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ABSTRACT: Active Galactic Nuclei host a super massive black hole surrounded by in-falling gas 
in the form of an accretion disk. The most luminous of them, called quasars, regularly present 
outflowing winds, observed as absorption in their spectra. These winds may play a large role in 
galactic and black hole evolution. Extremely High Velocity Outflows (EHVOs), which are outflows 
with speeds of > 10% the speed of light, are the least understood type of these outflows.

We present the preliminary results on the first systematic study on EHVO quasar properties 
and variability of these extreme outflows in the 16th data release (DR16) of the Sloan Digital 
Sky Survey. Of the 98 quasars with EHVOs discovered in the DR16, 51 cases were inspected for 
variability because they had multiple observations in other data releases. We find that 47% of them 
show variability. Velocity and depth changes were both observed via the shifting of our absorption 
and the disappearance and appearance of EHVOs respectively. Of the 98 quasars with EHVOs, we 
have values of physical properties, such as bolometric luminosity, black hole mass and Eddington 
ratio, for 69 cases. We find that quasars with EHVOs exhibit larger values of their bolometric 
luminosity and Eddington ratio when compared to Broad Absorption Line Quasi-Stellar Objects 
(BALQSOs) and non-BAL parent sample quasars, while the black hole mass parameter does not 
show significant differences. 

Definitions:

Research Paper

•	 BALQSO: Broad Absorption Line Quasi-
Stellar Object. A quasar that exhibits a Broad 
Absorption Line (BAL) in its spectrum. 

•	 BAL: Broad Absorption Line. Caused by a gas 
cloud around the black hole absorbing a large 
range of wavelengths and is identified by an 
absorption trough or dip that is at least 2000 
km s-1 in width.

•	 Continuum: The distribution of energy at 
different wavelengths of light. Quasars follow 
a power law continuum, where the intensity 
of light instead follows a power law which 
skews higher intensity towards the shorter 
wavelengths. The continuum is used as a 
baseline to measure absorption and emission, 
i.e. dips below the continuum are measured as 
absorption and peaks above are measured as 
emission.

•	 EHVO: Extremely High Velocity Outflow, gas 
outflowing from around the quasar at more 
than 10% the speed of light. These outflows 
can be identified by absorption of CIV in their 
spectrum; this CIV absorption shows up as a 
trough in the continuum shifted at least 10% 
the speed of light from the CVI emission line.

•	 Flux: The amount of light energy our 
instruments receive per second.

•	 Parent sample: A larger group or sample 
from which a smaller group or sample is 
drawn. A parent sample of BALQSOs would 
be quasars, as all BALQSOs are quasars but 
not all quasars are BALQSOs. BALQSOs are 
a subset of quasars.

•	 Quasar: Extremely luminous objects caused 
by the friction of gas falling into a black hole.
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1. Introduction 

Quasi-stellar radio sources, or “quasars” as 
coined by astrophysicist Hong-Yee-Chiu, 

were named as such because these mysterious 
objects look to us like stars but show very 
different spectra and sometimes emitted radio 
waves. Located at the centers of galaxies, quasars 
are some of the most luminous objects found 
in the universe. The luminosity of an object is 
measured by how much electromagnetic energy 
(what we commonly understand as light) is 
emitted over time. For instance, the luminosity 
of the sun, also known as solar luminosity, has a 
value of 3.846 × 1026 watts (or 3.846 × 1033 ergs 
per second). In comparison, the luminosity of 
an average quasar is about 1040 watts, roughly 
2.6 * 1013 times that of the sun (Ryden 2016). 
In fact, quasars are a subtype of regions at the 
centers of galaxies that have higher-than-normal 
luminosities, known as Active Galactic Nuclei 
(AGN). Today, it is generally believed that 
the high luminosities of quasars, and AGNs in 
general, are powered by supermassive black 
holes (SMBH). 

However, a black hole does not emit 
observable light since not even light can escape 
a black hole’s gravitational pull. Then, how do 
we observe quasars? With mass that is millions 
or billions of times the mass of the Sun, a 
super massive black hole creates an enormous 
gravitational pull that powers the quasar by 
attracting matter and forming an accretion disk 
(Dunbar 2007). The emissions we observe are 
from these environments surrounding the black 
hole..

