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We propose the use of quasars with accretion rate near the Eddington ratio (extreme
quasars) as standard candles. The selection criteria are based on the Eigenvector 1
(E1) formalism. Our first sample is a selection of 334 optical quasar spectra from the
SDSS DRY7 database with a S/N > 20. Using the E1, we define primary and secondary
selection criteria in the optical spectral range. We show that it is possible to derive a
redshift-independent estimate of luminosity for extreme Eddington ratio sources. Our
results are consistent with concordance cosmology but we need to work with other
spectral ranges to take into account the quasar orientation, among other constrains.

Keywords: quasars: general, quasars: emission lines, quasars: broad lines, quasar: extreme accretors, quasars:
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1. INTRODUCTION

Active Galactic Nuclei (AGN or quasars) are among the most powerful objects in the Universe.
They have been studied for more than 50 years. Their spectra and intrinsic properties, indicating
intense nuclear activity, are widely diverse. In order to organize this diversity, Sulentic et al. (2000)
proposed a parameter space, described by the Eigenvector 1 (EI, see e.g., Boroson and Green,
1992). The original E1 of Boroson and Green (1992) correlated the equivalent width (EW) of the
low ionization line Fell between 4435 and 4685 A, with the intensity peak of [OI11]A5007. The
parameter space proposed by Sulentic et al. (2000) correlates optical and X-Ray spectral parameters
involving only broad lines: (1) the full width at half maximum of the broad component (BC) of HB
FWHM(HpBgc), (2) the ratio of the equivalent widths of Fell (described above) and HBpc, Rrelr
= EW(Fel1)/EW(Hpgc), and (3) the photon index of the soft X-rays, Csoft- Subsequently, Sulentic
et al. (2007) added the blue shifted component of CIvA1549 a UV high ionization line, as a fourth
dimension (4D) to the E1. This 4DE1 diagram for quasars is now understood to be driven mainly
by the Eddington ratio (L/Lgqq) and also by the BH mass (e.g., Marziani et al., 2001; Boroson, 2002;
Ferland et al., 2009).

Sulentic et al. (2000) propose the presence of two main populations based on the optical plane
(FWHM(HBgc) vs Rperr): Population A for quasars with FWHM(HpBpc) < 4,000 km s~!and
Population B for those with FWHM(Hpgc) > 4,000 km s~} (Figure 1 of Sulentic et al., 2002).
Their phenomenological study also shows that there are spectral characteristics that distinguish
objects within the same population, especially those within Pop. A. For this reason, the optical
plane of the E1 was subdivided into bins with AFWHM(HpSgc) =4,000 km s~land ARperr = 0.5.
This created the bins A1, A2, A3, A4 defined as the Rp.y increases (Figure 1 of Sulentic et al., 2002).
Thus, spectra belonging to the same bin are expected to have very similar characteristics.
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In this article we will briefly illustrate how the scheme of
Sulentic et al. (2000) may help solving one of the big challenges
in cosmology, that is to measure distances in the Universe. The
Hubble law can written as: v = c z = H D, where v is the recession
velocity, and D is the proper distance. At low z, the factor H is
constant and equal to Hy, the Hubble constant (e.g., Perlmutter
et al., 1999). At higher z, H depends on both the cosmological
model and the density parameter Q = Qpr + Q,, where Qp
is the density of matter and €, is the energy density. So it
is important to measure the cosmic matter density ) in the
distance range 1 < z < 4. In this range, the effect of the cosmic
matter density is believed to dominate over the repulsive effect of
the cosmological constant.

There have been several works focused on measuring
cosmological distances using different objects as standard
candles. For example, cepheids, supernovae, extragalactic HII
regions and clusters of galaxies (e.g., Perlmutter et al., 1999;
Chavez et al., 2012, and references therein). These works have
favored the model of a flat Universe (Qy + Q2 = 1). At
intermediate z, Terlevich et al. (2015) used 25 HII galaxies at z
~ 2.3 to constrain €27, however the dispersion obtained is larger
than the one using supernovae. Another method to reach higher
z (~3.5) involves the use of baryonic acoustic oscillations (BAOs)
obtained from the database BigBOSS/DESI (Schlegel et al., 2011).
Major surveys are tracking the BAOs as standard rulers. This is
a technique that is fully independent from the classical discrete
standard candles such as supernovae or HII regions.

