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Abstract

Searching for Post-Merger Recoiling Black Holes

By

Nathan Rauch

When galaxies merge, their central supermassive black holes will ultimately merge
as well. During the merger, they can gain velocities with respect to their host galaxies.
This occurs when the emission of gravitational wave radiation during the merger is non-
isotropic. In this project, we search for a spectroscopic signature of recoiling black holes
in quasars. Quasars have multiple Doppler broadened emission lines. These lines can be
identified as originating in different parts of the quasar depending on if the line is broad
or narrow. The broad lines originate from gas gravitationally bound to the black hole,
and narrow lines from further out in the host galaxy. We use spectral data from the Sloan
Digital Sky Survey, and fit the emission lines with the software pyQSOFit. We search for
objects of interest by calculating the velocity of the broad line with respect to the narrow
line. We fit approximately 50,000 quasar spectra, focusing on broad H𝛽 and the narrow
forbidden line [OIII]. The resulting velocities are consistent with the predicted range of
recoil velocities of post-merger black holes. A number of outliers, with distinct spectral
features such as double-peaked broad lines, were identified within the sample.
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1 Introduction

When galaxies merge, their central black holes will also end up merging. This merging

of black holes has the potential to cause a kick velocity, which results from an uneven

distribution of gravitational wave radiation at the time of the black hole merger. The

purpose of this project is to use the spectra of many quasars to identify quasars that

potentially contain recoiling black holes. This will be done by using the spectral properties

of a quasar as they relate to the physical regions that make up a quasar.

This section will identify what a quasar is, what its spectrum looks like, and what

gravitational wave radiation is, as these concepts relate to this project. This will be

done by describing the unified model of Active Galactic Nuclei (AGN), examining and

explaining the spectra of quasars, describing gravitational wave radiation, and explaining

how these concepts can be used identify quasars that are recoiling with respect to their

host galaxy.

1.1 What is an AGN?

An AGN is a small extremely luminous object in the center of a galaxy. The structure

of AGN is described in the unified model: a black hole surrounded by several regions

of material each with their own defining features. Furthermore, in the unified model,

the classification of an AGN is determined by the angle at which it is viewed. AGN are

also known for having some spectral features including, but not limited to, broad-band

continuum emission, strong emission lines, and the potential for strong radio emission.

The most luminous AGN are classified as Quasars.

The unified model of AGN presents a model for the structure of an AGN. This struc-

ture is made up of a central black hole surrounded by an accretion disk, a dusty torus

surrounding the accretion disk, the broad line region, the narrow line region, and a radio

jet [12], seen in Figure 1. The furthest inward region is the black hole region. This region
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Figure 1: A visual representation of the unified model of AGN. This figure also shows the
angle at which the AGN is viewed that would lead to specific classifications of the AGN.
This figure comes from the Book Active Galactic Nuclei [2].

mainly outputs very high energy and mostly continuum, X-ray emission, which we will

not directly measure for this project. The broad line region is just outside of the black hole

region and has lower energy emission, strongest in UV and optical wavelengths. However,

the broad line region is close enough to the central black hole that the gas has high enough

velocities that the spectral lines that are produced will be significantly broadened due to

Doppler broadening. Much further out from the black hole is the narrow line region.

The narrow line region is much less dense and lower velocity than the preceding regions,
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allowing for the emission of much narrower lines. One of the narrow lines emitted in the

narrow line region is the forbidden line [OIII] [2]. It is relevant to note that depending

on the orientation of the AGN, the observed properties and, as a result, the classification,

will change, this can be seen in Figure 1. Many AGN are bright radio sources because of

the two radio lobes directed in opposing directions with the AGN between them. These

lobes are non-stellar in nature and are connected to the AGN that lies between the lobes.

This indicates that the source of the radio lobes is the AGN, but not all AGN have strong

radio emission [10].

AGN also have a very small angular size, extremely high luminosity, broad-band

continuum emission, and strong emission lines. The small angular size of an AGN comes

into play when the AGN is observed with the host galaxy surrounding it. The AGN is

much smaller than its host galaxy and will often appear simply as a bright point within

the galaxy. Typical AGN luminosity can range from about 1% of the power output of a

typical galaxy to being 104 times the power output [10]. Some AGN will be much brighter

and stand out, while others will be much harder to distinguish within the galaxy. It is

important to also note that the observed brightness of an AGN can be affected by things

such as extinction due to large amounts of dust and the effects of gravitational lensing.

An example spectrum of a quasar can be seen in Figure 2. Emission lines are common

features in the spectra of many objects. Emission lines are very abrupt increases in the

emission of a spectrum focused around a specific wavelength, as opposed to absorption

lines which are decreases in the emission around a specific wavelength. This wavelength

corresponds to the energy of a photon from the de-excitation of an electron in a specific

atom, ion, or molecule. It is very common in the spectra of stars and galaxies to see weak

absorption lines as the primary lines. This is because stars and galaxies are sources of

light, and materials that absorb and re-emit light at specific wavelengths will cause these

absorption lines. In contrast, AGN stand out because of their strong emission lines. AGN

have strong emission lines because the light coming from the accretion disk of an AGN
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Fig. 3. from Composite Quasar Spectra from the Sloan Digital Sky Survey
Vanden Berk et al. 2001 AJ 122 549 doi:10.1086/321167
https://dx.doi.org/10.1086/321167
© 2001. The American
Astronomical Society. All rights reserved. Printed in
U.S.A.

Figure 2: An example of a spectrum of a quasar. This figure comes from Vanden Berk et
al. [17].

excites the material surrounding the black hole. There is also a line width distribution

where some emission lines within AGN spectra are much more broad than others. There

are even some emission lines that can be seen in both the narrow and broad classes of lines

[10]. The line width can be linked to the origin of the emission within the topography

of the AGN, which will be discussed later. An example of a spectrum with broad and

narrow lines can be seen in Figure 3, where H𝛽 is visibly broad near the base of the line

with a narrow point at the top because of the contributions of the broad H𝛽 and narrow

H𝛽 lines respectively.

Quasar is a general term for an AGN that is high luminosity and emits light over the

entire spectrum. Quasars have all of the AGN properties listed above to varying degrees

[10]. The class of AGN that are dealt with in this paper are called quasars. Specifically,
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Figure 1. from Space Telescope and Optical Reverberation Mapping Project. V. Optical Spectroscopic Campaign and Emission-line Analysis for
NGC 5548
null 2017 APJ 837 131 doi:10.3847/1538-4357/aa5eb1
https://dx.doi.org/10.3847/1538-4357/aa5eb1
© 2017. The American Astronomical Society. All rights reserved.

Figure 3: An example of a spectrum with visible broad and narrow lines. This figure
comes from Pei et al. [13].

type 1 quasars because type 1 quasars have visible broad lines while type 2 quasars do

not [12].

1.2 What is Gravitational Wave Radiation?

Gravitational wave radiation is the result of masses accelerating. This radiation is the

change in the effect on spacetime by the acceleration of mass that can be observed. The

sources of radiation that are large enough to have been detected are limited to very dense

and massive objects interacting with one another, such as a binary black hole system. The

luminosity from such a system can be calculated within the theory of general relativity.

Gravitational waves are ripples in spacetime that are caused by the acceleration of
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masses. The release of gravitational wave radiation from a merger of black holes is the

reason that the mass of the black holes is not conserved, it is radiated away as energy

in the gravitational waves. In order to model the energy lost due to gravitational wave

radiation, it is necessary to introduce the reduced quadrupole moment tensor.

𝐼 𝑗𝑘 ≈
∑

𝑜𝑏 𝑗𝑒𝑐𝑡𝑠 𝑖

𝑚𝑖(𝑥 𝑗

𝑖
𝑥𝑘
𝑖 −

1
3𝜂

𝑗𝑘𝑟2
𝑖 ) (1)

Where indices are indicative of Einstein summation notation. This tensor is defined, like

moment of inertia, in relation to the rotational motion of the black holes in the binary

system. Define the trace-reversed metric perturbation,

𝐻𝜇𝜈 = ℎ𝜇𝜈 −
1
2𝜂𝜇𝜈 (2)

where ℎ𝜇𝜈 is the metric perturbation and 𝜂𝜇𝜈 is the metric of flat spacetime. The metric

perturbation is a measure of how the metric, 𝑔𝜇𝜈 is changed from that of flat space because

of gravitational waves.

𝑔𝜇𝜈 = 𝜂𝜇𝜈 + ℎ𝜇𝜈 (3)

Now, through using the weak-field Einstein equation satisfying the Lorentz gauge con-

dition with the trace reversed metric perturbation with raised indices, it is possible to

approximate for slow moving objects, v«c, the trace-reversed metric perturbation with

raised indices through analogy with electrodynamic electric potential, seen Moore p.384

[11].

𝐻𝜇𝜈 = 4𝐺
∫
𝑠𝑟𝑐

𝑇𝜇𝜈

𝑅
𝑑𝑣|𝑡−𝑅 (4)

𝑇𝜇𝜈 is the stress energy tensor containing source information, and R is the distance between

the point of interest and the black hole merger. Using the identity∫
𝑠𝑟𝑐

𝑇 𝑗𝑘𝑑𝑣 =
1
2
𝑑2

𝑑𝑡2

∫
𝑠𝑟𝑐

𝑇𝑡𝑡𝑥 𝑗𝑥𝑘𝑑𝑣 =
1
2
𝑑2

𝑑𝑡2

∫
𝑠𝑟𝑐

𝜌𝑥 𝑗𝑥𝑘𝑑𝑣 =
1
2
¥𝐼 𝑗𝑘 (5)
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it is found that

𝐻 𝑗𝑘 =
2𝐺
𝑅

¥𝐼 𝑗𝑘 (6)

and 𝐻𝑡𝑡 = 4𝐺𝑀
𝑟 and 𝐻 𝑖𝑡 = 0. Since, 𝐻𝑥𝑥

𝑇𝑇
= 1

2(𝐻𝑥𝑥 − 𝐻𝑦𝑦) it can be shown that,

𝐻
𝑗𝑘

𝑇𝑇
=

2𝐺
𝑅

¥𝐼 𝑗𝑘 (7)

Now, since this is since this is transverse traceless ℎ
𝑗𝑘

𝑇𝑇
= 𝐻

𝑗𝑘

𝑇𝑇
. It is possible to find the flux

by finding the tt component of the stress energy tensor.

𝐹𝑙𝑢𝑥 = 𝑇𝑡𝑡
𝐺𝑊 =

1
32𝜋𝐺 <

¤
ℎ
𝑗𝑘

𝑇𝑇
¤ℎ𝑇𝑇
𝑗𝑘

>=
𝐺

8𝜋𝑅2 < 𝐼̈
𝑗𝑘

𝑇𝑇 𝐼̈
𝑇𝑇
𝑗𝑘 > (8)

Now the luminosity is found by integrating the flux over the surface of the sphere at R.

𝐿 =
−𝑑𝐸
𝑑𝑡

=

∫
𝑠𝑝ℎ𝑒𝑟𝑒

𝐹𝑙𝑢𝑥 · 𝑑𝐴 =
𝐺

5 < 𝐼̈
𝑗𝑘

𝑇𝑇 𝐼̈
𝑇𝑇
𝑗𝑘 > (9)

The quadrupole moment tensor is related to the rotational motion of the binary mass

system. The luminosity is the rate at which energy is radiated away as gravitational waves

[11]. From the equation above, and the general understanding that energy is leaving the

system in the form of gravitational wave radiation, it can be inferred that the changing

quadrupole moment tensor is related to the coalescing orbits of the masses resulting from

a loss of energy in the system. An uneven distribution of this emission is caused by

differences in mass and spin of the masses.

