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We present preliminary results of a spectroscopic analysis for a sample of type 1 highly
accreting quasars (L/LEdd ∼ 1.0) at high redshift, z ∼2–3. The quasars were observed
with the OSIRIS spectrograph on the GTC 10.4 m telescope located at the Observatorio
del Roque de los Muchachos in La Palma. The highly accreting quasars were identified
using the 4D Eigenvector 1 formalism, which is able to organize type 1 quasars over a
broad range of redshift and luminosity. The kinematic and physical properties of the broad
line region have been derived by fitting the profiles of strong UV emission lines such
as AlIIIλ1860, SiIII]λ1892 and CIII]λ1909. The majority of our sources show strong
blueshifts in the high-ionization lines and high Eddington ratios which are related with
the productions of outflows. The importance of highly accreting quasars goes beyond
a detailed understanding of their physics: their extreme Eddington ratio makes them
candidates standard candles for cosmological studies.

Keywords: quasars: emission lines, quasar: UV spectrum, quasars: outflows, quasars: supermassive black holes,

galaxy evolution: feedback

1. 4DE1 MAIN SEQUENCE

The 4D Eigenvector 1 (4DE1) formalism has been successful in arranging the type 1 AGN based
on their spectral properties (Sulentic et al., 2000). Four observational parameters define four
dimensions of the Eigenvector 1: the full width at half maximum (FWHM) of Hβ broad component
(HβBC), the strength of optical FeII blend at 4570Å described by the ratio RFeII = I(FeII)/I(HβBC),
the velocity shift of the CIVλ1549 profile, and soft X-ray photon index (Ŵsoft). The main correlation
between these properties is provided by the optical parameters, FWHM(HβBC) and the RFeII, which
define the 4DE1 optical plane.

Changes in the spectroscopic features at FWHM(Hβ) = 4,000 km s−1 causes the identification
of two populations: A and B. Sources with FWHM(Hβ) ≤ 4,000 km s−1 are cataloged as
population A. In this population the broad component (BC) of the low-ionization emission
lines (LIL; ionization potential IP . 20 eV) can be very well-model by a Lorentzian profile,
for example in the case of Hβ emission. They also show a high intensity of FeII, large
asymmetries in the high ionization lines (HIL; IP > 40 eV), like CIVλ1549, and an excess
in the soft X-rays region. The majority of them are radio quiet sources. On the other
hand, population B sources have a broader profile (FWHM; HβBC) > 4,000 km s−1).
In this population the Hβ emission is redward asymmetric and it is modeled with two
gaussian profiles. One of them corresponds to the BC located at the rest-frame, and the
other is associated with a redshifted very broad component (VBC), which reaches widths
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∼10,000 km s−1. The FeII intensity in these sources is weak and
there is no large asymmetries in the HIL profiles. The domain at
FWHM> 4,000 km s−1 is mostly populated by radio loud objects
(Zamfir et al., 2010).

Along optical 4DE1 diagram we find different subpopulations
(Sulentic et al., 2002), which are shown in the left panel of the
Figure 1. Population A bins (A1, A2, A3, and A4) are based on
the increment of the FeII intensity, 1RFeII = 0.5. A1 sources
have a lower contribution of FeII, than A4 sources. Whereas
population B bins (B1, B1+, B1++, and B2) varying according
to a width increment of 1FWHM(HβBC) = 4,000 km s−1. For
example, B1++ sources have a large width than the B1. Indeed,
population B bins can be also defined in terms of the RFeII, for
example the B2 population has a 0.5 ≤ RFeII≤ 1.0 and 4,000 ≤

FWHM(HβBC) ≤ 8,000 km s−1.
Moving along the 4DE1 optical sequence, we find a well-

organized variation of the physical properties like the black hole
mass (MBH), electronic density (nH), ionization parameter (U) or
dimensionless accretion rate (ṁ) (Marziani et al., 2001, 2010). For
example, themost extreme B sources, the B1++, have a high black
hole mass and a small dimensionless accretion rate compared
with the most extreme for the population A, the A4 population.
Then, the 4DE1 could be considered as an evolution diagram
for type 1 AGN, which could be driven by the Eddington ratio,
L/LEdd (Marziani et al., 2001; Shen and Ho, 2014; Fraix-Burnet
et al., 2017). Updated results of the 4DE1 are found in Marziani
et al. in this volume.