In 2014, Marziani and Sulentic (2014) proposed the use of a
specific type of quasars as standard candles. They studied objects
that show extreme accretion near to the Eddington limit. In
the super Eddington accretion regime, the geometrically and
optically thick structure known as the “slim disk" is expected to
develop (Abramowicz et al.,, 1988). Quasars hosting slim disks
should radiate at a well defined limit because their luminosity
is expected to saturate close to the Eddington luminosity even
if the accretion rate becomes highly super-Eddington. We point
out that there are works that analyze in full detail the structure
of the accretion disk (AD) at different accretion regimes. Such an
analysis implies varying thickness, optical depths and magnetic
fields (Pugliese and Stuchlik, 2015, 2016). The black hole spin
may also have an effect (Bardeen et al., 1972; Stuchlik, 1980). The
spin is expected to play a role, not only by increasing the radiative
efficiency, but also by displacing the Far UV peak toward shorter
wavelength: the last stable inner radius is closer to the BH for a
rotating black hole, implying a stronger FUV/soft X-ray emission
with respect to the non rotating case. The detailed analysis of
the AD structure and black hole spin however, goes beyond
the scope of the present work. In the future we will consider
different scenarios, including an analysis of the disk inclination.
In conclusion, we propose that highly accreting quasars can
be used as cosmological candles. The present work shows the
results for an optical low redshift sample. An ultraviolet high-
z sample (z ~ 2.3) is discussed in the Martinez-Aldama et al.,
Submitted paper, also in this volume. All the computations were
made considering Hy = 70kms~! Mpc~! and a “concordance
cosmology” with relative energy densities 2, = 0.72 and
Q= 0.28.

4. [O111]AA4959,5007. We

2. SAMPLE SELECTION

For our study, we used a sample of quasars chosen from the Sloan
Digital Sky Survey Data Release 7 Shen et al. (2011), to identify
the extreme accretors in the optical range at low redshift (z < 0.8).
The identification of these quasars will follow the description of
the E1 parameter space in the optical plane. That is, we isolated
objects with Rgerr > 1, belonging to Pops. A3, A4 and also some
very extreme objects of Pop. A5 (with Rgepp > 2).

We imposed the following filters to select only the objects with
quality good enough to carry out our analysis:

1. z < 0.8 to cover the HB range, including the Fell blends
around 4,570 and 5,260 A.

2. S/N > 20 in the continuum at 5,100 A.

3. Rperr > 1. To select objects with this condition, we performed
automatic measurements using the IRAF task splot to estimate
roughly the EW of Fell and HB.

4. No host galaxy contribution. The objects showing a strong
contribution of the underlying galaxy were rejected.

This four criteria gave us a sample of 302 spectra.

3. METHODOLOGY

In order to isolate the “true” extreme accreting quasars, we
made individual fits on the selected spectra using the specfit
task of IRAF (Kriss, 1994). Specfit allows us to simultaneously
fit all the components present in the spectrum: the underlying
continuum, the Fell pseudo continuum and the emission lines.
Specfit minimizes the x? to find the best fit. The steps followed to
accomplish identification, deblending, and measurement of the
emission lines in each object are the following:

1. The continuum. We adopted a single power-law to describe
the quasar continuum using the continuum windows around
4,430, 4,760, and 5,100 A (see, e.g., Francis et al., 1991).

2. Fell template. We used the semi-empirical template by

Marziani et al. (2009), obtained from a high resolution
spectrum of I Zw 1, with a model of the Fell emission
computed by a photoionization code in the range of HS.

3. HP broad emission line. For highly accreting Pop A objects,

Hp can be modeled with a sum of a Lorentzian profile in its
rest frame plus a blue shifted gaussian (Marziani et al., 2009).
fitted this doublet with
Gaussians, considering: the ratio of theoretical intensities 1:3
(Dimitrijevi¢ et al., 2007), the same FWHM and the same line
shift.

Apart from these four parameters, in some cases it was
necessary to add other emission lines. These extra emission
lines could be strong and therefore obvious. In other cases, the
emission lines are weak, but we can find and identify them in
the residuals of the fit. These emission lines are:

two

5. HB narrow component, modeled similarly to [OIII]A5007:

with a Gaussian profile and with the same FWHM.

6. HB blue shifted component. This component would be

associated with a non-virialized outflow in quasars with high
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accretion rates (e.g., Marziani et al,, 2013). We fitted this
feature with a symmetric Gaussian.

. [O111]A14959,5007 semi broad component, also associated
with outflows (Zamfir et al., 2010). It is characterized as being
wider than the main component of [O111]A14959,5007, and is
generally shifted to the blue.

. Hel1r4686. In some objects it is detect as residual emission of
the fit. We fitted it with a Gaussian component.

An example of the line fitting is shown in Figure 1. The upper
panel shows the fit, and the lower panel under the fit shows the
residuals. The upper abscissa is the rest frame wavelength in A,
the lower abscissa is in velocity units, and the ordinate is specific
flux in arbitrary units. The vertical dashed lines are the rest frame
for HBpc and [O111]A5007. The purple long dashed line is the fit,
solid black line is the HBpc. Grey lines are the [O111]A14959,5007
narrow and semi broad components, the blue line is the HS
blueshifted component. The green line is the Fell template.

