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ABSTRACT

Due to the high extinction along the plane of the Milky Way towards the Galactic
Center (GC), it is useful to look at objects that are bright in the near-infrared (near-IR) to
obtain data with Earth-based instruments. To identify X-ray Binary (XRB) counterparts
towards the GC, we used near-IR spectra from the Large Binocular Telescope (LBT). Af-
ter reducing the LUCI/LBT spectra with the superFATBOY (sFB) pipeline, we compared
our near-IR spectra to previously matched IR and X-ray sources in the GC [DeWitt, 2011].
Particularly, we looked for H and He emission lines, which indicate signs of a hard radia-
tion field present with typically red giant or red supergiant stars in the GC. This illustrates

a likely physical association between the X-ray source and its IR counterpart.
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CHAPTER 1: INTRODUCTION

Within the inner region of our Milky Way, expanding about sixty light years from the
galactic nucleus, lies thousands of X-ray sources. Neutron stars, black holes (BHs), hot
gas, binaries with white dwarf stars, and stellar atmospheres are several of these X-ray
point sources. Within the innermost region, expanding about twelve light years, contains
hundreds of these x-ray point sources [Hailey et al., 2018]. The environment within this
inner region towards the barycenter of our galaxy, the Galactic Center (GC), differs from
the rest of our galaxy and have posed X-ray binary (XRB) candidates to hold different
characteristics compared to XRBs outside of this region [Gottlieb, 2021]. In my thesis, |
will be focusing on finding new XRBs and studying the characteristics of these candidates
such as seeing if accretion is present and identifying the spectral class of their donor star.
Along this, a further revision will be made where 1 will be studying the characteristics
of known XRB XID 6592, potential XRB XID 13 (Both discovered by DeWitt, 2011),
and Star 5 (Discovered by Garner, 2018). Where Star 5 has shown to be an XRB with
a potential BH as it’s compact object (BH-XRB). This revision will be made after our

Gemini South observations in May, June, and July of 2024.

X-ray Binaries

An X-ray binary is a type of binary system that consists of a compact object and com-

panion donor star. These compact objects can be a BH or neutron star. These systems



produce X-rays due to the star’s matter accreting onto the compact object, which ionizes
the star’s matter. There is a similar binary system with a white dwarf (WD) as their com-
pact object, called a cataclysmic variable (CV), that also has a star and accretion on the

compact object.

Of these compact objects, WDs can be easy to locate due to it’s high relative bright-
ness, this is not the case with an isolated BH or NS. NSs are very dim being only ~ 10km
in diameter, and BHs are so dense that not even light can escape their gravitational well.
Without accretion, you cannot detect a BH. Although, there are ways to observe and locate
such BHs, which is by finding an XRB. The type of compact object in these XRBs can be
identified by observing the gravitational effects the compact object has on it’s donor star
by measuring the radial velocity of the star. If the radial velocity is measured over time,
the orbital period can then be deduced, and with the orbital period and peak radial velocity
of the donor star, we can determine the binary mass function of the system. With this, we
can classify what kind of compact object is present, whether it is a BH or NS [Gottlieb,
2021]. There are also strategies to identify the spectral class and class sub-type of the
donor star which involves looking at the stellar absorption lines and equivalent widths of

those absorption lines in the XRB’s spectrum [Gottlieb, 2021].

There are sub-classes of XRBs that classifies the mass of the donor star in the sys-
tem. Two of which are a low-mass X-ray binary (LMXB) and a high-mass X-ray binary
(HMXB).

A LMXB contains a compact object and a low mass donor star with a mass 1M, and

a lifetime of ~ lOloyears [Neumann et al., 2023]. In a LMXB, the donor star overfills



its Roche lobe, which is a defined region around a star in a binary system where orbiting
material is gravitationally bound to the star. Due to the overflow, it causes orbiting material
to spill out of this region that is then accreted onto the compact object. These donor stars
are usually late-type stars. However, A-type stars, F-G-type subgiants, or even WDs can
be donors in LMXBs [Avakyan et al., 2023]. LMXBs are mostly discovered from their
variable luminosities due to the changes in accretion rate and can reach a max luminosity
of 1037 to 10°° ergs s™' for weeks to months, then go into quiescence of luminosities of

10°? to 1033 ergs s! up to tens of years [Tauris and van den Heuvel, 2006].

These LMXBs can be further defined into sub-classes. The most common is a lower
luminosity dwarf as the donor and a NS as the compact object with the same properties
above [Gottlieb, 2021]. The more rare sub-class is the symbiotic X-ray binary (SXB).
SXBs host a red giant as its donor and a NS as its compact object (most commonly),
which accretes from the donor’s stellar winds. The behavior of SXBs greatly resemble the
behavior of HMXBs, which will be covered later. SXBs have the longest orbital periods
of LMXBs from several tens to a thousand days and have long pulse periods from hundred
of seconds to hours. They have strong X-ray variability of a factor of ~ 10 to 20 times that
of an HMXB. This suggests the NS compact object is highly magnetized of at least 10'2
G [Bozzo et al., 2022].

