/N and spectral resolution, S/N = 50
and R = 5000.

We then try to recover the initial parameters by fitting the mock
data. We show that the H I column density can be recovered precisely
even in SDSS data. The size of the absorbing cloud and the distance to
the centre are correlated and thus impossible to disentangle without
any additional information. Only a minimal radius can be determined.

By comparing our models to SDSS data of observed ghostly-
DLAs, we show that the H I column densities are large and in any case
larger than 20.3. Even though the models can fit the observations,
little information can be extracted with confidence with this data
quality. However, we noticed that the wind and disc models are more
versatile than the spherical one and can be more easily adapted to
the observations.

We show that more constraints could be obtained from better qual-
ity data with higher S/N and spectral resolution, especially if the Ly β

line can be observed. In particular, it seems possible to discriminate
somehow between the three models. Further observations with higher
resolution are required to investigate these fascinating objects.
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