1.1. Extreme Radiating Sources along 4DE1
In each 4DE1 subpopulations we have identified specific
properties. In this paper we focus on A3 and A4, which represent
the 10% of the population A sources (Zamfir et al., 2010; Shen

FIGURE 1 | (Left) 4DE1 Optical Plane. Data belong to a sample of 470 bright low-z QSOs from Zamfir et al. (2010). The plane is divided in bins according to Sulentic
et al. (2002). xA sources (green dots) are located inside the green square defined by RFeII ≥ 1 and FWHM(HβBC) ≤ 8,000 kms−1. The greenyellow dot indicates the
position of I Zw 1. Gray dots correspond to the rest of the population A and B. The yellow shadow marks the 4DE1 optical sequence. (Right) Distribution of the xA
candidates sample (black squares) in the plane defined by the flux ratios Al III λ1860/Si III]λ1892 and C III ]λ1909/Si III ]λ1892 obtained from the measurements done
with the GTC spectra. The gray area corresponds to the area occupied by the xA sources according to previous studies.

et al., 2011). In the optical range the main feature presented
is the strong intensity of FeII at λ4570Å (Bachev et al., 2004),
while in the UV the CIVλ1549 emission line frequently shows
a blueshifted component with a shift respect to the rest-frame of
1vr < −1,000 km s−1 (Sulentic et al., 2007).

A prototype A3 source at low redshift is I ZW 1 with
z ≈0.0605, RFeII = 1.3 ± 0.1, log L/LEdd ≈ −0.11 ± 0.17; and a
shift respect to the rest-frame of CIVλ1549 1vr < −1,670± 100
km s−1 (Boroson and Green, 1992; Negrete et al., 2012; Marziani
and Sulentic, 2014). Within 4DE1 formalism, A3 and A4 sources
have been cataloged as xA by Marziani and Sulentic (2014). Left
panel of Figure 1 shows the area occupied by the xA sources in
the 4DE1 optical plane.

Using optical and UV samples with around ∼60 sources in
each spectral range (Bachev et al., 2004; Negrete et al., 2013;
Marziani and Sulentic, 2014), we have recognized selection
criteria to identify xA sources:

1. RFeII > 1
2. AlIIIλ1860/SiIII]λ1892 ≥ 0.5
3. CIII]λ1909/SiIII]λ1892 ≤ 1.0

The optical criterion is commonly used in sources with low
redshift (z < 1.0), while the UV one helps to identify xA sources
at high redshift due to the limit of the detectors to observe the
optical region. Both criteria are satisfied at the same time, they
have been tested in a wide redshift range, z = 0.4–3.0 (Bachev
et al., 2004; Negrete et al., 2013; Marziani and Sulentic, 2014).

Another important feature is the high Eddington ratio shown
by the xA sources, L/LEdd > 0.2 (Marziani and Sulentic, 2014).
The high Eddington ratio reached could be associated with a
slim disk, with a geometrically and optically thick structure. It
could be formed in an advection-dominated accretion flow and
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it could trigger the strong outflows observed in these objects
(Abramowicz et al., 1988; Abramowicz and Straub, 2014). The
strong relation between the high L/LEdd and strong asymmetries
observed in the xA sources points out that probably L/LEdd is the
driver of winds/outflows (Sulentic et al., 2017).

On the other hand, if the accretion rate is close the Eddington
limit (L/LEdd = 1), the dependency of the Eddington rates with
the black holes mass is weak and then these sources can be used
as standard candles, and help possibly determine cosmological
parameters (Marziani and Sulentic, 2014; Wang et al., 2014).

With the purpose to analyze the behavior of xA objects,
we observe a sample of 19 quasars in the UV region at
high redshift using the GTC telescope. They were analyzed
performing multicomponent fits (Section 2). We find a different
behavior between the intermediate and high-ionization lines,
which reveals the different structures presented in the the broad
line region and their relation with the accretion disk (Section 3).
In the Section 4 are presented our main results.