1.3 Quasar Mergers

It is not uncommon for galaxies to gravitationally interact and merge in the universe.

When they do, the AGN in said galaxies will gravitate towards the center of the new

merged galaxy and gravitationally interact with one another. This causes the central black
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holes of the AGN to coalesce and eventually merge.

When quasars merge, the central black holes within the quasars will begin to gravi-

tationally interact with each other. This gravitational interaction leads to a binary black

hole system, where the black holes will orbit each other as they coalesce. When black

holes are in close orbit, they emit gravitational wave radiation. Furthermore, when the

black holes reach the point of merging, they release a violent burst of gravitational wave

radiation. [1]. This phenomenon can be seen in LIGO data for merging black holes, an

example of this is in Figure 4. It is expected that an abrupt release of energy would occur

at the moment of black hole merger, leading to a kick velocity in the resulting black hole,

depending on the direction of gravitational wave emission at the moment of merger.

1.4 What are Kicks and How can we Identify Them?

In the case of non-isometric radiation of gravitational wave radiation, there can be a

reactionary, "kicked", momentum in the merged black hole system caused by Newton’s

third law. As a result of the extreme amount of energy release from a black hole merger,

the kick velocity of the merged black hole can be significant enough to eject the black hole

from its host galaxy [4]. Quasars are a great candidate to demonstrate this because they

contain black holes with the possibility of merging, and they have host galaxies around

them that contain the emission line regions with differing distance scales with respect to

the central black hole. Figures 5 and 6 give a visualization of the difference in distance

scales of the broad line region and narrow line region.

Kick velocities can be measured using the properties of the AGN that have merged,

most notably, the use of the redshift of spectral lines. The spectrum of an AGN has

spectral lines that come from the broad line region and narrow line region respectively.

Using the fact that the broad line region is relatively close to the kicked black hole, and

gravitationally bound, and that the narrow line region is significantly farther away, and

not gravitationally bound, the redshift of the broad line with respect to the redshift of the
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Figure 4: A visual representation of what the LIGO data for merging black holes looks
like. Depicts the progress of coalescence at each stage of the waveform. Figure from
Abbott et al. [1].

narrow line can be used as a proxy for the redshift of the black hole with respect to the

host galaxy. With this knowledge, it is easy to find the velocity of the black hole with

respect to the host galaxy.

Redshift is the Doppler shift of light. This means that the redshift of an object comes
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Figure 5: Figure displaying scale of the
broad line region with the black hole be-
ing at zero on the x-axis. Figure from Hall
[9].

Figure 6: Figure displaying the scale of the
narrow line region with the black hole being
at zero on the x-axis. Figure from Hall [9].

from the change in frequency of the wave of light as a result of the motion of the source

of the light with respect to the observer. The general formula for this is given as follows

𝑧 =
Δ𝜆
𝜆

(10)

where z is the redshift, Δ𝜆 is the difference in the observed wavelength of light and the

rest wavelength, and 𝜆 is the rest wavelength of light. The velocity is the redshift times the

speed of light. As a result of this project dealing with extragalactic objects such as quasars,

it is important to note that there is a redshift associated with the expansion of the universe.

Hubble’s law states that as objects get increasingly farther away they recede quicker due

to the expansion of the space between observer and object, seen in the equation

𝑣 = 𝐻0𝑑 (11)



11

where v is the velocity of recession, 𝐻0 is the Hubble constant, and d is the distance of the

object [6]. As a result of this property and the relation between velocity and redshift, it has

become common practice to use redshift as a proxy for the distance of very distant objects

because the velocity that the object has through space is inconsequential when compared

with the velocity from Hubble’s law. Using this property, if there is a systemic redshift of

the quasar as a whole and a different redshift of the central black hole, the Doppler shift

formula could be used to calculate the velocity of the black hole with respect to its host

galaxy.

Since the black hole is not directly observable, a proxy for the black hole is required to

measure the redshift of the black hole. This proxy will be the broad line region. Because

the broad line region is very close to the black hole itself, the redshift of the broad line

H𝛽, and as a result, the motion of the broad line region will be used as a stand-in for the

motion of the black hole itself. The spectral line H𝛽 was chosen to be the representative

for the broad line region and black hole because it is near a strong narrow line and the

most prominent broad line in most spectra, H𝛼, has a peak that is difficult to distinguish

from nearby narrow lines. Measuring the redshift of the host galaxy itself can prove to

be challenging because of the immensely luminous nature of the quasar. Therefore, a

representative is required for the redshift of the host galaxy as well. This representative

can be a spectral line from the narrow line region since the narrow line region is far enough

out from the black hole that it should not be affected by the motion of the black hole. This

is because the broad line region is 100 times further from the black hole when compared

to the broad line region. Since gravity can be thought of as an inverse square law with

respect to distance, this means a particle in the narrow line region will experience 10000

times less gravity from the black hole than an identical particle in the broad line region.

The redshift of the [OIII] narrow line will be used as a stand-in for the host galaxy of

the quasar. This project will also use the SDSS redshift to compare with the narrow line

region’s redshift. This will show that there is a slight difference between the redshift of
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the narrow line and the redshift of the object that SDSS calculates. Using the comparative

redshift of the broad and narrow line region will create an estimate for the motion of the

black hole with respect to its host galaxy.

This project will look for evidence of recoiling black holes in a large sample of quasars

by measuring the relative velocity of the quasars’ broad line regions with respect to their

narrow line regions.
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2 Methods

The project searches for evidence of post-merger recoiling black holes by measuring the

velocity of the broad lines of quasars with respect to their narrow line regions. This

requires spectral data of quasars, which will be obtained from the Sloan Digital Sky

Survey. The emission lines will be fit to each spectra by using the program pyQSOFit

and the velocity of the broad line region with respect to the narrow line region will

be calculated using the peak wavelengths of the H𝛽 broad line and [OIII] narrow line.

Once these velocities are calculated, it will be necessary to identify potential errors in the

fitted spectra of specific objects and errors in the methodology used to fit the spectra and

calculate velocities. This section will focus on how this project used SDSS and pyQSOFit,

and how the initial data analysis was performed.

2.1 Sloan Digital Sky Survey (SDSS) & Spectra

The Sloan Digital Sky Survey (SDSS) is one of the largest and most comprehensive astro-

nomical surveys. It has created the most detailed three dimensional maps of over one

third of the night sky. Furthermore, the survey has spectra for more than three million

objects [15]. The Sloan database is made up of the culmination of many individual sur-

veys, including but not limited to, the Imaging and Legacy Survey, Supernova Survey,

SEGUE 1/2, and (e)BOSS. SDSS releases its data in batches, which are named by sequen-

tial number. This project only deals with quasar spectra, so it will only use the data from

data release 16 (DR16), as it was the last update to quasar spectra. SDSS releases updates

for their quasar spectra in the form of the quasar catalog, the most recent being DR16Q.

Within DR16Q there are data for 750,414 quasars with 225,082 being new [15]. The spectra

for quasars that are given in SDSS cover the range of wavelengths from 3650 to 10400 Å,

but all surveys cover the redshift of interest for this project [18]. An example spectrum

can be seen in Figure 7.
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Figure 7: Sample SDSS quasar spectrum. Shows typical wavelength range of data and
emission lines detected.

In order to download the data from SDSS, the first step is to submit a spectroscopic

query 1 to SDSS for a CSV file with the redshift, plate number, MJD, and fiber of all quasars

with the given input parameters. Plate number, MJD, and fiber are commonly used to

identify the specific observation of the spectrum of an object. The plate and fiber are

related to the technology that was used for observing, where there would be plates with

fibers in them all oriented towards an object of interest, so each unique plate and fiber

combination would be a unique observation. The MJD is the modified Julian date, Julian

date - 2,400,000.5, of the observation, which is represented as an integer.

For the purposes of maintaining as many quasars in the sample as possible, this project

only limited the query to quasars with broad lines, type 1 quasars with a redshift of at or
1https://skyserver.sdss.org/dr16/en/tools/search/SQS.aspx

https://skyserver.sdss.org/dr16/en/tools/search/SQS.aspx
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below z=0.55. SDSS has a total redshift range for quasars of z=0.0333 to 7.00 [15]. This

project will limit the redshift to be less than 0.55 because of the spectral lines used in this

survey. The spectral line of H𝛽 has a rest wavelength of 4861 Å and the spectral line [OIII]

has a rest wavelength of 5007 Å. Since the [OIII] line has the higher rest wavelength, the

maximum redshift allowed for the survey needs to keep the [OIII] line within the range

of wavelengths of the SDSS data. The shortest wavelength for the maximum wavelength

of an SDSS spectrum is 9000 Å, but in the interest of being safe consider the maximum

wavelength allowed to be 8000 Å. Therefore, to ensure that the [OIII] line is always below

this wavelength in the data from SDSS

𝑧 <
8000 − 5007

5007 = 0.598. (12)

Once again, in the interest of keeping the [OIII] line well within the wavelength range of

the data, the maximum redshift was rounded down to z=0.55.

After recieving the csv file, it was opened in excel to create the url for each spectrum,

in order to download them using the wget function. Each object could have a spectrum

from any one of the surveys of SDSS, and the survey affects the proper url of the spectra.

In order to account for this, there was a column in the excel file made for each of the four

surveys mentioned in the above paragraph, and the concatenate function along with the

plate, MJD, and fiber numbers of each object was used to create the urls for each survey for

every object. Since there is useful data in all of the surveys, it is necessary to identify a way

to match objects with their proper survey. In order to match the objects to their proper

surveys, and therefore, their proper urls, the plate numbers were used. Plate number was

used because of the association found between plate number and the SDSS survey. A

plate number of greater than 3519 was associated with the eBoss survey, a plate number

of exactly 2957, 2640, 2962, 3000, 3002, 3003, 3005, or above 3006 and below 3520 was the

Segue survey, and all else was DR12. The code in Appendix A was used to take the excel



16

file as the input and to output a txt file with the list of urls that can be fed to the wget

function.

With the urls, it is possible to now use the wget function to download the spectrum of

every object. The function used to download the files is,

wget -i QSO_URLs.txt -P C:\Users\robos.000\Downloads\Spectra\ -o

wget.txt --rejected -log=wget-rejected.txt

where QSO_URLs.txt is the file with the urls, the directory after the -P is the output

directory, -o wget.txt creates a file that the output text is stored in, and the final piece

makes a file for the error outputs specifically. This helped when troubleshooting because

sometimes there will be a server side error while downloading massive amounts of spectra.

The spectral data for all quasars within the targeted redshift range of 0.55 or under were

downloaded, with a resulting 51,000 quasars. After downloading all of the spectra, the

next step was to fit the spectral lines to them.

2.2 PyQSOFit & Fitting Data

In order to fit the lines of the spectra that were downloaded, it was necessary to use

a fitting program. This project used a program called PyQSOFit. This program was

made by Dr. Hengxiao Guo in collaboration with Dr. Yue Shen and Dr. Shu Wang [8]

[16]. The program pyQSOFit fits the continuum, Fe II, spectral lines, and the host galaxy

as seen in Figure 8. First, the host galaxy and quasar components of the spectrum are

found by using principle-component analysis (PCA). This means that there are spectra

of both host galaxies and quasars that are used as eigenspectra, in order to find the least

squares combination of these eigenspectra that recreates the data input into the program.