A subset of BALQSOs, known as Extremely 
High Velocity Outflows (EHVOs), present 
winds moving faster than 10% the speed of light. 
Figure 1 shows an example of the spectrum of 
a quasar with an EHVO. These EHVOs are still 
poorly understood, but they play a role in galaxy 
formation, due to their enormous energies that 
are able to disperse large amounts of gas and 
disrupt the star formation processes in the 
galaxy around them (Di Matteo et al. 2005). 

It is also hypothesized that these EHVOs help 
accelerate the mass growth rate of supermassive 
black holes. This is because these outflows 
“steal” angular momentum from the accretion 
disk, increasing the efficiency of in-fall mass 
rate (Emmering et al. 1992; Konigl & Kartje 
1994).

The spectrum of a celestial body is the result 
of the light as it passes through a prism or a 
spectrograph and the light is dispersed in its 

Figure 1: Example spectrum of an EHVO quasar at 
redshift z = 2.605 displaying flux (solid) and error 
(dashed). The EHVO is identified by the CIV ab-
sorption (highlighted in pink) centered at approxi-
mately 1370 Å in rest-frame wavelength (shown at 
the top). Absorption features caused by other ions 
in the same outflow and similar speeds are also 
outlined in their respective colors: Ly-α (gray), NV 
(cyan), SiIV (blue). A red-dashed line is graphed at 
the normalized flux of 1, representing where the flux 
fits the continuum. Both x-axes are measurements of 
wavelength, one at the rest-frame (from 1000-1600 
Å) of the quasar (top) and the other as we observed 
it (from approximately 3500-5800 Å - bottom), both 
in units of angstroms Å (10-10 meters). The y-axis 
is a unitless normalized value of flux. Locations of 
emission lines are also highlighted along the top of 
the graph for CIV, SiIV+OIV, CII, OI, and Ly-α+NV.
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wavelengths. It provides information about the 
chemical composition of the object thanks to 
the fact that each element in the periodic table 
has specific energy levels that the electrons can 
inhabit (Knight 2016). These levels are unique 
to each atom. When an electron drops in energy 
level, it emits the difference in the form of 
light. These energies are inversely proportional 
to the wavelength of light emitted. These 
emissions create a signature that is observable 
in the quasar’s spectrum as an emission line. 
Electrons are also able to jump up in energy 
level by absorbing light, which shows up as 
an absorption trough or dip in the spectrum. 
The study of these emissions and absorptions 
allows for the understanding of the nature of 
the elements present in the environment of the 
quasar, such as carbon, hydrogen, silicon, etc. 

Due to the expansion of the universe, the 
quasar spectrum is shifted towards longer 
(redder) wavelengths. The magnitude of this 
redshifting is given a value “z”. Astronomers 
always give the prefix “rest-frame” when talking 
about properties from the perspective of the 
object. Thus, the wavelength of light as it was 
emitted, before being redshifted, is called the 
rest-frame wavelength. This z-     value is defined 
as (λobserved - λrest-frame)/λrest-frame. The EHVOs in this 
paper ranged from z = 1.914 to 4.479. In Figure 
1 we show an example of a quasar at redshift z 
= 2.605, the rest-frame wavelength (λrest-frame) is 
indicated at the top of the spectrum and what we 
observe on Earth at the bottom (λobserved).

This paper is a research-in-progress update 
covering two projects both analyzing different 
features of the 98 new EHVO cases identified 
in Rodríguez Hidalgo et al. (in prep). The 
variability project aims to identify how EHVOs 
change over time, and how often this change 
occurs. The quasar properties project aims to 
identify whether EHVOs have distinct physical 
properties when compared to BALQSOs and 
the parent sample, which also includes non-
BALQSOs.

In this paper we describe the data we use in 
Section 2, analysis and discussion of variability 
in Section 3, analysis and discussion of quasar 
properties showing EHVOs in Section 4, and 
Section 5 is a summary.