2. THE EXTREME ACCRETING SAMPLE

2.1. Sample Selection
With the purpose of analyzing the behavior of highly accreting
sources, we observed a sample of 19 quasars with a redshift
2.05 < z < 2.98. Marziani and Sulentic (2014) extracted
spectra for ∼3,000 sources from SDSS DR6 with coverage of the
1900Å blend mainly composed by AlIIIλ1860, SiIII]λ1892 and
CIII]λ1909 (2.0 < z < 2.6). They performed a multicomponent
analysis considering the selection criteria previously described
to select xA candidates. Some of these objects did not have the
appropriated S/N > 15 to be included in their analysis, then they
were observed with the Gran Telescopio de Canarias (GTC). The
19 objects presented in this work belong to a sample of 49 quasar.
In the right panel of Figure 1 is presented the distribution of our
sample in the CIII]λ1909/SiIII]λ1892 vs. AlIIIλ1860/SiIII]λ1892
UV plane computed from the GTC spectra. They gray region
indicates the zone were xA objects are located. The GTC spectra
have a good S/N and verify the results previously obtained from
the SDSS spectra analyzed by Marziani and Sulentic (2014).

The xA source candidates were observed with the OSIRIS
spectrograph (Sánchez et al., 2012) mounted on the GTC, located
at the Observatorio del Roque de los Muchachos in La Palma,
Canary Islands, Spain. We used a slit of 0.6′′ and according to
redshift of the source, we use a R1000B or R1000R grisms with
a spectral dispersion of 2.1 and 2.6 Å per pixel, respectively. The
UV spectral range covers by our source at rest-frame is from 1150
to 2400 Å.

2.2. Data Reduction and Redshift
Determination
The data reduction was done using the IRAF routines. Spectra
were corrected by biases and flats field taken every night. The
wavelength calibration was done using Hg+Ar and Ne arc lamps
and the flux calibration was carried out using spectrophotometric
standard stars. The spectra were corrected by telluric absorption
and atmospheric differential refraction.

We have estimated the reddening of the sources, parametrized
by the color excess E(B-V), by fitting its UV continuum with the
template corresponding to the composite FIRST Bright Quasar
Survey spectrum (FBQS; Brotherton et al., 2001) and excluding
the regions of broad emission lines. To redden the template we
used a Small Magellanic Cloud (SMC) extinction law (Gordon
and Clayton, 1998; Gordon et al., 2003) with a RV = 3.07, as it
is normally used as an appropriate reddening law in QSOs (York
et al., 2006).

To perform the redshift correction, we apply an iterative
measurements using three different methods to get a good
approximation. The first two were done using isolated emission
lines observed in our spectra, CII λ1335, OI λ1305 and SiIIλ1816.
In the first one wemodel independently the line profiles using the
MK1DSPEC routine to get a first approximation. In the second
one we repeat the process, but employing the SPLOT task. In
the third method we apply the last correction using the 1900Å
blend lines: AlIIIλ1860 and SiIII]λ1892. Although these lines are
blended with the CIII]λ1909 and some FeIII transitions, their
high intensity permits a good approximation to the redshift.

2.3. Multicomponent Fits
In the UV range covered by our spectra we observe intermediate
(IP ∼ 20–40 eV) and high-ionization lines (IP > 40 eV), which
gives us the opportunity to analyze the behavior of different ionic
species at the same time. In order to analyze the lines emitted
in the covered spectral range, we perform multicomponent
fits using the SPECFIT routine from IRAF (Kriss, 1994). This
routine fits at the same time different kind of continuum, and
emission/absorption lines. The best model is the one with the
minimum χ2 found for the global fit.

For the analysis we divided the observed spectral range in
three zones, which are centered in the most important emission
lines for our work:

• REGION 1: 1700–2200 Å, this range is dominated by the
1900Å blend which is composed by AlIIIλ1860, SiIII]λ1892,
CIII]λ1909 and some FeIII transitions, and in the blue side are
detected SiIIλ1816 and NIII]λ1750.

• REGION 2: 1450–1700 Å, the CIVλ1549 emission line
dominates this zone and is accompanied by HeIIλ1640,
OIII]1664 and AlII]λ1670.