The continuum, meaning the spectrum without emission and absorption lines, is fit with

several components including power-law fit, polynomial fit, and Balmer continuum [8].

Fe II is also removed from the spectrum by pyQSOFit. Fe II is an ion that has spectral
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Figure 8: Quasar spectrum fitted using pyQSOFit. This displays the fitted narrow lines,
broad lines, SDSS data, and continuum in the main image. The line complexes are the
images below, and give a zoomed in view of the wavelength ranges shown on the bottom
of each plot.

lines that show up throughout the spectrum of quasars, and as a result it is necessary to

subtract these contributions from the spectrum to see other features. Since this project is

most interested in the broad and narrow lines, it is important to note that this program

produces a least-squares fit for the spectral lines of a quasar by using Gaussian references

for broad and narrow lines.

When the user starts the program, pyQSOFit, they set wavelength boundaries for where

they want the program to search for each spectral line. The program takes the input file

for the quasar’s spectrum and uses the input redshift to find a rest frame version of the

spectrum. The program then searches within the user-defined boundaries for the best fit

in comparison with the model for each line within the program. Once the program has

deciphered what within the data best fits each line, it calculates the peak wavelength, the

full width half-maximum of the line, and the equivalent width of the line. (The equivalent

width of a spectral line is the width of the continuum, at the position of the line, that
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the area of the spectral line would take up under the curve.) In this project, the peak

wavelength is the quantity of interest.

SDSS calculates the redshift of an object by using PCA to make a least squares fit of the

object’s spectrum at different redshifts of the eigenspectra. The lowest chi-square value

of these fits will ultimately be the SDSS redshift of the object [15]. Details can be found

on the SDSS webpage 2. We used this program to find the SDSS redshift and the [OIII]

line redshift for every quasar in the survey. Then we made a histogram of the difference

of these values, seen in Figure 9.

Figure 9: Histogram of the difference in redshift values from the [OIII] fit spectral line and
the SDSS redshift for all objects in the sample.

The histogram shows that there does not appear to be a very significant difference in the

redshifts of SDSS and the [OIII] lines. However, the [OIII] narrow line redshift seems to

tend to be very slightly greater than that of the SDSS redshift. This means that the SDSS

given redshift is a slight under approximation of the redshift of the narrow line region.

This project used the redshift of [OIII] as a stand-in for the redshift of the host galaxy.

This is because the narrow line region is significantly separated from the quasar itself
2https://www.sdss4.org/dr17/algorithms/redshifts/

https://www.sdss4.org/dr17/algorithms/redshifts/
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(roughly 1000 light years away), which allows for the assumption that the narrow line

region will see a negligible velocity resulting from the quasar’s kicked velocity. The

program will always fit something to be the spectral line from within the data inside the

established wavelength range. That can also mean that if a line is not distinguishable

from noise that the fitted line is not able to be trusted. However, it is also possible for the

program to be unable to fit lines to the spectrum. In this case, it is because the spectrum

is missing data. There is also a unique case where there is missing data, but not missing

enough data to prevent the program from fitting the spectrum, seen in Figure 10.

Figure 10: SDSS spectrum with missing data. This is a unique spectrum in that it can be
fit with pyQSOFit, but it does not contain the spectral lines necessary for this project.

After removing the spectra that could not be fit or that were missing necessary data, there

were 43,385 quasars left in the sample.

When pyQSOFit fits a spectrum, it outputs a .fits file, which contains the numerical
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values for the fitted lines, and a pdf file that shows the visual representation of the data

and fitted lines. The basic information of the object is contained at the top of the image,
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Figure 11: An example of the pdf image output from pyQSOFit for a spectra. Displays
emission lines, continuum, SDSS data, and host galaxy fit.

including the position and redshift. The image is of the spectrum of the object after it has

been shifted to rest-frame wavelengths, according to the redshift of the object as seen at

the top of the image. Many spectral lines are labeled in the upper image, and the lower

images are zoomed in views of the H𝛽, H𝛼, and when available MgII line complexes. The

x-axis is the wavelength in angstroms and the y-axis is the flux. Within the images there

are various lines, with four being important for this project. The black line represents the

data from SDSS for the spectra, the green line is the fit for narrow lines, the red line is the

fit for broad lines, and the blue line is the cumulative fit line for the spectra.

The program pyQSOFit has some notable features for fitting the spectral lines to the

data that are input. The fitting of each line is listed as three values in the output fits file.

The first value is the scale, which is the amplitude of the line. The next value is called

the centerwave. The centerwave is the peak wavelength of the line. The third value is
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the sigma, which is the standard deviation of the line, as each line is approximated as a

Gaussian. The lines that are fit are separated into line complexes, which are grouped by

a range of wavelengths centered about the line that the complex is named after. These

complexes include MgII, H𝛽, and H𝛼. These complexes each have a calculated signal to

noise ratio and chi squared fitting parameter, as well as an area, equivalent width, and full

width half maximum for the line with the highest amplitude in the wavelength region.

In order to select quasars that have a significant velocity with respect to their host

galaxy, I wrote a script that uses PyQSOFit to fit the lines of the spectrum and then

calculate the redshift of the H𝛽 broad line with respect to the [OIII] narrow line. It was

also important to flag the spectra of objects that result in fitting errors in order to ensure

no oddities in the survey. The fitting function, from pyQSOFit’s github example, was a

Jupyter notebook file made for fitting the data of one spectrum given the input data for

the spectrum from SDSS. Because this project required fitting many thousands of spectra,

it was necessary to create a loop for the function so that it could fit all of the spectra within

a directory without needing to be manually restarted. The loop functioned properly, but

couldn’t handle the sheer amount of data being fit. This was because Jupyter notebook

saved the resulting output of the function as it was running, which took up too much

memory and caused the device to crash. This issue was fixed by restructuring the code

into two sections, seen in appendix B, that could be run in the command line as python

files without using working memory.

2.3 Data Reduction

In the interest of flagging significant data it was necessary to make a cut for parameters

that are more common in noisy or incoherent results. First, trying a chi-squared value

cutoff of 10, this cutoff means that any fit with a chi-square value for H𝛽 of greater than 10

will be ignored because it is not a close enough fit. Secondly, adding an arbitrary cutoff

for equivalent width and full width half-maximum for H𝛽, this cutoff was made because
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some quasars were fit with H𝛽 broad lines that were indistinguishable from the continuum

itself because of how wide and small they were. Lastly, the cutoff was changed to a signal

to noise ratio cutoff for the H𝛽 line complex of 5. This means that the fitted H𝛽 line needs

to have a signal to noise ratio of at least five in order to be considered for flagging. When

this cutoff was made, it became apparent that the other cutoffs were unnecessary, and

therefore the only cut for parameters that is used in the final iteration of the survey is the

signal to noise ratio of H𝛽.

The above method worked quite well for the preliminary tests of the fitting program

that was being used, but the primary goal of the project is to make a distribution of

the velocities of all the objects, compare this distribution with the expected results, and

analyze the spectra of the objects with the most extreme velocities. For this purpose, it is

more useful to simply fit all of the spectra without conditions and separate the unusable

data after the fact. Since a script for the fitting program to fit all of the data and store them

in a directory was already designed, this was quite straightforward. After finding the

values for the velocity of every object, they were plotted as a histogram of the velocities,

seen in Figure 12.

There were multiple issues with this first histogram. Most notably, there are many

velocities that do not agree with the expected values of the velocity of a recoiling black

hole. This is because the velocities are much too high in magnitude. This is because of

an issue with how the fitting program defines the line complexes. The H𝛽 line complex

includes the [OIII] line, and the H𝛽 broad peak wavelength is the broad line with the

greatest amplitude in the H𝛽 complex. There is also an issue where the wing component

of the [OIII] line can be flagged as a broad line, despite [OIII] not being capable of being

a broad line. When this [OIII] line is the highest amplitude "broad" line, the velocity is

massively impacted because of the parameter that was used for the H𝛽 line peak, seen in

Figure 13. In order to circumvent this, the peak wavelength of the highest amplitude of

the two specific H𝛽 broad line fits was used as the peak wavelength of the H𝛽 broad line.
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Figure 12: Initial histogram of all quasar velocities with respect to [OIII], with no con-
ditions. Contains velocity values which are much greater than what is expected as the
maximum recoil velocity of 4000 km/s. Also displays regions of unexpected density
around ± 3000 km/s.

This solved the issue of velocities being far too high.

There was also an issue of there being two peaks at roughly 3000km/s of recoiling ve-

locity, which is not an expected part of the distribution, under the assumption of isometry.

This is because there is a lot of noisy data, and the fit for the peak wavelength cannot be

trusted in these cases. Using the same method as in the preliminary testing of the fitting

program, an SNR cut of the data, this problem was solved. An SNR cutoff of SNR>4, seen

in Figure 14, seems to solve the issue of peaks, but it did not preserve as many spectra as

would be optimal for the plot. This method reduced the data set from 43,385 quasars to

roughly 11,000 quasars.

Afterwards, trying an SNR cutoff of 2, along with the method of using the most

significant H beta broad line fit as the stand in for the quasar’s redshift was effective at
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Figure 13: Spectrum with false "broad" wing component of [OIII]. This line is the visible
red bump under the [OIII] narrow line at 5007 angstroms.

Figure 14: New histogram of velocities of the quasars with an SNR cutoff of 4. Still
contains unexplained high velocity objects. Reduced number of objects in sample from
roughly 43000 to 11000.
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both reducing the peaks and eliminating nonsensical velocity values from the plot, while

only limiting the sample to 26,000 quasars, seen in Figure 15. However, there was still an

Figure 15: Histogram of velocities of the quasars with an SNR cutoff of 2 and using the
specific H𝛽 broad lines as described above. Removes unexplained high velocity values,
but does not eliminate ± 3000 km/s peaks. Sample size is roughly 26000 objects.

issue of peaks being present at roughly ±3000 km/s.

2.3.1 Manual Review of Spectra

Because the peaks were not completely eliminated, a manual review of the spectra around

± 3000 km / s and elimination of the spectra where the data were not meaningful or suitable

for study in this capacity was required. This eliminated the peaks of the histogram while

preserving the count of objects. There were four groups of objects that were not suitable

for study. The first group were objects with broad 𝐻𝛽 lines of such low amplitude that

they were indistinguishable from the continuum or unable to assess an accurate peak
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wavelength of the line, seen in Figure 16. This was the most common error in the spectra
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Figure 16: An example of a spectrum with fitted H𝛽 lines that are too weak to accurately
fit the peak of the line.

that were flagged with velocities above 2800 km/s. The velocity that is associated with

these spectra cannot be trusted because the broad line is so insignificant that there can be

no confidence in the estimated peak wavelength.

The second most common group of error-full spectra is objects with noise that over-

powers the fit of the h𝛽 broad line, seen in Figure 17. Spectra such as this were unusable

due to the inability to ascertain whether the fit matched the data well or if program were

merely fitting noise as if it were data.

The third group of inaccurate spectra was less common, but was made up of spectra

with poor fits due to a very strong narrow line and a very weak and low redshift broad

line, seen in Figure 18. Visual inspection can show that there would be no significantly

redshifted broad line.