A HMXB contains a compact object and a high-mass donor star with a mass SM),
with their lifetime being shorter than a LMXB at ~ 2 X 107years [Neumann et al., 2023].
HMXBs can be defined further into several sub-classes. One of which, making up most

of the HMXB population would be Be X-ray binaries (BeXBs). The donor star in BeXBs



are typically early-type B or late-type O stars with decretion disks around their equator,
which is material distributed in the shape of a disk that is centered around the body. Due
to the high rotational velocity such a decretion disk is formed [Balona and Ozuyar, 2020].
Currently, the compact object in BeXBs are almost always NS and only a few have BHs as
their compact object. BeXBs are most often found when they are experiencing outbursts
from the compact object passing through the decretion disk causing enhanced accretion.
There is Type I and Type II outbursts, with Type I being periodic with peak luminosity
below 10°7 erg s™! and Type II being less frequent with a peak velocity up to 103 erg s°!

[Doroshenko et al., 2020].

The other two sub-classes are Supergiant X-ray binaries (SGXBs) and Supergiant Fast
X-ray transients (SFXTs). The compact object, most typically NS, in SGXBs accrete from
the stellar winds from the supergiant donor star with mass loss rates of up to ~ 107 to
1073 y'! [Kudritzki and Puls, 2000]. SGXBs have short orbital periods and have a similar
range of X-ray luminosity as BeXBs of 10%¢ to 10?7 ergs s'! [Gottlieb, 2021]. In rare
cases, accretion can happen due to Roche lobe overflow, which produces higher X-ray
luminosities than those systems that accrete from stellar winds [Fortin et al., 2023]. SFXTs
are a sub-class of SGXBs that do not accrete a majority of the time, but have bright flares
that happen on timescales of minutes to days with peak fluxes similar to SGXBs [Neumann

et al., 2023].

Systems in which a WD acts as the compact object and accretes its donor star are
not considered XRBs despite the fact that they emit X-rays [Avakyan et al., 2023]. These

systems are referred to as CVs. CVs have a low-mass donor star and the WD accretes



via Roche lobe overflow similarly to LMXBs. They have overall lower X-ray luminosities
than most XRBs ranging from 10%° to 1032 ergs s™' and are not commonly detected in

X-rays [Gottlieb, 2021].

There is a sub-class of CVs that produce hard X-rays called intermediate polars (IPs).
IPs have more extreme magnetic fields than normal CVs ranging from 10 to 10® G [Perez
et al., 2015], which happen due to increased temperature and density of material that is

funnelled into the poles via the magnetic field.

The Galactic Center

The GC is defined by a 2° x 0.8° center region which is composed of ~ 1% of the
stellar mass of the Milky Way [Launhardt et al., 2002]. The environment within the GC
differs from the rest of our galaxy due to it’s close proximity to the Milky Way’s supermas-
sive black hole, Sagittarius A* (Sgr A*), which has a mass of (4.297 £0.012) x 105M,
[GRAVITY Collaboration et al., 2023]. This region is more hot, turbulent, and highly mag-
netized [Mauerhan et al., 2010]. The GC was found to have over 10,000 X-ray sources,
primarily by the Chandra X-ray Observatory, and a majority of these points were located
within the GC or beyond it [Muno et al., 2009]. Due to the large amount of interstellar
extinction, the excess of dust obscures our view to look at these sources that have energies
below 1.5 keV, and therefore, our understanding of these X-ray sources are generally un-
known. Chandra observations of the GC have shown CVs as well as WDs, BHs, and NS

[Morihana et al., 2022].



Within the central parsec towards the GC, there lies ~ 1 — 4 x 10* BHs and it is pre-
dicted that ~ 60 — 200 exist as BH-XRBs [Generozov et al., 2018]. It was found that the
number of NS-XRBs per stellar mass in the GC is three orders of magnitude greater than
in the field, and is comparable to the number found in globular clusters. The number of
BH-XRBs are also three orders of magnitude greater than in the field. However, it is an
order of magnitude greater than in any existing globular, which indicates that GC BH-
XRBs are not brought in by in-fall from globular clusters. It is also unlikely they would be
able to survive to the present day, since the lifetime of BH-XRBs are no higher than a few
%10 yr. This suggests that the unusual environment of the GC dynamically assembles
BH-XRBs, similarly to the high production of NS-XRBs in globular clusters. Due to the
high density of compact objects and stellar objects in the GC, it is inevitable that there
will be a high rate of tidal captures, which could explain the amount of BH-XRBs and

NS-XRBs [Generozov et al., 2018].

Hailey et al. [2018] found twelve soft X-ray sources, identified as quiescent low-mass
X-ray binaries (QLMXBs), within one parsec outwards of Sgr A* that were found to be
consistent with being BH-XRBs. In another paper, Zhu et al. [2018] identified 1300 mag-
netic and non-magnetic CVs and claimed that gLMXBs are a minority within the GC. In
a recent paper, Neumann et al. [2023] compiled a sample1 of 123 known HMXBs and 46
HMXB candidates from the SIMBAD and VizieR archives hosted by the Centre de Don-
nées astronomiques de Stras-bourg databases. I found that ten of these were within the
2° x 0.8° region of the GC, where one of them, 1E 1740.7-2942, was classified as a mi-

croquasar. Eight of these were transient X-ray sources, with 4 of these having a supergiant

'A web-version is publicly accessible at http://astro.uni-tuebingen.de/~xrbcat/.
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donor star.