• REGION 3: 1300–1450 Å, in this region the dominated
emission is SiIVλ1397+OIV]λ1402, which is accompanied by
SiIIλ1304, OI λ1305 and CII λ1335.

The left panel of the Figure 2 shows the spectrum of the quasar
SDSSJ110022.53 + 484012.6 with z = 2.08 and log L Bol = 46.17
erg s−1, as an example of the sources in our sample.

The main continuum source in the UV region is coming
from the accretion disk (Malkan and Sargent, 1982; Malkan,
1983). A single powerlaw should be useful to model the observed
spectral range, however due to the presence of intergalactic gas
the continuum form can be flattened. In some cases we can fit
with a single powerlaw or a linear continuum all the spectra range
(1300–2200Å). In the rest of the cases, we fit local continuums in
three zones previously described. Details of the components fitted
are explained in the next lines.
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FIGURE 2 | (Left) SDSSJ110022.53+484012.6 spectrum before continuum subtraction. The vertical lines indicate the rest-frame of emission line in the observed
spectral range. Small magenta vertical lines represent the FeIII contribution along the spectral range. (Top right) CIVλ1549 spectrum after continuum subtraction.
Dashed magenta line indicates the fit to the whole spectrum. The green and red lines indicate the broad component of the CIVλ1549 and HeIIλ1640 respectively,
while the blue ones represent the blueshifted component associated with each emission. The vertical lines mark the rest-frame of the CIV and HeII. The brown lines
mark the absorption lines fitted. (Bottom right) Residual of the fit. In both panels, abscissae are rest-frame wavelength in Å and ordinates are rest-frame specific flux
in units of 10−15 erg s−1 cm−2 Å−1.

REGION 1. AlIIIλ1860, SiIII]λ1892 and CIII]λ1909 are
intermediate-ionization lines (IIL) and according to Negrete et al.
(2012) they can be well-modeled by Lorentzian profiles. The flux
of the three lines vary freely. The FWHM associated with AlIII
and SiIII] was taken equal, while the one of CIII] is free. The
considerations about the FWHM of the lines are based on the
physical properties where the lines are emitted, see Section 3.1.
SiIIλ1816 and NIII]λ1750 were also modeled with Lorentzian
profiles, and the flux and FWHM vary freely. All the Lorentzian
profiles were fixed at the rest-frame.

The FeII has an important contribution around 1715 and
1785 Å. We tried to use the templates available in the literature
(Bruhweiler and Verner, 2008; Mejía-Restrepo et al., 2016),
however we can not reproduce the observed contribution.
Therefore, we decided to fit isolated Gaussian profiles at 1715 and
1785 Å. The flux and FWHM vary freely.

The FeIII emission is an important contribution, mainly in the
red side of the 1900Å blend. We modeled the emission of this ion
with the Vestergaard andWilkes (2001) template, and we include
an extra component at 1914 Å such as Negrete et al. (2012) have
done. However, around 2020 and 2080 Å we had to include extra
gaussians to get a good fit. The flux and FWHM vary freely.

REGION 2. This zone is dominated by the high ionization
line CIVλ1549. The broad component (BC) is modeled by
a Lorentzian profile fixed at the rest-frame. The flux of the
BC is free and the FWHM is the same that the shown by
AlIIIλ1860 and SiIII]λ1892. In our sample all the CIVλ1549
profiles present a blueshifted asymmetry, to model it we used
one or two blueshifted asymmetric gaussian profiles. The flux,
FWHM, asymmetry and shift vary freely. Some of our objects are
strongly affected by absorption lines, they were modeled using
gaussian profiles without any constrain. Four object are Broad
Absorption Lines (BAL) and 6 of them are mini-BAL. A wide
analysis about this topic will be present in an upcoming paper.

HeIIλ1640 was modeled in a similar form that CIVλ1549,
using a Lorentzian and skew Gaussians profiles for the BC

and blueshifted components, respectively. The FWHM, shift
and asymmetry were taken similar, but the flux varies freely.
OIII]λ1664 and AlII]λ1670 were also modeled with Lorentzian
profiles at the rest-frame, and the flux and FWHM vary freely.