The least common error in the high velocity spectra is a bad fit due to two disagreeing

H𝛽 broad line fits, seen in Figure 19. This is an issue because of how the pyQSOFit
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Figure 17: An example of a spectrum with fitted H𝛽 lines that are visibly contained within
the noise of the data, meaning the fit is inaccurate.
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Figure 18: An example of a spectrum with fitted H𝛽 broad lines that are too weak in
comparison to the fitted narrow H𝛽 to be fit well by pyQSOFit.
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Figure 19: An example of a spectrum with two conflicting fits for broad H𝛽. The data
shows an H𝛽 broad line that does not appear redshifted, which does not agree with either
of the broad line fits.

program adds all of the broad and narrow lines together for the cumulative fitted spectral

line. With both specific H𝛽 broad lines in disagreement and with similar amplitudes, it

can make a broad component with little redshift, appear as though it has a significant

velocity. After the removal of these spectra with error from the dataset, the resulting

histogram of all objects no longer has unexplained regions with high densities of objects,

seen in Figure 20.
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3 Results

This section breaks down the velocity histogram after data reduction. The purpose of

discussing this histogram is to compare it with what the expected velocities of recoiling

black holes. This will be done by comparing velocities with the maximum expected recoil

velocity and the predicted velocity distribution from [14].

3.1 Comparison with Expected Results

The resulting histogram after manual review is seen in Figure 20. The expected results of

Figure 20: Histogram of velocities of the quasars after removing objects with fitting errors.
This no longer has large peaks at ± 3000 km/s, but there remains some objects within this
region to discuss.

the kick velocities are two-fold. First, there is the expectation that the distribution will be

much more dense at lower velocities. This is a result of the probability of a random binary

black hole merger having a specific kick velocity or greater goes down exponentially as

that velocity increases [14], seen in Figure 21. Furthermore, these velocities come from

observational data of redshift, meaning that the calculated velocity will be affected by the
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Fig. 3. from The Distribution of Recoil Velocities from Merging Black Holes
Schnittman & Buonanno 2007 ApJL 662 L63 doi:10.1086/519309
https://dx.doi.org/10.1086/519309
© 2007. The America Astronomical Society. All rights reserved. Printed in U.S.A.

Figure 21: This is a plot of the probability of a kick velocity being greater than or equal to
specific velocities from [14]. Displays an exponential drop in the probability of velocities
as they increase.

orientation of the system. This is because the peculiar velocities of quasars, or any general

object, are expected to be isotropic, as a result of no bias in the direction of phenomena that

could result in a peculiar velocity on a universal scale. The second is that the maximum

velocity of a recoiling quasar is expected to be roughly 4000 km/s resulting from the

case where there are two black holes with maximal spins with counter-aligned spins [5].

Figure 20 displays both of these qualities in the data. However, there is one spectrum,

the spectrum of the object 11353-58467-0222, that has a recoiling velocity of 4̃570 km/s,

which is slightly beyond what would be expected. Beyond just this one spectrum, there

are other potentially incorrect spectra that exist in the high velocity, or greater than ± 2800

km/s range.
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4 Analysis

This section discusses the remaining spectra in the high velocity (> 2800 km/s) region

of the histogram. This is to note both the fitted spectra that are representing accurate

data, but to also draw attention to potential errors in the spectra that remain. These errors

take several forms, including potentially double-peaked broad lines, significant noise, and

disagreeing broad lines. The reason these spectra were not eliminated in the initial data

reduction is because they all have a possibility of being well fitted spectra, and as such,

they are deserving of separate discussion from the poorly fitted spectra with clear errors.

Furthermore, this section will discuss the velocity histogram after removing the objects,

discussed in this section, that we cannot have full confidence in.

4.1 Interesting Spectra

Although the velocity distribution aligns with expectations for a large quasar sample,

there are still spectra in the dataset that deserve attention. Some spectra have unique

features that may raise doubts about the accuracy of their velocity, though their fit to the

data is still good. This means that while the fit may be accurate, the velocity could be

inaccurate for the black hole’s actual motion relative to its host galaxy. These objects were

kept in the dataset because they are potentially accurate, provide valuable information

about the methodology used in identifying kick velocities, and their numbers are too

small to significantly affect the overall velocity distribution. Objects with high velocities

are notable because such velocities are rare in physical systems, requiring more scrutiny.

There are also a few objects no longer in the dataset that are worth discussing.

The first object to discuss is the object in Figure 22. This object is significant for

two reasons. First, this is the highest velocity object in the entire dataset according

to the calculated value of velocities. Second, the velocity is actually the only velocity

that exists outside of the predicted velocity range from the paper predicting velocities
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Figure 22: Fit of object 11353-58467-0222. This is the highest velocity spectrum in the
sample. It appears to have a potential double peak in the H𝛽 broad line.

for this phenomenon [5]. There are a couple of potential reasons for this discrepancy,

including a high amount of error in the fit value of the spectra, or a double peaked spectra.

Double peaked spectra are spectra of objects where there appears to be two separate lines

originating from where a spectral line should be.

There are multiple theories about double-peaked emission lines. One theory is the

theory that the broad line double peaks have to do with a binary black hole system’s

rotation. In this model, the black hole with the broad line region rotating towards us

would be blueshifted and the other would be redshifted. The prevailing theory seems to

be that there is a rotation of the broad line region at the outer parts of the accretion disk

[7]. Regardless, these motions have nothing to do with the recoiling black hole, and thus

make it difficult to obtain a great deal of information about the kick velocity when there is

a present double peaked H𝛽 line. Furthermore, the fitting program can experience some

difficulty with properly fitting broad lines to these objects. The possibility of a double

peaked spectrum seems most apparent in the H𝛽 region of wavelengths, as evidenced
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by the two peaks before the [OIII] narrow lines. Figures 23 and 24 also have some

characteristics that could be evidence of a double peaked spectra.
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Figure 23: Fit of object 1593-52991-0305. This is another object that appears to be double-
peaked in broad H𝛽.

Figure 23 is another object of high velocity ( 3000 km/s) with two peaks in the H𝛽

region than that of Figure 22. The object in Figure 23 has no apparent double peak in the

data of the H𝛼 region, which suggests that there is a possibility that the double peak in

the H𝛽 region could be more to do with the noise in the spectrum rather than an actual

double peaked spectrum.

As opposed to the previous two candidates for double peaked spectra, the object in

Figure 24 has a much more pronounced double peak. This is because the double peak is

visible in both the data in the H𝛽 and H𝛼 regions. Furthermore, the double peak seems to

have the same shape in both regions, which further increases the possibility of this being

the case of this spectra. Out of the three spectra, it is likely that the only accurate fits

are that of Figure 24, and potentially 23 if the double peak is not noise. This prediction

is gained from visually inspecting that the broad line fits are accurate to where the two
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Figure 24: Fit of object 7448-56739-0416. This is the most rponounced double-peaked H𝛽
broad line in the sample. It also seems to have double-peaked H𝛼.

lines would be in H𝛽 in either of these two figures. If we were to interpret the velocity

of these spectral lines as orbits around the black hole, as it seems visually plausible for

Figure 24, this would be a velocity of roughly 3000 km/s both towards and away from

us. These velocities are well under what could possibly be orbiting a supermassive black

hole, meaning that this is a possibility.

It is important to note potential errors in spectra fitting, especially for the high velocity

( 3000+ km/s) spectra, but it is equally important to identify high velocity spectra that do

not seem to be in error. One such spectrum is that in Figure 25. This object has a low

amplitude of its broad line, but the amplitude is still large enough to overcome the noise

that is existent in the spectra. The redshift of the H𝛽 broad line is also apparent in the H𝛼

broad line. The combination of these two pieces of information result in a high confidence

that this object is genuinely a high velocity black hole with respect to its host galaxy.

Another interesting spectrum from the high velocity group is the spectrum represented

in Figure 26. This spectrum shows broad lines with different characteristics in each of the
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Figure 25: Fit of object 5397-55944-0412. An example of a well fit spectrum with a high
velocity broad line region with respect to its narrow line region.
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Figure 26: Fit of object 10763-58395-0658. Displays H𝛽 broad line fits that disagree, but
the dominant broad line could give an accurate peak wavelength.
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three regions, MgII, H𝛽, and H𝛼. The fit broad line in H𝛽 seems to be slightly redshifted,

while the broad line in H𝛼 seems to be slightly blueshifted, and the broad line in MgII

seems to be centered about the narrow line. This suggests that there is an issue with

fitting in this spectrum despite the low noise and relatively significant amplitude of the

broad lines. As a result, this is another high velocity spectrum that does not display

characteristics that instill large amounts of confidence in the calculated velocity.

2700 2800 29002

0

2
Mg II

2 = 0.78

4640 4870 5100

0

1

2

3 H
2 = 0.81

6400 6600 6800
1

0

1

2

3 H
2 = 0.68

3000 4000 5000 6000 7000

0

2

4

6

H
+[

NI
I]

[S
II]

67
18

,6
73

2H

[O
III

]

He
II4

68
7H

Ca
II3

93
4

[O
II]

37
28

Ne
V3

42
6

M
gI

I

ra,dec = (151.4251,31.4632)   spec-6468-56311-0101   z = 0.4548
line
data
resid
line br

line na
FeII
conti

Rest Wavelength (Å)

f 
(1

0
17

er
g

s
1

cm
2

Å
1 )

Figure 27: Fit of object 6468-56311-0101. Displays a noisy fit that has a reasonable fit for
H𝛽 based on the shape of the data.

The spectrum shown in Figure 27 is an example of a quite noisy spectrum with data

significant enough to consider the possibility of the velocity being accurate for estimating

the order of magnitude. This is because, there is a distinct shape in the data that can

be seen even through the noise of the spectrum and because the velocity resulting from

the peak of this feature is significant enough that it is distinguishable from that of a low

velocity object.

The object in Figure 28 is not included in the final velocity distribution because it does

not seem to have a distinguishable broad line peak due to noise, it has a very low amplitude
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Figure 28: Fit of object 2107-53786-0194. This object is not in the histogram because it has
a combination of the potential errors discussed. These errors include potential double-
peaked lines, significant noise, and disagreeing broad lines.

of broad line, and it seems to potentially be double peaked. However, this spectrum is

a great example for discussing the issues of fitting narrow H𝛽 line. This is important

because the H𝛽 narrow line could be a candidate for being the stand-in of the narrow line

region’s redshift. This figure displays just one example of an H𝛼 narrow line that is far

too insignificant to be properly fit. If the survey were to use the H𝛼 line’s redshift as the

narrow line region’s redshift, there would be a significant decrease in the available objects

for study due to the inability to properly fit narrow H𝛼, but this is not a problem for the

[OIII] spectral line.

4.2 Improved Velocity Plot

As shown through several examples of spectra with the potential to be improperly fit and

have an incorrect velocity, it is possible to remove some of these spectra from the plot

and compare. The reason that this was not done initially, is that these objects have the
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potential for significant data and the distribution is negligibly affected, seen in Figure 29.