2. Data 

All of the data presented in this paper 
originates from the Sloan Digital Sky Survey 
(SDSS), whose observations were taken with 
the 2.5m telescope located at Apache Point 
Observatory in New Mexico. This archival 
data is regularly released in batches called Data 
Releases (DR), the most recent of which DR16 
was made public on Dec 9th, 2019. Each quasar 
observation is identifiable by three numbers: 
plate, MJD, and fiber. To observe multiple objects 
simultaneously, the 2.5m telescope utilizes 
specially manufactured aluminum plates. These 
plates contain hundreds of holes each including 
an individual optical fiber, whose location 
corresponds to where in the focal plane of the 
telescope the objects are observed. A Modified 
Julian Date (MJD) is a convention mainly 
used in astronomy that counts the number of 
days since midnight on November 17th, 1858. 
This makes tracking large date changes easier, 
as the difference in MJD between two dates 
is simply the number of days between them. 
Previously 40 EHVOs quasars were identified 
in DR9 (Rodríguez Hidalgo et al. 2020), with 
an additional 98 having been confirmed from 
DR16 (Rodríguez Hidalgo et al. in prep). This 
current study focuses on the latest findings.

Of the 98 cases, we find that 51 have 
observations at multiple epochs (observations at 
different times) which are discussed in Section 
3. When measuring quasar properties, we have 
data for 69 of these cases, which are discussed 
in Section 4. 

3. Analysis and Discussion of Results of 
Variability of Extremely High Velocity 
Outflows.

3.1 Previous studies in Variability. 
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EHVOs, like BALQSOs, sometimes exhibit 
variability in their absorption profiles (e.g., 
Rodríguez Hidalgo 2011; Rogerson et al. 2016). 
This manifests as depth changes in BAL troughs, 
or speed changes between observations. Depth 
changes, i.e., absorption strength changes, can be 
observed ultimately as appearance or complete 
disappearance of absorption altogether. If the 
speed of the outflow increases then the trough 
would shift to a shorter wavelength, and vice 
versa for a speed decrease.

Previous studies on variability in EHVOs 
have focused on specific quasars, as in the 
case of J023011.28+005913.6 (Rogerson et al. 
2016) or have been more broadly studying the 
slower BALQSOs. This is the first systematic 
study of variability in EHVOs. The causes of 
variability in EHVOs is currently unknown 
but, as EHVOs are a subset of BALQSOs, the 
mechanism behind their variability might be 
related. There are two prevailing theories as to 
the origin of observed variation in BALQSOs. 
The first assumes that all the difference in 
absorption features observed can be explained 
purely by the transverse motion of gas clouds 
in or around the accretion disk, blocking our 
sightline to the quasar (Boroson et al. 1991). 
The underlying absorption parameters of the 
gas are unchanged (energies, ionization, etc.) 
and any new absorption features are caused by 
the light’s absorption by this new cloud. The 
second assumes that the absorption changes 
are caused by actual changes in the ionization 
parameters of the outflow gas (Barlow et al. 
1992). This implies a dimming or brightening 
of the continuum flux (decrease and increase 
in energy). This difference in energies results 
in different levels of ionization in the present 
atoms, causing different absorption features. For 
example: if more ionizing radiation is present, 
instead of finding CIV (carbon where 3 electrons 
have been removed by the incident light) we 
might find CV (carbon where 4 electrons have 
been removed). If all of the absorption features 
present at different speeds, and therefore likely 
at different distances from the source, change in 

unison, known as coordinated variability, then 
we most likely have a change in the underlying 
ionization parameters, as a gas cloud passing 
between us and the quasar cannot account for 
absorption changes across the entire continuum.

Studying variability can grant us greater insight 
into the nature of the outflow environment.We 
can use variability to place a constraint on the 
density and distance of the absorbing gas from 
the black hole (Hamann et al. 1995). If we 
assume we are in an ionization equilibrium, i.e., 
the number of gas particles being ionized per 
second is the same as the number of gas particles 
recombining per second, then the equation can 

be used to find the density (n), where α is the 
ionization parameter (a constant specific to each 
ion), and trecombination is the recombination time. If 
the time between observations in the rest-frame 
is the upper limit for trecombination, then a lower 
limit can be placed on the density of the gas. 
Ifthe bolometric luminosity Lbol (see Section 4) 
is also known, then the distance between the 
black hole and the absorbing gas (R) can be 
constrained using where U is the ionization.

If the cause of variability is assumed to be the 
transverse motion of a gas cloud, and we assume 
that the speed of this gas cloud has reached the 
speed of our outflow, then the lower limit on the 
distance of the cloud can also be constrained via 
Kepler’s equations of orbital motion. 
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3.2 Our Results.