REGION 3. This range is governed by the SiIVλ1397 +

OIV]λ1402 blend. It is composed by two high-ionization lines.
They are expected to shows a blueshifted, asymmetric profile. The
broad component was modeled with the same conditions than
CIVλ1549, but the flux is varying freely. In some cases the shift
of the blueshifted lines were taken similar, but in other sources
is independent due to the presence of absorption lines that affect
the SIV profile.

An example a multicomponent fit for the CIV spectral range
is shown in the right panel of the Figure 2. In a upcoming paper
we will present the rest of the sample and a full analysis.

3. RESULTS

3.1. Intermediate-Ionization Lines
As the 4DE1 has found in previous samples, there is a
significant change in properties shown by ionic species with
different ionization potentials. We confirm this fact in the
intermediate and high-ionization lines present in our sample.
Intermediate-ionization lines AlIIIλ1860 and SiIII]λ1892 show
symmetric profiles. Therefore the region where these lines are
emitted is governed by virial motions. However, the quasar
SDSSJ084036.16+235524.7 present a blueshifted component
associated with the 1900Å blend with a centroid half maximum of
c( 12 ) ∼ −1,778 km s−1. A similar behavior, but in a extreme case
is also presented by HE0359-3959, a high luminosity and redshift
quasar, who present a blueshifted component of c( 12 ) ∼ −6,000
km s−1 (Martínez-Aldama et al., 2017). Then, the emitter region
where the IIL are produced could be affected by radiation forces
(Marziani et al., 2017).

In ∼35% of the sample the CIII]λ1909 shows intensity less
than 20% compared with the ones observed in the AlIIIλ1860
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and SiIII]λ1892. It indicates that either CIII] is not emitted
by the same region or the ion is suppressed. The critical
electronic density (ne) of this semi-forbidden line is ne = 1010

cm−3 (Osterbrock and Ferland, 2006) and according to the
models done by Negrete et al. (2013) AlIIIλ1860 and SiIII]λ1892
are emitted by regions with nH > 1011 cm−3. It means that
CIII]λ1909 is suppressed in this zone. On the other hand, the
FWHM of CIII]λ1909 is lower than that shown by other lines,
which points it out that the line is emitted in a external region
than AlIIIλ1860 and SiIII]λ1892.

3.2. High-Ionization Lines
To measure the contribution of blueshifted components
associated with high-ionization lines, we use the centroid at half
intensity of the total profile, c(1/2). Left panel of Figure 3 shows
the distribution of the centroid c(1/2) for the most representative
high-ionization line in our sample, the CIVλ1549 emission.
We observe that ∼90% of our sample has blueshifts larger
than −1,000 km s−1, which reflects the presence of strong
winds/outflows. A consistent trend is also found for blueshifted
components of HeIIλ1640 and SiIVλ1397.

Two of the objects in the sample not satisfy the selection
criteria, although these objects show xA properties. Therefore,
they can be considered like borderline objects. These objects
present a high contribution of CIII]λ1909, which could be related
with a change in physical properties (primarily gas density) of the
broad line region, as further discussed below.

Right panel of Figure 3 shows the flux ratio between the flux
associated with the blueshifted component and the total flux
(Blue + BC) of the CIVλ1549 emission; F(CIVBlue)/F(CIVTotal).
A relationship between the flux ratios and the centroid c(1/2)
is clearly observed. If the contribution of the blue component
is high, the centroid c(1/2) value also is. This relation has
been previously found by Sulentic et al. (2017). Adding the
information fromHβ and FeII they conclude that the blueshifted

component has an important contribution: it is responsible for
the blueshift and the additional broadening of the CIVλ1549 line
to respect to the low-ionization line.

Sulentic et al. (2017) studied a sample of Population A and B
sources. They clarify the different between the two populations.
If we compared the behavior of their Population A object, we
find only one xA source. There is a change from a spectroscopic
behavior, which could be related with changes in the physical
parameters of the broad line region as Negrete et al. (2012)
and Martínez-Aldama et al. (2017) have found in these kind of
objects high densities (nH ∼1011−13 cm−3) and low-ionization
parameters (log U ∼ −3), which enhanced the behavior of
lines like AlIIIλ1860, and diminish the presence of lines like
CIII]λ1909.