Figure 29: Histogram of kick velocities after removing low confidence spectra. This
histogram no longer contains any notable unexplained features.
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5 Next Steps

This section is meant to discuss what can be done in the future to improve and further

evidence the results of this project. This includes the comparison of the velocities calcu-

lated in this project using [OIII] as the broad line with velocities calculated using MgII

as the broad line. This comparison reveals that we cannot be confident in the broad line

region’s velocity representing the velocity of the recoiling black hole, but also that there

is a trend in the data that suggests there may be a relationship between the broad line

region’s velocity and the black hole’s. This comparison could be further explored and

improved which is why it is in this section. Lastly, this section discusses methods that

were not completed in this project, but would be useful for further developing this project.

5.1 Cross Examination with Broad Lines

The next step for this project would be to compare the results of using the H𝛽 broad line

to calculate velocities with the results of using a different broad line as the stand-in for

the redshift of the broad line region. This would allow for a cross examination of results

between the broad lines redshifts with respect to the narrow line region. The expected

result of this comparison would be that the redshift is roughly the same for all objects

examined if the broad line region is moving with the black hole as was assumed in this

survey.

Comparing the resulting velocities of the broad line region with respect to the narrow

line region using separate broad lines works a sanity check of the results obtained in this

project. This method was used in the paper Bonning et al. [3]. In this paper, the respective

redshifts were plotted against each other in a graph for the objects, but the trend was not

linear, suggesting that the velocity may not be entirely accurate, or due to the recoiling of

black holes after a merger. Using the data from this survey, some of the objects contain

fits for the MgII broad line. This means that it is possible to make a comparison of the



40

velocities obtained from the two broad lines for some of the objects in this paper.

Figure 30: A comparison of the velocities of objects’ broad line regions with respect to
their narrow line regions calculated with the MgII broad line and H𝛽 broad line. The
trend line, represented in red, has a slope of 0.67273. There is a line of slope 1, represented
in green.

The plot in Figure 30 gives a demonstration of what this could be for this dataset.

However, there were criteria required for the objects used in the making of this plot that

may affect the data contained. First, and most importantly, the MgII broad line is only

contained in the higher redshift spectra of this dataset and the minimum redshift of the

objects in this plot is z=0.4. Secondly, the MgII broad line is a doublet, meaning that it has

two lines at roughly 2800 Å, so the rest wavelength was assumed to be the 2798 Å line.

Lastly, the amplitude of the broad line that is used in calculating the velocity was required

to be twice the amplitude of the secondary fit broad line, in order to not allow for double

peaked lines in this comparison. The slope of the trend line in the plot in Figure 30 is

0.67273 which does not imply the expected linear relationship, but the central portion of

the data in the figure appears more linear, suggesting that this trend line might be skewed

by outliers. This trend is most easily seen when comparing with the green line that has



41

a slope of 1. However, the values of velocity should be the same if the broad line region

is truly recoiling with the black hole, which suggests that there is more to uncover. In

a future implementation of this method, it would be important to do more analysis in

what type of objects may be outliers in a plot such as this, as well as to find or create a

new fitting program that can fit broad lines more accurately and fit other broad lines for

comparison such as NeV or NeIII.

5.2 Model Velocity Histogram

Another future continuation of this project would be to model what the histogram of

velocity should theoretically look like. This would be done by taking the probability

distribution for kick velocities, and randomly generating a large number of objects with

random spatial orientation and velocities based on this distribution. Then converting

these velocities to what an observer would witness from one angle of observation, similar

to the survey done in this project.
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6 Conclusion

The purpose of this project is to search for post-merger recoiling black holes. This was

done by using spectra to find the velocity of the broad line region with respect to the

narrow line region by using the emission lines H𝛽 and [OIII] to represent the broad and

narrow line regions respectively. This velocity is assumed to be representative of the

central black hole’s velocity with respect to its host galaxy because the broad line region

is orders of magnitude closer to the central black hole and gravitationally affected by it,

while the narrow line region is not. This section summarizes how the velocities were

obtained and how the results were analyzed.

This project has taken the spectra for all quasars within a redshift of z = 0.55 from

Earth, using SDSS, and fitted them with emission lines using the program pyQSOFit.

After fitting all of the spectra available, the peak wavelength values of the broad H𝛽 line

and the [OIII] narrow line were used to estimate the velocity of the broad line region

with respect to the narrow line region. This was done by calculating the redshift of the

broad line region with respect to the narrow line region and then using the Doppler shift

formula to convert into a velocity.

With velocities of all of the objects within the sample, a histogram of the velocities was

made. Initially, this plot contained results that would conflict with our understanding of

what would be possible due to kick velocities from black hole mergers. However, through

identification of errors in the techniques used to fit the data and find velocities and careful

manual review of the spectra represented in the plot, the histogram was reduced to a plot

that is entirely capable of being explained by our current understanding of kick velocities

in post-merger black holes.

Using the MgII broad line to find kick velocities of the objects and compare with the

velocities calculated with the H𝛽 broad line proved to be a worthwhile endeavor. This

revealed that, while a trend suggesting that the velocities are due to post-merger kicks

is possible, there is likely another variable involved in explaining these velocities. This
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would require further testing with other broad lines as well as a more accurate method for

fitting the spectral lines within the data for these objects. Lastly, in order to confirm that

the histogram fully conforms to the current understanding of post-merger kick velocities,

it would be important to test what a theoretical histogram would appear as given random

orientations of velocities, the currently accepted distribution of kick velocities, and a single

observation angle.
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7 Appendix

Appendix A: URL Sorting Code

import numpy as np

data=np . l oad tx t ( ’ QSOSpectra . t x t ’ , skiprows =2 , dtype= s t r )

p l a t e=data [ : , 0 ]

platenum=pla t e . astype ( dtype= f l o a t )

dr12=data [ : , 4 ]

eBoss=data [ : , 5 ]

Segue=data [ : , 7 ]

u r l s=np . array ( ( ) , dtype= s t r )

i =0

while ( i <np . s i z e ( dr12 ) ) :

i f platenum [ i ] >3519:

x=eBoss [ i ]

u r l s=np . append ( ur ls , x )

i = i +1

e l i f platenum [ i ] >3006 and platenum [ i ] <3520:

z=Segue [ i ]

u r l s=np . append ( ur ls , z )

i = i +1

e l i f platenum [ i ]==2957 or platenum [ i ]==2640 or platenum [ i ]==2962 or platenum [ i ]==3000 or platenum [ i ]==3002 or platenum [ i

]==3003 or platenum [ i ]==3005:

z=Segue [ i ]

u r l s=np . append ( ur ls , z )

i = i +1

e lse :

y=dr12 [ i ]

u r l s=np . append ( ur ls , y )

i = i +1

np . save tx t ( ’QSO_URLs . t x t ’ , ur ls , de l imi t e r= ’ ’ , fmt= ’%s ’ )
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Appendix B: Fitting Program

Code adapted from Guo et al, 2018. https://github.com/legolason/PyQSOFit/blob/

master/example/example.ipynb

Initialization:
import os

os . chdir ( ’C:\\ Users\\robos\\Downloads\\Anaconda S t u f f \\Honors t h e s i s programs ’ )

# m a t p l o t l i b i n l i n e

import glob , os , sys , t i m e i t

import matplo t l ib

import numpy as np

sys . path . append ( ’ . . / ’ )

from pyqso f i t . PyQSOFit import QSOFit

from astropy . io import f i t s

from astropy . t a b l e import Table

import matplo t l ib . pyplot as p l t

import warnings

warnings . f i l t e r w a r n i n g s ( " ignore " )

QSOFit . se t_mpl_s ty le ( )

# Show t h e v e r s i o n s so we know what works

import astropy

import l m f i t

import pyqso f i t

print ( astropy . __vers ion__ )

print ( l m f i t . __vers ion__ )

print ( pyqso f i t . __vers ion__ )

import emcee # o p t i o n a l , f o r MCMC

path_ex = ’ . ’ # os . pa th . j o i n ( p y q s o f i t . __path__ [ 0 ] , ’ . . ’ , ’ example ’ )

# c r e a t e a h e a d e r

hdr0 = f i t s . Header ( )

hdr0 [ ’ Author ’ ] = ’ Nathan Rauch ’

primary_hdu = f i t s . PrimaryHDU( header=hdr0 )

"""

In t h i s t a b l e , we s p e c i f y t h e p r i o r s / i n i t i a l c o n d i t i o n s and b o u n d a r i e s f o r t h e l i n e f i t t i n g p a r a m e t e r s .

"""

l i n e _ p r i o r s = np . rec . array ( [

( 6 5 6 4 . 6 1 , ’Ha ’ , 6400 , 6800 , ’ Ha_br ’ , 2 , 0 . 0 , 0 . 0 , 1e10 , 5e−3, 0 . 004 , 0 . 0 5 , 0 . 015 , 0 , 0 , 0 , 0 . 0 5 , 1 ) ,

( 6 5 6 4 . 6 1 , ’Ha ’ , 6400 , 6800 , ’Ha_na ’ , 1 , 0 . 0 , 0 . 0 , 1e10 , 1e−3, 5e−4, 0 . 00169 , 0 . 0 1 , 1 , 1 , 0 , 0 . 002 , 1 ) ,

( 6 5 4 9 . 8 5 , ’Ha ’ , 6400 , 6800 , ’ NII6549 ’ , 1 , 0 . 0 , 0 . 0 , 1e10 , 1e−3, 2 . 3 e−4, 0 . 00169 , 5e−3, 1 , 1 , 1 , 0 . 001 , 1 ) ,

( 6 5 8 5 . 2 8 , ’Ha ’ , 6400 , 6800 , ’ NII6585 ’ , 1 , 0 . 0 , 0 . 0 , 1e10 , 1e−3, 2 . 3 e−4, 0 . 00169 , 5e−3, 1 , 1 , 1 , 0 . 003 , 1 ) ,

( 6 7 1 8 . 2 9 , ’Ha ’ , 6400 , 6800 , ’ S I I6718 ’ , 1 , 0 . 0 , 0 . 0 , 1e10 , 1e−3, 2 . 3 e−4, 0 . 00169 , 5e−3, 1 , 1 , 2 , 0 . 001 , 1 ) ,

https://github.com/legolason/PyQSOFit/blob/master/example/example.ipynb
https://github.com/legolason/PyQSOFit/blob/master/example/example.ipynb
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( 6 7 3 2 . 6 7 , ’Ha ’ , 6400 , 6800 , ’ S I I6732 ’ , 1 , 0 . 0 , 0 . 0 , 1e10 , 1e−3, 2 . 3 e−4, 0 . 00169 , 5e−3, 1 , 1 , 2 , 0 . 001 , 1 ) ,

( 4 8 6 2 . 6 8 , ’Hb ’ , 4640 , 5100 , ’Hb_br ’ , 2 , 0 . 0 , 0 . 0 , 1e10 , 5e−3, 0 . 004 , 0 . 0 5 , 0 . 0 1 , 0 , 0 , 0 , 0 . 0 1 , 1 ) ,

( 4 8 6 2 . 6 8 , ’Hb ’ , 4640 , 5100 , ’Hb_na ’ , 1 , 0 . 0 , 0 . 0 , 1e10 , 1e−3, 2 . 3 e−4, 0 . 00169 , 0 . 0 1 , 1 , 1 , 0 , 0 . 002 , 1 ) ,

( 4 9 6 0 . 3 0 , ’Hb ’ , 4640 , 5100 , ’ OII I4959c ’ , 1 , 0 . 0 , 0 . 0 , 1e10 , 1e−3, 2 . 3 e−4, 0 . 00169 , 0 . 0 1 , 1 , 1 , 0 , 0 . 002 , 1 ) ,