As mentioned previously, 51 EHVOs had 
observations at different epochs. For each case, 
two or more epochs were graphed against each 
other to compare their absorption profiles. These 
graphs were plotted between the rest-frame 
wavelengths of 1225-1600 Å, as this region 
contains our EHVO CIV absorption whenever 
present. For our report in progress, these graphs 
were unnormalized. This normalization process 
aims to fit the parts without absorption and 
emission with a power law through the use of 
an algorithm developed by our team previously 
(Charles et al. 2022). This normalization 
algorithm chooses 3 anchor points, each in a 
region where no absorption or emission features 
are present. This allows the program to be 
confident in fitting the power law continuum 
instead of absorption or emission features. The 
spectra is then divided by this power law, and 
the result is the normalization flux. Because 
normalizing makes the comparison of absorption 
features easier between the epochs, there is 
a certain degree of uncertainty in measuring 
variability in the unnormalized graphs. This 
paired with poor signal-to-noise ratios in older 
observations and missing flux data in certain 
epochs resulted in variability being classified 
into three groups: confirmed, uncertain, or none. 
All cases were visually inspected for variability, 
with measurements to follow in a future 
report. Time differences between observations 
varied from those made on the same day and 
differences of 5573 days in our reference frame. 
Because these objects experience time slower 
the further away they are. The rest-frame time 
between observations is the MJD difference / 
(z +1), which results in time differences of less 
than a day and 1772 days, respectively, in the 
rest-frame of our quasars.

Of the 51 cases, 47% (24/51) were confirmed 
to exhibit some degree of variability. Our 
team observed all three manifestations of 
variability outlined previously. Figure 2 shows 
the appearance of an EHVO in the quasar 

J103800.50+582343.0 between MJD 52428 
and MJD 56661 (Δtrest-frame = 1143 days) via 
an increase in CIV absorption (shown in pink) 
centered at 1360 Å in the rest-frame. 

Figure 2: Appearance of an EHVO in 
J103800.50+5823432.0 with redshift z = 2.702, 
between the observations MJD 52428 (blue) and 
MJD 56661 (red) via the emergence of CIV absorp-
tion centered around 1360 rest-frame wavelength.  
As with Figure 1, both x-axes are measurements of 
wavelength, with different rest-frame and observed 
limits, from 1225-1600 Å and from approximately 
4500-5900 Å respectively. The y-axis is a flux value 
scaled by the wavelength observed in units of erg/s/
cm2/Å. The location of our CIV absorption is out-
lined in pink. Locations of emission lines are also 
highlighted along the top of the graph for CIV, 
SiIV+OIV, CII, OI, and Ly-α+NV. 
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Figure 3 shows the disappearance of an EHVO was 
observed in quasar J004300.26+045718.6 via the 
loss of CIV absorption between MJD 55867 and 
MJD 58082 (Δtrest-frame = 658 days).
Our team also observed speed changes as exempli-
fied in J000022.93-022716.4 (see Figure 4), with a 
possible outflow acceleration of approximately 5200 
km s-1 between MJD 55810 and 57713 (Δtrest-frame = 
527 days). 

Figure 3: Disappearance of an EHVO in 
quasar J004300.26+045718.6 between 
MJD 55867 (blue) and MJD 58082 (red) 
with redshift z =2.362. Axes and labels are 
similar to those in Figure 2. 

Figure 4: Shifting of CIV absorption from approxi-
mately -36500 km s-1 to -41747 km s-1 suggests po-
tential acceleration of the EHVO in the quasar 
J000022.93-022716.4 between MJD 55810 (blue) 
and 57713 (red).  Axes and labels are similar to those 
in Figure 2. 

A further 20 out of 51 cases (39%) are likely 
to show some variability but our results are still 
uncertain since we will need to normalize the 
spectrum to classify them appropriately. Our 
team observed no variability in 7 of the 51 cases 
(14%). 

Our results indicate that EHVOs show more 
frequent variability than BALs at lower speed. 
Filiz et al. (2013) showed that approximately 
57.9% BALQSOs were found to have CIV 
variability. Using the potential changes in 
ionization, shorter recombination times will 
require larger densities of the gas. Assuming 
all other parameters are similar, this would 
imply that EHVOs are at closer distances to 
the ionizing source than BALQSOs. However, 
as noted in Section 4.2, EHVO quasars show 
larger bolometric luminosities than BALQSOs, 
and therefore this will affect the distances as 
well, likely mitigating the larger densities. 