3.3. xA Sources and the Eddington Ratio
According to UV selection criteria at least 90% of our objects
are highly accreting AGN. As we mentioned, one of the main
important features is the presence of blueshifted components in
all of our sources. In some cases the radiation forces reflected by
prominent asymmetries are strong. In the Figure 4 is presented
the behavior of the centroid c(1/2) as a function of Eddington
ratios. The Eddington ratios were computed via the mass black
hole relation reported by Vestergaard and Peterson (2006)
considering the FWHM of AlIIIλ1860 (Negrete et al., 2012),
and the luminosity at 1350 Å. We present the estimations
before and after the reddening correction. We have included
two other samples with population A and B sources to compare
the behavior of our data (Sulentic et al., 2004, 2006, 2007;
Marziani et al., 2009; Marziani and Sulentic, 2014). The red dots
correspond to population B sources, while the blue ones are
populationA; the blue diamonds indicate the sample presented in
this paper. As we observe, population B objects of high luminosity
show c(1/2)>−1,000 km s−1 and L/LEdd < 0.2. Whereas the pop.
A tends to have larger values and high L/LEdd; even some of them

FIGURE 3 | (Left) Distribution of the centroid at half intensity, c(1/2), for the extreme radiating sample. Blue distribution indicates the sources that satisfied the criteria
selection. Red distribution is the one associated with the borderline quasars. (Right) Relation between the centroid c(1/2) and the flux ratio of the blueshifted
component respect to the total profile of CIVλ1549, F(CIVBlue )/F(CIVTotal ). The color of the squares are the same that the left panel. The blue dashed line indicates the
least-squares (LSQ) best fit.
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FIGURE 4 | Centroid at half intensity, c(1/2), as function of the Eddington ratio,
L/LEdd. The red dots correspond to the population B sources, while the blue
ones indicate the population A sources. The highly accreting sample is
indicated by blue and black diamonds, the first ones correspond before
reddening correction, the second ones after. The origin of the rest of the data
are indicated in the text. The black dashed horizontal line indicates c(1/2) = 0
km s−1 (any asymmetry), while the vertical corresponds to the L/LEdd = 1.0.

are supper-Eddington sources, L/LEdd > 1. Our sample covers
very well the region described by the population A. It shows high
asymmetries c(1/2) < −1,000 km s−1 and high Eddington ratios,
L/LEdd > 0.2. This result is in agreement with previous results
(see Sulentic et al., 2017 and references therein).

It has been proposed that highly accreting sources host a
geometrically and optically thick accretion disk called “slim”
(Abramowicz et al., 1988; Elvis, 2000; Proga, 2007; Abramowicz
and Straub, 2014). This structure in the inner region contains
a narrow funnel, which produces anisotropy radiation that
increases as the accretion rate (Sa̧dowski et al., 2014; Wang et al.,
2014).

If the accretion rate is close to the Eddington limit (L/LEdd =
1), the dependency of the Eddington rates with the black holes

mass is weak and then these sources could be used as standard
candles to determine cosmological parameters (Marziani and
Sulentic, 2014; Wang et al., 2014). From the observational point
of view, our sample satisfies the conditions to host a slim disk,
which could be associated with the observed behavior of the
different ionic species in the BLR. In an upcoming paper we will
discuss this issue in depth.

4. CONCLUSIONS

Based on the properties observed in our sample, like strong
outflows in the high-ionization lines or high Eddington ratios,
we proved that at least 90% of our sample is populated by highly
accreting sources, which shows that the 4DE1 formalism is a
good discriminator of the AGN class. In our sample we observe a
different behavior for intermediate and high-ionization lines. The
main features are observed in high-ionization lines, which are
affected by strong outflow/winds. In some cases the intermediate-
ionization lines, like AlIIIλ1860, are also affected by radiation
forces. Centroid at half intensity values (c(1/2) < −1,000 km
s−1) indicate the presence of strong blueshifted, which lead to
consider our sample populated by xA sources. On the other
hand, the sample tends to show high Eddington ratios, which
are related with the strong asymmetries of the high ionization
lines.
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