( 5 0 0 8 . 2 4 , ’Hb ’ , 4640 , 5100 , ’ OII I5007c ’ , 1 , 0 . 0 , 0 . 0 , 1e10 , 1e−3, 2 . 3 e−4, 0 . 00169 , 0 . 0 1 , 1 , 1 , 0 , 0 . 004 , 1 ) ,

( 4 9 6 0 . 3 0 , ’Hb ’ , 4640 , 5100 , ’ OIII4959w ’ , 1 , 0 . 0 , 0 . 0 , 1e10 , 3e−3, 2 . 3 e−4, 0 . 004 , 0 . 0 1 , 2 , 2 , 0 , 0 . 001 , 1 ) ,

( 5 0 0 8 . 2 4 , ’Hb ’ , 4640 , 5100 , ’ OIII5007w ’ , 1 , 0 . 0 , 0 . 0 , 1e10 , 3e−3, 2 . 3 e−4, 0 . 004 , 0 . 0 1 , 2 , 2 , 0 , 0 . 002 , 1 ) ,

# ( 4 6 8 7 . 0 2 , ’Hb ’ , 4640 , 5100 , ’ HeI I4687_br ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 5e−3, 0 . 004 , 0 . 0 5 , 0 . 0 05 , 0 , 0 , 0 , 0 . 0 01 , 1 ) ,

# ( 4 6 8 7 . 0 2 , ’Hb ’ , 4640 , 5100 , ’ HeII4687_na ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 1e−3, 2 . 3 e−4, 0 . 00169 , 0 . 005 , 1 , 1 , 0 , 0 . 0 01 , 1 ) ,

# ( 3 9 3 4 . 7 8 , ’ Ca I I ’ , 3900 , 3960 , ’ CaI I3934 ’ , 2 , 0 . 0 , 0 . 0 , 1 e10 , 1e−3, 3 .333 e−4, 0 . 00169 , 0 . 0 1 , 99 , 0 , 0 , −0.001 , 1 ) ,

# ( 3 7 2 8 . 4 8 , ’ OII ’ , 3650 , 3800 , ’ OII3728 ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 1e−3, 3 .333 e−4, 0 . 00169 , 0 . 0 1 , 1 , 1 , 0 , 0 . 0 01 , 1 ) ,

# ( 3 4 2 6 . 8 4 , ’NeV ’ , 3380 , 3480 , ’ NeV3426 ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 1e−3, 3 .333 e−4, 0 . 00169 , 0 . 0 1 , 0 , 0 , 0 , 0 . 0 01 , 1 ) ,

# ( 3 4 2 6 . 8 4 , ’NeV ’ , 3380 , 3480 , ’ NeV3426_br ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 5e−3, 0 . 0025 , 0 . 0 2 , 0 . 0 1 , 0 , 0 , 0 , 0 . 0 01 , 1 ) ,

( 2 7 9 8 . 7 5 , ’ MgII ’ , 2700 , 2900 , ’ MgII_br ’ , 2 , 0 . 0 , 0 . 0 , 1e10 , 5e−3, 0 . 004 , 0 . 0 5 , 0 . 015 , 0 , 0 , 0 , 0 . 0 5 , 1 ) ,

( 2 7 9 8 . 7 5 , ’ MgII ’ , 2700 , 2900 , ’ MgII_na ’ , 1 , 0 . 0 , 0 . 0 , 1e10 , 1e−3, 5e−4, 0 . 00169 , 0 . 0 1 , 1 , 1 , 0 , 0 . 002 , 1 ) ,

( 1 9 0 8 . 7 3 , ’ C I I I ’ , 1700 , 1970 , ’ C I I I _br ’ , 2 , 0 . 0 , 0 . 0 , 1e10 , 5e−3, 0 . 004 , 0 . 0 5 , 0 . 015 , 99 , 0 , 0 , 0 . 0 1 , 1 ) ,

# ( 1 9 0 8 . 7 3 , ’ C I I I ’ , 1700 , 1970 , ’ C I I I _na ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 1e−3, 5e−4, 0 . 00169 , 0 . 0 1 , 1 , 1 , 0 , 0 . 0 02 , 1 ) ,

# ( 1 8 9 2 . 0 3 , ’ C I I I ’ , 1700 , 1970 , ’ S i I I I 1 8 9 2 ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 2e−3, 0 . 001 , 0 . 015 , 0 . 003 , 1 , 1 , 0 , 0 . 0 05 , 1 ) ,

# ( 1 8 5 7 . 4 0 , ’ C I I I ’ , 1700 , 1970 , ’ A l I I I 1 857 ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 2e−3, 0 . 001 , 0 . 015 , 0 . 003 , 1 , 1 , 0 , 0 . 0 05 , 1 ) ,

# ( 1 8 1 6 . 9 8 , ’ C I I I ’ , 1700 , 1970 , ’ S i I I 1 8 1 6 ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 2e−3, 0 . 001 , 0 . 015 , 0 . 0 1 , 1 , 1 , 0 , 0 . 0002 , 1 ) ,

# ( 1 7 8 6 . 7 , ’ C I I I ’ , 1700 , 1970 , ’ F e I I 1787 ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 2e−3, 0 . 001 , 0 . 015 , 0 . 0 1 , 1 , 1 , 0 , 0 . 0002 , 1 ) ,

# ( 1 7 5 0 . 2 6 , ’ C I I I ’ , 1700 , 1970 , ’ NII I1750 ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 2e−3, 0 . 001 , 0 . 015 , 0 . 0 1 , 1 , 1 , 0 , 0 . 0 01 , 1 ) ,

# ( 1 7 1 8 . 5 5 , ’ C I I I ’ , 1700 , 1900 , ’ NIV1718 ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 2e−3, 0 . 001 , 0 . 015 , 0 . 0 1 , 1 , 1 , 0 , 0 . 0 01 , 1 ) ,

( 1 5 4 9 . 0 6 , ’CIV ’ , 1500 , 1700 , ’ CIV_br ’ , 2 , 0 . 0 , 0 . 0 , 1e10 , 5e−3, 0 . 004 , 0 . 0 5 , 0 . 015 , 0 , 0 , 0 , 0 . 0 5 , 1 ) ,

# ( 1 5 4 9 . 0 6 , ’CIV ’ , 1500 , 1700 , ’ CIV_na ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 1e−3, 5e−4, 0 . 00169 , 0 . 0 1 , 1 , 1 , 0 , 0 . 0 02 , 1 ) ,

# ( 1 6 4 0 . 4 2 , ’CIV ’ , 1500 , 1700 , ’ HeII1640 ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 1e−3, 5e−4, 0 . 00169 , 0 . 008 , 1 , 1 , 0 , 0 . 0 02 , 1 ) ,

# ( 1 6 6 3 . 4 8 , ’CIV ’ , 1500 , 1700 , ’ OII I1663 ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 1e−3, 5e−4, 0 . 00169 , 0 . 008 , 1 , 1 , 0 , 0 . 0 02 , 1 ) ,

# ( 1 6 4 0 . 4 2 , ’CIV ’ , 1500 , 1700 , ’ HeI I1640_br ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 5e−3, 0 . 0025 , 0 . 0 2 , 0 . 0 08 , 1 , 1 , 0 , 0 . 0 02 , 1 ) ,

# ( 1 6 6 3 . 4 8 , ’CIV ’ , 1500 , 1700 , ’ OI I I1663_br ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 5e−3, 0 . 0025 , 0 . 0 2 , 0 . 0 08 , 1 , 1 , 0 , 0 . 0 02 , 1 ) ,

# ( 1 4 0 2 . 0 6 , ’ SiIV ’ , 1290 , 1450 , ’ SiIV_OIV1 ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 5e−3, 0 . 002 , 0 . 0 5 , 0 . 0 15 , 1 , 1 , 0 , 0 . 0 5 , 1 ) ,

# ( 1 3 9 6 . 7 6 , ’ SiIV ’ , 1290 , 1450 , ’ SiIV_OIV2 ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 5e−3, 0 . 002 , 0 . 0 5 , 0 . 0 15 , 1 , 1 , 0 , 0 . 0 5 , 1 ) ,

# ( 1 3 3 5 . 3 0 , ’ SiIV ’ , 1290 , 1450 , ’ CII1335 ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 2e−3, 0 . 001 , 0 . 015 , 0 . 0 1 , 1 , 1 , 0 , 0 . 0 01 , 1 ) ,

# ( 1 3 0 4 . 3 5 , ’ SiIV ’ , 1290 , 1450 , ’ OI1304 ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 2e−3, 0 . 001 , 0 . 015 , 0 . 0 1 , 1 , 1 , 0 , 0 . 0 01 , 1 ) ,

( 1 2 1 5 . 6 7 , ’ Lya ’ , 1150 , 1290 , ’ Lya_br ’ , 3 , 0 . 0 , 0 . 0 , 1e10 , 5e−3, 0 . 002 , 0 . 0 5 , 0 . 0 2 , 0 , 0 , 0 , 0 . 0 5 , 1 ) ,

( 1 2 4 0 . 1 4 , ’ Lya ’ , 1150 , 1290 , ’NV1240 ’ , 1 , 0 . 0 , 0 . 0 , 1e10 , 2e−3, 0 . 001 , 0 . 0 1 , 0 . 005 , 0 , 0 , 0 , 0 . 002 , 1 ) ,

# ( 1 2 1 5 . 6 7 , ’ Lya ’ , 1150 , 1290 , ’ Lya_na ’ , 1 , 0 . 0 , 0 . 0 , 1 e10 , 1e−3, 5e−4, 0 . 00169 , 0 . 0 1 , 0 , 0 , 0 , 0 . 0 02 , 1 ) ,

] ,

formats= ’ f l oa t32 , a20 , f l oa t32 , f l oa t32 , a20 , int32 , f l oa t32 , f l oa t32 , f l oa t32 , f l oa t32 , f l oa t32 , f l oa t32 , f l oa t32 ,

int32 , int32 , int32 , f l oa t32 , in t 32 ’ ,

names= ’ lambda , compname , minwav , maxwav , linename , ngauss , in i s ca , minsca , maxsca , i n i s i g , minsig , maxsig , voff ,

vindex , windex , f index , fvalue , vary ’ )

# Header

hdr1 = f i t s . Header ( )

hdr1 [ ’ lambda ’ ] = ’Vacuum Wavelength in Ang ’

hdr1 [ ’minwav ’ ] = ’Lower complex f i t t i n g wavelength range ’
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hdr1 [ ’maxwav ’ ] = ’Upper complex f i t t i n g wavelength range ’

hdr1 [ ’ ngauss ’ ] = ’Number of Gaussians fo r the l i n e ’

# Can be s e t t o n e g a t i v e f o r a b s o r p t i o n l i n e s i f you want

hdr1 [ ’ i n i s c a ’ ] = ’ I n i t i a l guess of l i n e s c a l e [ f lux ] ’

hdr1 [ ’ minsca ’ ] = ’Lower range of l i n e s c a l e [ f lux ] ’

hdr1 [ ’ maxsca ’ ] = ’Upper range of l i n e s c a l e [ f lux ] ’

hdr1 [ ’ i n i s i g ’ ] = ’ I n i t i a l guess of l ines igma [ lnlambda ] ’

hdr1 [ ’ minsig ’ ] = ’Lower range of l i n e sigma [ lnlambda ] ’

hdr1 [ ’ maxsig ’ ] = ’Upper range of l i n e sigma [ lnlambda ] ’

hdr1 [ ’ vof f ’ ] = ’ Limits on v e l o c i t y o f f s e t from the c e n t r a l wavelength [ lnlambda ] ’

hdr1 [ ’ vindex ’ ] = ’ En t r i e s w/ same NONZERO vindex constra ined to have same v e l o c i t y ’

hdr1 [ ’ windex ’ ] = ’ En t r i e s w/ same NONZERO windex constra ined to have same width ’

hdr1 [ ’ f index ’ ] = ’ En t r i e s w/ same NONZERO findex have constra ined f lux r a t i o s ’

hdr1 [ ’ fva lue ’ ] = ’ Re la t ive s c a l e f a c t o r fo r e n t r i e s w/ same findex ’

hdr1 [ ’ vary ’ ] = ’ Whether or not to vary the parameter ( s e t to 0 to f i x the l i n e parameter to i n i t i a l values ) ’

# Save l i n e i n f o

hdu1 = f i t s . BinTableHDU ( data= l ine_pr i o r s , header=hdr1 , name= ’ l i n e _ p r i o r s ’ )

"""

In t h i s t a b l e , we s p e c i f y t h e windows and p r i o r s / i n i t i a l c o n d i t i o n s and b o u n d a r i e s f o r t h e continuum f i t t i n g p a r a m e t e r s .