3.3 Future Work in Variability:

To measure quantitatively how much these 
absorption profiles have varied and be able to 
compare them to previous studies in BALQSOs, 
we are in the process of normalizing our 
spectra via the method outlined in Charles et 
al. 2022. Once the spectra are normalized, we 
will quantify the variability via three values: 
the equivalent width (EW), which is defined as 
the width of a rectangle with height from the 
continuum line to zero containing an equivalent 
area as the absorption line, the average depth of 
our absorption troughs, and lastly the changes 
in velocity.

A region of the spectrum known as the Lyman 
alpha (Ly-α) forest is of particular interest to 
our team. This is the region below a rest-frame 
wavelength of 1216 Å and coincides with the 
energy required to excite hydrogen to its first 
excited state. Each time light from the quasar 
interacts with a hydrogen gas cloud along its 
journey, part of the spectrum is absorbed by that 
hydrogen and re-emitted in a random direction. 
The likelihood of the re-emission direction lining 
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back up with its original direction is functionally 
zero, which results in a narrow absorption line, 
as the light is effectively eliminated from our 
spectrum. However, as the light encounters 
different galaxies with different redshift values 
on its journey toward us, the narrow hydrogen 
absorption line appears at different wavelength 
values in the spectrum, resulting in dozens to 
sometimes hundreds of narrow lines spread 
across the Ly-α region. This is a larger issue 
with high redshift objects, as objects further 
away have significantly more lines obscuring 
our spectrum.

This region is important to study because we 
can look for ions that are shifted into that part of 
the spectrum. This allows for the identification 
of EHVOs at higher outflow speeds, because 
as the speed of an outflow increases, the more 
shifted towards the blue our absorption features 
are. This tends to push absorption features 
of high speed EHVOs into the Ly-α forest. 
Furthermore, CIV absorption on its own still 
leaves a large uncertainty in the ionization 
parameters of the quasar, each successive ion 
we observe absorption in allows us to hone in 
on a more accurate view of the conditions of the 
gas in our system.

In the future we will remove the Ly-α lines 
with code developed previously by our team. 
The Ly-α code is open-source software designed 
to filter out Lyman-alpha forest lines from multi-
epoch observations of quasars with EHVOs 
while leaving the underlying absorption intact. 
Using results from Bosman et al. 2022 we are 
able to normalize the Lyman-alpha forest region 
of the quasar's spectra. This normalization 
technique is tailored for the Ly-α region and 
thus distinct from the one outlined in Charles et 
al. 2022. Because the Ly-α absorption caused by 
the hydrogen gas clouds don’t usually vary at the 
timescales we observe EHVO variability, multi-
epoch observations help identify intervening 
absorption caused by the hydrogen gas versus 
intrinsic absorption caused by our EHVO. We 
model individual intervening absorption lines 

with Gaussian curves. The continuum is modeled 
with the layering of multiple curves called a 
cubic spline. Following a simultaneous fit, the 
absorption features are denoised, revealing 
a high-precision reconstruction of intrinsic 
features not attained before. This method allows 
us to analyze EHVO intrinsic absorption lines 
that have been shifted into the heavily absorbed 
Lyman-alpha forest region, including absorption 
due to multiple ions and their variability.

4. Analysis and Discussion of Results of the 
Physical Properties of EHVO Quasars.   

4.1 Description of Quasar Properties in Our 
Study

To study the characteristics of the quasars that 
show EHVOs in their spectra in comparison 
to other quasars like BALQSOs, we analyze 
the properties of quasars with EHVOs, such 
as bolometric luminosity, black hole mass and 
Eddington ratio, and compare them to those in 
the populations of BALQSOs and the parent 
sample.

We do not compute the measurements of 
these physical properties and instead rely 
on previously calculated measurements by 
other research groups. A recent paper (Wu 
and Shen 2022) includes measurements for 
these properties in the DR16, however they 
do not apply Coatman’s correction described 
below. Rankine et al. 2020 has measured these 
values including this correction but they were 
not published in the literature; she graciously 
provided them to us.

The bolometric luminosity (Lbol) is the 
luminosity of an object across all wavelengths. 
It is often measured relative to the solar 
luminosity and provides the amount of energy 
the quasar is releasing. The method of obtaining 
the bolometric luminosity without having 
to integrate data at all wavelengths is to use 
previously tabulated corrections anchored in 
particular values of the quasar spectrum. This is 
called bolometric corrections (BC). The values 
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provided by Rankine include the BC corrections 
described in Shen et al. (2011): for quasars with 
z > 1.9, they used the monochromatic luminosity 
at 1350 A in the rest-frame of the quasar and 
applied a correction of BC = 3.81.