4. EXTREME ACCRETORS AS STANDARD
CANDLES

In order to isolate “true” extreme accreting quasars and avoid
borderline/noisy objects, we impose tighter restrictions on the

selected sample. On the one hand, we choose quasars with Rey
> 1.2, based on the typical Rgey error at two sigma (one sigma is
0.1). On the other hand, we isolate only Pop. A objects, i.e., those
ones with FWHM(HBpc) < 4,000 km s~ 1. Finally, we selected
objects with S/N strictly larger than 20.0 in the continuum. These
restrictions, gave us an “extreme sample” of 117 objects. It is
important to mention that in the beginning we were not able to
impose these two conditions using the automatic measurements.
The reason is that we would have introduced objects that are not
extreme accretors, or reject some that really are extreme quasars.

As pointed out previously, the main hypothesis of Marziani
and Sulentic (2014) to use extreme accretion quasars as
standard candles is that they have the same intrinsic luminosity,
or equivalently, similar physical conditions. The bolometric
luminosity of a source radiating at the Eddington ratio Agyy =
L/Lggy is proportional to the product Ag;y times its black hole
mass (Mpy). If we consider virial motions,

Lyt = cte hpaa Mpr = cte hpaafs rorr (8v)* G lergs™ (1)
where cte = 10481, fs is the structure factor, rprr is the the broad
line region radius, 8v is the virial velocity dispersion estimator
and G the gravitational constant. There is a way to derive rg g
independently of the quasar luminosity, based on the definition
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FIGURE 1 | Example of line decomposition for the quasar J134704.91+-144137.6 using specfit. See text for description.
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FIGURE 2 | Distance modulus of the “extreme sample” (black dots) and the
Kessler et al. (2009) SDSS-Il SN sample (cyan dots) with respect to the
redshift. Solid curve is the expected distance modulus for the concordance
cosmology, dash dotted lines are the distance modulus with a difference of +2
in magnitude with respect to the solid curve.

of the ionization parameter U and described in detail in Negrete
etal. (2012).

v=— 2% ®)
47 ny crprr
where ny is the density, ¢ is the light velocity and the number
of ionizing photons ¢ = kL/hv;, with k = 0.5, v; the average
frequency of the ionizing photons, and h the Planck constant.
From Equation (2), rgrr can be derived if we know the product
of the ionization parameter times density

kL 1/2
=|— . 3
TBLR <4nnH Uchv,-) 3)

In Negrete et al. (2012) we showed that both, ny and U, can
be derived for individual objects using specific line ratios and
CLOUDY photoionization models. In the case of the extreme
accretors, we found a “typical” value of the product ngU =
10%6 (see also Padovani and Rafanelli, 1988; Matsuoka et al.,
2008). Inserting Equation 3 in Equation 1, we can derive a “virial
luminosity” independent of redshift:

2 2.4

L(v) = 7.8X10* M ergs_l. (4)
h Vinyg U

In order to prove the consistency of our luminosity z-
independent estimates we calculate how the distance modulus
depends on the redshift. The distance modulus is p =
5log(dr/10pc). The luminous distance is d = (L/47rf;h)1/2,

where f, = BCAf, /(1 + 2)? is the continuum flux at A = 5,100 A,
using the Bolometric Correction BC = 12.2 (Richards et al., 2006).
The distance modulus can also be written as:

= 2.5(logL(v) — logf;, — 40.1). (5)

Figure 2 shows the trend of our “extreme sample” in the distance
modulus diagram (black points). We compare our results with
a sample taken from the Sloan Digital Sky Survey (SDSS) II
supernova (SN) survey (Kessler et al., 2009, cyan dots). The
scatter of this Figure could be due to orientation. We found
that the objects with broader FWHM(Hpgc) are above the solid
curve, while the narrower objects are placed below. This figure
shows that the so called “virial luminosity” is in agreement with
the concordance cosmology.

5. SUMMARY

We have shown that the 4DE1 proposed by Sulentic et al. (2000) is
avery efficient diagram that organizes both observed and physical
properties of broad line quasars. For low redshift objects (z <
0.8), we can use the optical parameter space, FWHM(Hppc)
Vs. Rgerr, to isolate the most extreme accreting quasars. The
principal characteristics of these objects is that they are strong
Fell emitters, i.e., they have Rgeyr > 1, and they have relatively
narrow lines, with a FWHM(HBpc) < 4,000 km s~ L.

Based on the hypothesis that extreme accreting quasars
should have the same intrinsic luminosity per unit
mass, we test them as cosmological standard candles.
Under several assumptions related to highly accreting
objects, such as the physical conditions of the region
close to the black hole, we computed a “virial luminosity”
independent of z. With this luminosity we build the Hubble
diagram which shows that the majority of the selected
extreme quasars follow the trend of the distance modulus
diagram.

In a forthcoming paper (Negrete et al., Submitted), we will
give a detailed description of the selection of this sample, the
methodology applied, a statistical analysis that includes the high-
z sample, and the cosmological application to constrain €2y
and Q4.
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