"""

conti_windows = np . rec . array ( [

( 1 1 5 0 . , 1 1 7 0 . ) ,

( 1 2 7 5 . , 1 2 9 0 . ) ,

( 1 3 5 0 . , 1 3 6 0 . ) ,

( 1 4 4 5 . , 1 4 6 5 . ) ,

( 1 6 9 0 . , 1 7 0 5 . ) ,

( 1 7 7 0 . , 1 8 1 0 . ) ,

( 1 9 7 0 . , 2 4 0 0 . ) ,

( 2 4 8 0 . , 2 6 7 5 . ) ,

( 2 9 2 5 . , 3 4 0 0 . ) ,

( 3 7 7 5 . , 3 8 3 2 . ) ,

( 4 0 0 0 . , 4 0 5 0 . ) ,

( 4 2 0 0 . , 4 2 3 0 . ) ,

( 4 4 3 5 . , 4 6 4 0 . ) ,

( 5 1 0 0 . , 5 5 3 5 . ) ,

( 6 0 0 5 . , 6 0 3 5 . ) ,

( 6 1 1 0 . , 6 2 5 0 . ) ,

( 6 8 0 0 . , 7 0 0 0 . ) ,

( 7 1 6 0 . , 7 1 8 0 . ) ,

( 7 5 0 0 . , 7 8 0 0 . ) ,

( 8 0 5 0 . , 8 1 5 0 . ) , # Continuum f i t t i n g windows ( t o a v o i d e m i s s i o n l i n e , e t c . ) [AA]

] ,

formats = ’ f l oa t32 , f l o a t 3 2 ’ ,

names = ’min , max ’ )

hdu2 = f i t s . BinTableHDU ( data=conti_windows , name= ’ conti_windows ’ )

c o n t i _ p r i o r s = np . rec . array ( [

( ’ Fe_uv_norm ’ , 0 . 0 , 0 . 0 , 1e10 , 1 ) , # Norma l i z a t i on o f t h e MgII Fe t e m p l a t e [ f l u x ]
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( ’Fe_uv_FWHM ’ , 3000 , 1200 , 18000 , 1 ) , # FWHM o f t h e MgII Fe t e m p l a t e [AA]

( ’ Fe_uv_shi f t ’ , 0 . 0 , −0.01 , 0 . 0 1 , 1 ) , # Wavelength s h i f t o f t h e MgII Fe t e m p l a t e [ ln lambda ]

( ’ Fe_op_norm ’ , 0 . 0 , 0 . 0 , 1e10 , 1 ) , # Norma l i z a t i on o f t h e Hbeta / Halpha Fe t e m p l a t e [ f l u x ]

( ’Fe_op_FWHM ’ , 3000 , 1200 , 18000 , 1 ) , # FWHM o f t h e Hbeta / Halpha Fe t e m p l a t e [AA]

( ’ Fe_op_shi f t ’ , 0 . 0 , −0.01 , 0 . 0 1 , 1 ) , # Wavelength s h i f t o f t h e Hbeta / Halpha Fe t e m p l a t e [ ln lambda ]

( ’PL_norm ’ , 1 . 0 , 0 . 0 , 1e10 , 1 ) , # Norma l i z a t i on o f t h e power−law ( PL ) continuum f_ l ambda = ( lambda / 3000 ) −̂a l ph a

( ’ PL_slope ’ , −1.5 , −5.0 , 3 . 0 , 1 ) , # S l op e o f t h e power−law ( PL ) continuum

( ’ Blamer_norm ’ , 0 . 0 , 0 . 0 , 1e10 , 1 ) , # Norma l i z a t i on o f t h e Balmer continuum a t < 3646 AA [ f l u x ] ( D i e t r i c h e t a l . 2002)

( ’ Balmer_Te ’ , 15000 , 10000 , 50000 , 1 ) , # Te o f t h e Balmer continuum a t < 3646 AA [K?]

( ’ Balmer_Tau ’ , 0 . 5 , 0 . 1 , 2 . 0 , 1 ) , # Tau o f t h e Balmer continuum a t < 3646 AA

( ’ cont i_a_0 ’ , 0 . 0 , None , None , 1 ) , # 1 s t c o e f f i c i e n t o f t h e p o l ynom i a l continuum

( ’ cont i_a_1 ’ , 0 . 0 , None , None , 1 ) , # 2nd c o e f f i c i e n t o f t h e p o l ynom i a l continuum

( ’ cont i_a_2 ’ , 0 . 0 , None , None , 1 ) , # 3 rd c o e f f i c i e n t o f t h e p o l ynom i a l continuum

# Note : The min / max bounds on t h e c o n t i _ a _ 0 c o e f f i c i e n t s a r e i g n o r e d by t h e code ,

# so t h ey can be d e t e rm in ed a u t o m a t i c a l l y f o r numer i c a l s t a b i l i t y .

] ,

formats = ’ a20 , f l oa t32 , f l oa t32 , f l oa t32 , in t32 ’ ,

names = ’parname , i n i t i a l , min , max , vary ’ )

hdr3 = f i t s . Header ( )

hdr3 [ ’ i n i ’ ] = ’ I n i t i a l guess of l i n e s c a l e [ f lux ] ’

hdr3 [ ’min ’ ] = ’FWHM of the MgII Fe template ’

hdr3 [ ’max ’ ] = ’ Wavelength s h i f t of the MgII Fe template ’

hdr3 [ ’ vary ’ ] = ’ Whether or not to vary the parameter ( s e t to 0 to f i x the continuum parameter to i n i t i a l values ) ’

hdu3 = f i t s . BinTableHDU ( data=con t i _pr io r s , header=hdr3 , name= ’ c o n t i _ p r i o r s ’ )

"""

In t h i s t a b l e , we a l l ow us e r t o cu s t om i z ed some key p a r a m e t e r s in our r e s u l t measurements .

"""

measure_info = Table (

[

[ [ 1 3 5 0 , 1450 , 3000 , 4200 , 5 1 0 0 ] ] ,

[ [

# [2240 , 2650 ] ,

[ 4435 , 4685 ] ,

] ]

] ,

names =( [

’ cont_ loc ’ ,

’ Fe_f lux_range ’

] ) ,

dtype =( [

’ f l o a t 3 2 ’ ,

’ f l o a t 3 2 ’

] )

)

hdr4 = f i t s . Header ( )

hdr4 [ ’ cont_ loc ’ ] = ’The wavelength of continuum luminosi ty in r e s u l t s ’

hdr4 [ ’ Fe_f lux_range ’ ] = ’ Fe emission wavelength range ca l cu l a t ed in r e s u l t s ’

hdu4 = f i t s . BinTableHDU ( data=measure_info , header=hdr4 , name= ’ measure_info ’ )
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hdu_ l i s t = f i t s . HDUList ( [ primary_hdu , hdu1 , hdu2 , hdu3 , hdu4 ] )

hdu_ l i s t . wr i t e to ( os . path . j o i n ( path_ex , ’ qsopar . f i t s ’ ) , overwrite=True )

Table ( l i n e _ p r i o r s )

Fitting:
import os

import glob , os , sys , t i m e i t

import matplo t l ib

import numpy as np

sys . path . append ( ’ . . / ’ )

from pyqso f i t . PyQSOFit import QSOFit

from astropy . io import f i t s

from astropy . t a b l e import Table

import matplo t l ib . pyplot as p l t

import warnings

warnings . f i l t e r w a r n i n g s ( " ignore " )

QSOFit . se t_mpl_s ty le ( )

# Show t h e v e r s i o n s so we know what works

import astropy

import l m f i t

import pyqso f i t

print ( astropy . __vers ion__ )

print ( l m f i t . __vers ion__ )

print ( pyqso f i t . __vers ion__ )

import emcee # o p t i o n a l , f o r MCMC

print ( emcee . __vers ion__ )

print ( pyqso f i t . __path__ )

path_ex = ’ . ’ # os . pa th . j o i n ( p y q s o f i t . __path__ [ 0 ] , ’ . . ’ , ’ example ’ )

# Ass ign d i r e c t o r y

d i r e c to ry = sys . argv [ 1 ]

# I t e r a t e ov e r f i l e s in d i r e c t o r y

for name in os . l i s t d i r ( d i r e c to ry ) :

t ry :

# Open f i l e

with open ( os . path . j o i n ( d i rec tory , name) ) as f :

print ( f " {name} " )

vname= name . r s t r i p ( ’ . f i t s ’ )

os . chdir ( ’C:\\ Users\\robos\\Downloads\\Anaconda S t u f f \\Honors t h e s i s programs ’ )

path_out = os . path . j o i n ( ’C:\\ Users ’ , ’ robos ’ , ’ Honors Thesis S t u f f ’ , ’ Graphing fo lde r ( i n i t i a l t e s t i n g and s t u f f ) ’ , ’ Test

s tag ing fo lde r ’ )
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# Requr i ed

data = f i t s . open ( os . path . j o i n ( path_ex , d i rec tory , name) )

lam = 10 ‗‗ data [ 1 ] . data [ ’ loglam ’ ] # OBS wave l eng th [A]

f lux = data [ 1 ] . data [ ’ f lux ’ ] # OBS f l u x [ e rg / s / cm^2/A]

e r r = 1 / np . sq r t ( data [ 1 ] . data [ ’ iva r ’ ] ) # 1 sigma e r r o r

z = data [ 2 ] . data [ ’ z ’ ] [ 0 ] # R e d s h i f t

print ( z )

data . in fo ( )

# Opt i ona l

ra = data [ 0 ] . header [ ’ plug_ra ’ ] # RA

dec = data [ 0 ] . header [ ’ plug_dec ’ ] # DEC

p la t e id = data [ 0 ] . header [ ’ p l a t e id ’ ] # SDSS p l a t e ID

mjd = data [ 0 ] . header [ ’mjd ’ ] # SDSS MJD

f i b e r i d = data [ 0 ] . header [ ’ f i b e r i d ’ ] # SDSS f i b e r ID

# Pr epa r e d a t a

q_mle = QSOFit ( lam , f lux , err , z , ra=ra , dec=dec , p l a t e id=pla te id , mjd=mjd , f i b e r i d = f i be r id , path=path_ex )