The black hole mass (Mbh) is estimated through 
measuring the width of the CIV emission line. A 
standard measurement of the width of emission 
lines is to compute the full width half maximum 
(FWHM) which, as the name indicates, is the 
value of the width calculated at half value of 
the maximum height of the emission line. If the 
line is just produced by the movement of gas 
around a black hole, the width should correlate 
directly with the mass of the black hole, as 
more massive black holes will result in faster 
material around and therefore broader emission 
lines. However, if the emission includes some 
material outflowing, the width of the line would 
be larger and the calculated FWHM would 
also be artificially large. The result of this is 
overestimated values of black hole masses. 
The values from Rankine et al. (2020) have 
been corrected for this effect using the work 
of Coatman et al. (2017). However, for cases 
where this effect is small, the scattering in the 
measurements does not provide good results 
and those cases need to be discarded. 

As expected, the values provided by Amy 
Rankine result in more moderate estimates of 
the black hole mass measurements for EHVO 
quasars, compared to previous calculations, 
since the outflow component is not included. 
Previously in Rodriguez Hidalgo et al. 2020 we 
used instead black hole mass values provided 
in Shen et al. 2011 that do not account for the 
correction, and we observed larger values 
of black hole mass for quasars with EHVOs 
relative to the parent population. This makes 
sense since in Rodriguez Hidalgo and Rankine 
(2022) our team found that EHVO quasars show 
larger outflows in the CIV emission line.

The Eddington ratio is defined as a 
dimensionless ratio of bolometric luminosity 

over Eddington luminosity (Ledd). Eddington 
luminosity predicts the theoretical maximum 
luminosity an object can emit. The Eddington 
ratio is calculated as the ratio between the 
bolometric luminosity and the black hole mass, 
both explained above. The Eddington ratio 
indicates the mass accretion rate of the SMBH 
in a quasar: a quasar that has a larger Eddington 
ratio is accreting mass at a faster rate. This 
clarifies whether EHVO quasars are distinctive 
when compared to BALQSOs and versus their 
parent sample. 

The challenge in studying DR16 quasars is 
that Rankine et al. (2020) had only measured the 
values of quasar physical properties in DR14, so 
we do not have measurements for all the DR16 
EHVO quasars. However, since the data release 
16 includes the cases in previous data releases, 
we do have values for all those quasars that were 
already in the data release 14. Therefore, our 
group used a cross-correlation process between 
the Rankine et al. (2020) DR14 measurements 
and our quasars. To do so, we developed our 
own software to match the ` plate, MJD, and 
fiber numbers between the two data releases. 
These numbers act like serial numbers, allowing 
us to trace the same quasars from both DR14 
and DR16. As described in section 2, the total 
number of identified EHVO quasars is 98 cases, 
and there are 69 cases with physical property 
information in the DR14. Other quasar groups 
such as the parent sample and BALQSOs also 
lose cases through the cross-correlation process. 
The resulting numbers of each group are then 69 
EHVO quasars, 14004 cases of parent sample, 
and a total of 1866 cases of BALQSOs.

4.2 Our Results.

Figures 5 and 6 show a set of two scatter plots 
with corresponding histograms of the physical 
properties of all three quasar groups. Both sets of 
figures include our EHVO quasars in magenta. 
Figure 5 includes the parent sample’s values in 
blue, and Figure 6 the BALQSOs in two shades 
of blue: those BALs with minimum outflow 
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Figure set includes (a) a comparison between 
Mbh and the Eddington ratio, while (b) shows 
Lbol versus Eddington ratios.

Figure 6. Plots (a) and (b) have the same layout as in Figure 5, but now we plot EHVO quasars and BALQ-
SOs at different speeds. BALs with minimum velocities less than 10,000 km/s appear in light blue, BALs with 
minimum speeds in between 10,000 km/s and 25,000 km/s in ocean blue, and EHVOs in magenta. The plots 
show that EHVO quasars have larger bolometric luminosities and Eddington ratios than the BALQSOs at 
both speeds.