# Double c h e c k t h e i n s t a l l a t i o n pa th with t h e PCA / Fe t e m p l a t e f i l e s

# p r i n t ( ’ i n s t a l l pa th : ’ , q_mle . i n s t a l l _ p a t h )

# Change i t i f you i n s t a l l e d them somewhere e l s e

# q_mle . i n s t a l l _ p a t h = ’ . . . ’

s t a r t = t i m e i t . de fau l t_ t imer ( )

# Do t h e f i t t i n g

q_mle . F i t (name=vname , # cu s t om i z e t h e name o f g i v en t a r g e t s . D e f a u l t : p l a t e−mjd−f i b e r

# p r e p o c e s s i n g p a r a m e t e r s

nsmooth=1 , # do n−p i x e l smooth ing t o t h e raw inpu t f l u x and e r r s p e c t r a

and_mask=False , # d e l e t e t h e and masked p i x e l s

or_mask=False , # d e l e t e t h e o r masked p i x e l s

r e j e c t _badp ix=True , # r e j e c t 10 most p o s s i b l e o u t l i e r s by t h e t e s t o f pointDistGESD

deredden=True , # c o r r e c t t h e G a l a c t i c e x t i n c t i o n

wave_range=None , # t r im inpu t wave l eng th

wave_mask=None , # 2−D array , mask t h e g iv en range ( s )

# h o s t d e c o m p o s i t i o n p a r a m e t e r s

decompose_host=True , # I f True , t h e h o s t ga laxy−QSO d e c o m p o s i t i o n w i l l be a p p l i e d

hos t_pr ior=False , # I f True , t h e c od e w i l l adop t p r i o r−i n f o rmed method t o a s s i s t d e c o m p o s i t i o n . Current ly ,

on ly ’CZBIN1 ’ and ’DZBIN1 ’ model f o r QSO PCA a r e a v a i l a b l e . And t h e model f o r g a l axy must be PCA t o o .

hos t _p r i o r_ s ca l e =0 .2 , # s c a l e o f p r i o r p a n e l t y . Usual ly , 0 . 2 works f i n e f o r SDSS s p e c t r a . Adjus t i t s m a l l e r

i f you f i n d t h e p r i o r a f f e c t t h e f i t t i n g r e s u l t s t o o much .

host_l ine_mask=True , # I f True , t h e l i n e r e g i o n o f g a l axy w i l l be masked when s u b t r a c t e d from o r i g i n a l

s p e c t r a .

decomp_na_mask=True , # I f True , t h e narrow l i n e r e g i o n w i l l be masked when pe r f o rm d e c o m p o s i t i o n

qso_type= ’CZBIN1 ’ , # PCA t e m p l a t e name f o r qua s a r

npca_qso =10 , # numebr o f qua s a r t e m p l a t e s

host_type= ’PCA ’ , # t e m p l a t e name f o r ga l axy

npca_gal =5 , # number o f g a l axy t e m p l a t e s

# continuum model f i t p a r a m e t e r s

Fe_uv_op=True , # I f True , f i t continuum with UV and o p t i c a l F e I I t e m p l a t e

poly=True , # I f True , f i t continuum with t h e p o l ynom i a l component t o a c c oun t f o r t h e dus t r e dd en ing

BC=False , # I f True , f i t continuum with Balmer c on t i nua from 1000 t o 3646A
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i n i t i a l _ g u e s s =None , # I n i t i a l p a r a m e t e r s f o r continuum model , r e ad t h e a n n o t a t i o n o f t h i s f u n c t i o n f o r

d e t a i l

r e j _ a b s _ c o n t i =False , # I f True , i t w i l l i t e r a t e l y r e j e c t 3 sigma o u t l i e r a b s o r p t i o n p i x e l s in t h e continuum

n_pix_min_conti =100 , # Minimum number o f n e g a t i v e p i x e l s f o r h o s t continuuum f i t t o be r e j e c t e d .

# e m i s s i o n l i n e f i t p a r a m e t e r s

l i n e f i t =True , # I f True , t h e e m i s s i o n l i n e w i l l be f i t t e d

r e j _ a b s _ l i n e =False ,

# I f True , i t w i l l i t e r a t e l y r e j e c t 3 sigma o u t l i e r a b s o r p t i o n p i x e l s in t h e e m i s s i o n l i n e s

# f i t t i n g method s e l e c t i o n

MC=False ,

# I f True , do Monte Car l o r e s amp l i ng o f t h e spec t rum ba s ed on t h e inpu t e r r o r a r r a y t o produce t h e MC e r r o r

a r r a y

MCMC=False ,

# I f True , do Markov Chain Monte Car l o sampl ing o f t h e p o s t e r i o r p r o b a b i l i t y d e n s i t i e s t o p roduce t h e e r r o r

a r r a y

nsamp=200 ,

# The number o f t r i a l s o f t h e MC p r o c e s s ( i f MC=True ) o r number s amp l e s t o run MCMC cha in ( i f MCMC=True )

# advanced f i t t i n g p a r a m e t e r s

param_file_name= ’ qsopar . f i t s ’ , # Name o f t h e q so f i t t i n g pa r ame t e r FITS f i l e .

nburn=20 , # The number o f burn−in s amp l e s t o run MCMC cha in

nthin =10 , # To s e t t h e MCMC cha in r e t u r n s e v e r y n samp l e s

e p s i l o n _ j i t t e r =0 . ,

# I n i t i a l j i t t e r f o r e v e r y i n i t i a l guass t o a v o i d l o c a l minimum . ( Under t e s t , no t recommanded t o change )

# cu s t om i z e t h e r e s u l t s

save_ re su l t=True , # I f True , a l l t h e f i t t i n g r e s u l t s w i l l be s av ed t o a f i t s f i l e

save_f i ts_name=vname , # The output name o f t h e r e s u l t f i t s

save_ f i t s _pa th=path_out , # The output pa th o f t h e r e s u l t f i t s

p l o t _ f i g =True , # I f True , t h e f i t t i n g r e s u l t s w i l l be p l o t t e d

save_ f ig=True , # I f True , t h e f i g u r e w i l l be s av ed

plo t_corner=True , # Whether o r not t o p l o t t h e c o r n e r p l o t r e s u l t s i f MCMC=True

# debugging mode

verbose=True , # turn on ( True ) o r o f f ( F a l s e ) debugging output

# s u b l e v e l p a r a m e t e r s f o r f i g u r e p l o t and emcee

kwargs_plot ={

# ’ s a v e _ f i g _ p a t h ’ : ’ . ’ , # The ou tput pa th o f t h e f i g u r e

’ save_f ig_path ’ : path_out , # The output pa th o f t h e f i g u r e

’ broad_fwhm ’ : 1200 # km / s , l owe r l i m i t t h a t c od e d e c i d e i f a l i n e component b e l o n g s t o b road

component

} ,

kwargs_conti_emcee = { } ,

kwargs_line_emcee = { } )

end = t i m e i t . de fau l t_ t imer ( )

os . chdir ( path_out )

print ( f ’ F i t t i n g f in i shed in {np . round ( end − s t a r t , 1 ) } s ’ )

data = f i t s . open ( os . path . j o i n ( path_out , f ’ {name} ’ ) )

import s h u t i l as s l

f i l e _ to_copy = f ’ {name} ’

f i l e _ to_copy2 = f ’ {vname } . pdf ’
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d e s t i n a t i o n _d i r e c t o ry = ’C:\\ Users\\robos\\Honors Thesis S t u f f \\Graphing fo lde r ( i n i t i a l t e s t i n g and s t u f f )\\demo

saving fo lde r ’

i f ( np . abs ( ( data [ 1 ] . data [ ’ Hb_whole_br_peak ’ ] [ 0 ] / 4 8 6 1 )−1) ) > 0.00133333333 and data [ 1 ] . data [ ’ Hb_whole_br_snr ’ ] > 5 :

s l . copy ( f i l e_ to_copy , d e s t i n a t i o n _ d i r e c t o r y )

s l . copy ( f i l e_ to_copy2 , d e s t i n a t i o n _ d i r e c t o r y )

except ( ValueError , KeyError ) :

print ( "No Usable Data " )

os . chdir ( path_out )

data = f i t s . open ( os . path . j o i n ( path_out , f ’ {name} ’ ) )

import s h u t i l as s l

f i l e _ to_copy = f ’ {name} ’

d e s t i n a t i o n _d i r e c t o r y = ’C:\\ Users\\robos\\Honors Thesis S t u f f \\Graphing fo lde r ( i n i t i a l t e s t i n g and s t u f f )\\Unusable Data

’

s l . copy ( f i l e_ to_copy , d e s t i n a t i o n _ d i r e c t o r y )

t ry :

f i l e _ to_copy2 = f ’ {vname } . pdf ’

s l . copy ( f i l e_ to_copy2 , d e s t i n a t i o n _ d i r e c t o r y )

except ( ValueError , KeyError , FileNotFoundError ) :
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Appendix C: Histogram Code

import os

import numpy as np

from astropy . io import f i t s

# a r r a y s f o r r e d s h i f t

OIIIv=np . empty ( 0 )

names=np . empty ( 0 )

# Ass ign d i r e c t o r y

d i r e c to ry = ’C:\\ Users\\robos\\Downloads\\ S p e c t r a f u l l ’

# I t e r a t e ov e r f i l e s in d i r e c t o r y

for name in os . l i s t d i r ( d i r e c to ry ) :

data = f i t s . open ( os . path . j o i n ( d i rec tory , name) )

z = data [ 1 ] . data [ ’ r e d s h i f t ’ ] [ 0 ] # R e d s h i f t

t ry :

snr=data [ 1 ] . data [ ’ Hb_whole_br_snr ’ ]

i f snr >2 and data [ 1 ] . data [ ’ Hb_br_1_scale ’ ] > data [ 1 ] . data [ ’ Hb_br_2_scale ’ ] :

OIIIv=np . append ( OIIIv , ( ( ( np . exp ( data [ 1 ] . data [ ’ Hb_br_1_centerwave ’ ] [ 0 ] ) ‗5007) /(4861‗np . exp ( data [ 1 ] . data [ ’

OIII5007c_1_centerwave ’ ] [ 0 ] ) ) )−1) ‗299792 .458 )

names=np . append ( names , f ’ {name} ’ )

e l i f snr >2 and data [ 1 ] . data [ ’ Hb_br_1_scale ’ ] < data [ 1 ] . data [ ’ Hb_br_2_scale ’ ] :

OIIIv=np . append ( OIIIv , ( ( ( np . exp ( data [ 1 ] . data [ ’ Hb_br_2_centerwave ’ ] [ 0 ] ) ‗5007) /(4861‗np . exp ( data [ 1 ] . data [ ’

OIII5007c_1_centerwave ’ ] [ 0 ] ) ) )−1) ‗299792 .458 )

names=np . append ( names , f ’ {name} ’ )

except ( ValueError , KeyError ) :

np . save tx t ( ’ OIIIv . csv ’ , OIIIv , de l imi t e r= ’ , ’ )

np . save tx t ( ’names . csv ’ , names , fmt="%s " )
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