Systematic Analysis of the Quasar Properties 

(a) (b)

(b) 

velocity less than 10,000 km/s are in light blue 
and those with minimum outflow velocity in 
between 10,000 km/s and 25,000 km/s region 
appear in darker blue: Each

(a)

Figure 5.  The two plots (a) and (b) include scatter plots at the center and histograms (top and right) of 
Mbh (top), Lbol (bottom), and Eddington ratio (right). We plotted the parent sample (blue) vs EHVO quasars 
(magenta). Scatter plot (upper) shows Eddington ratio against MBH in comparison. The MBH  of the EHVOs 
and parent samples are similar. However, EHVO quasars show larger Eddington ratios than the parent 
sample. Bottom plot shows Eddington ratio against Lbol: we find that the EHVO quasars are more luminous 
than the quasars in the parent sample. 



UWB The CROW, 202394

For the histograms we chose the optimal bin 
size using a method called Knuth’s rule (Knuth 
2013). This is a method that is based on the data 
collected, instead of asserting strong prior as-
sumptions about the data, such as assuming the 
data exhibits a normal distribution. Thus, it is 
optimal for plotting histograms with complicat-
ed data sets. In our case, since we are compar-
ing an uneven number of data points for sets of 
the parent sample, BALQSOs and EHVOs, we 
decided to utilize this method to represent the 
histograms more accurately. 

The result of our analysis finds that the black 
hole mass distribution of the EHVO and parent 
sample quasars are largely similar. Inspecting 
Figure 5a (top histogram), where the horizontal 
axis shows the EHVO and parent sample’s Mbh 
distribution, suggests that the shapes of the two 
histograms are overall matching, meaning there 
is no significant difference between the two. We 
see that in Figure 6 (a) the mass distribution 
histogram (top) for BALQSOs vs EHVOs also 
does not show significant differences. Given the 
three groups, quasars with EHVOs, BALs and 
the parent sample, show similar distributions of 
black hole mass, we conclude that this is not a 
parameter that influences the presence or speed 
of an outflow. 

Figures 5b and 6b (top histograms) show that 
EHVO quasars are the most luminous: both the 
parent sample’s and BALQSO’s luminosity dis-
tribution trail behind the one that EHVO quasars 
display. Figure 5b’s top histogram represents the 
parent sample and EHVO’s bolometric luminos-
ity distribution. We can see that the distribution 
of Lbol values for EHVO quasars clearly peaks 
at a larger value than for the parent sample. This 
conclusion holds true when looking at the top 
histogram in Figure 6b. Thus, quasars with EH-
VOs are significantly more luminous than both 
the parent sample and BALQSOs. The luminos-
ity parameter is therefore likely the reason why 
these extreme outflows are present in these qua-
sars’ spectra. 

The distribution of values of Eddington ra-
tios in both figures suggest that the EHVO qua-
sars also show larger values than the other two 
populations. This is unsurprising because as 
mentioned previously: Lbol correlates with the 
Eddington ratio. Since values of the bolometric 
luminosity are larger for EHVOs, while all three 
quasar groups’ black hole mass distributions 
remain similar, it was expected that EHVOs 
would also show larger Eddington ratio values. 
In both Figures 5 and 6, the right histogram 
shows this relationship clearly, where the peak 
of the EHVO Eddington ratio is at a significant-
ly larger value than the other two groups. With 
this information, we find that the quasars with 
EHVOs accrete mass at a faster rate than both 
the parent sample and BALQSOs. The Edding-
ton ratio parameter is for the same reason as Lbol, 
influencing the presence of EHVOs.

Summary:

In the first systematic variability study on 
EHVOs, our preliminary results show that they 
vary more often than BALQSOs. We observed 
a large range of variability cases: appearances, 
disappearances, and large speed changes. Al-
most half of cases (24/51, 47%) show variability. 
Of the remaining cases, 20 need the application 
of further processing techniques to be reclassi-
fied, and 7 are confirmed as non-variable. 

We find that quasars with EHVO are a distinct 
class by themselves when compared to BALQ-
SOs and the parent sample of quasars. Two out 
of three quasar physical parameters are shown 
to be impactful on the presence of these extreme 
outflows: EHVOs show larger values of Lbol 
and Eddington ratio relative to the other studied 
populations, while the Mbh parameter does not 
seem to have any influence on the presence of 
EHVOs. 
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