It is relevant to keep in mind that all of these findings were based on the understanding
of XRBs as they are outside of the GC, and as previously mentioned, the environment of

the GC is unusual.

Statement of Problem

Located in the Scutum constellation resides Scutum X-1, the only XRB known to have
ared supergiant (RSG) as its donor star outside of the GC. Gottlieb et al. [2020] found that
the XRB XID 6592 in the GC closely resembled Scutum X-1’s X-ray luminosity, absolute
magnitude, and variability in the infrared, which indicated it to also host a RSG donor star.
It was also confirmed that 6 XRBs previously discovered by [Garner, 2018] in the GC all
had at least a red giant (RG) donor star [Gottlieb, 2021]. XRBs with RG or RSG donor

stars have not been seen elsewhere in these amounts as they are in the GC.



CHAPTER 2: LITERATURE REVIEW

XID 13 is a potential XRB located towards the GC at RA = 266.259360” and Dec
=28.963730”. Its spectrum in the near-infrared by Folded port InfraRed Echellette (FIRE)
shows a Bry emission line (Figure 2.1), which is characteristic of an accretion disk. How-
ever, the spectral type of its donor star was unable to be determined in the preliminary data

reduction [DeWitt, 2011].
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Figure 2.1: Preliminary NIR spectrum for the counterpart to XID 13, observed with FIRE

[DeWitt, 2011].



XID 6592 is an XRB located towards the GC at RA = 17"45"28.79% and Dec =
—29°09'42.8" (I = 359.791396°, b = —0.091492°). Its spectrum in the near-infrared by
Ohio State InfraRed Imager/Spectrometer (OSIRIS) has shown a Bry emission line which
indicates accretion (Figure 2.2). XID 6592 has a bright X-ray luminosity at ~ 10°3 ergs
s'! [Gottlieb, 2021]. Its spectrum has also shown broad CO absorption bands which are
characteristic of late type stars. Gottlieb [2021], determined that XID 6592 has a fast
variability of ~ 0.5 mag in a few hours in the IR in the WISE 1 band and has shown
variability in the X-rays in both Chandra and the X-ray Multi-Mirror Mission-Newton
(XMM). It is hypothesized that XID 6592 is a SFXT with a RSG as a companion star,

which would be the first SFXT known with a RSG donor star.

More spectra of XID 6592 in the Ks band was obtained with FLAMINGOS-2 and
Espectrografo Multiobjeto Infra-Rojo (EMIR), and no significant Bry emission nor vari-
ability was found, which could imply no significant accretion was present during the time
of observation. There was also no variability in radial velocities during tens of days. How-
ever, there was significant variability in the CO bands after combining the FLAMINGOS-2
and EMIR data, and heavy elements like Scandium were detected [Gottlieb, 2021]. It was
confirmed in Gottlieb et al. [2020] that XID 6592 has a RSG donor star as mentioned

earlier.
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Figure 2.2: OSIRIS K-band spectrum of the counterpart to XID 6592. Also shown is the
best-fit M7 III spectrum and the best-fit M12 I spectrum. The M I templates all have
deeper CO bands than the counterpart to XID 6592, and therefore we adopt the best-fit M

III subtype, M7 111, for this star [DeWitt et al., 2013].

Garner [2018], identified 35 variable and transient infrared sources in the GC using
difference imaging on Canarias InfraRed Camera Experiment (CIRCE) data with Zernike
polynomials to create a model point spread function of stars. These sources were then
cross referenced with Chandra X-ray source catalogs [Muno et al., 2009], where 6 of the

variable IR sources matched with X-ray sources. These 6 sources are likely to be XRBs

10



due to their X-ray and IR luminosities. Their RA and Dec is shown in the table below

[Garner, 2018].

Garner GC Sources
ID |[RA Dec RA Dec RAx 4y |Decx_ray Mgy
2 266.42565 |-28.943171 |17:45:42.16 |-28:56:35.42 [17:45:42.0 |-28:56:36 |10.2
5 266.42572 |-28.957432 |17:45:42.17 |-28:57:26.76 [17:45:42.1 |-28:57:25 |[11.5
6 266.43009 |-28963417 |17:45:43.22 |-28:57:48.30 [17:45:43.3 |-28:57:49 [9.25
19 ]/266.39131 |-29.000519 |17:45:33.91 |-29:00:01.87 |17:45:33.8 |-29:00:03 |10.4
20 ]|266.39087 [-29.012552 |17:45:33.81 |-29:00:45.19 |17:45:33.9 {-29:00:43 |11.1
26 ||266.41038 [-29.034367 |17:45:38.49 |-29:02:03.72 |17:45:38.4 |-29:02:02 |8.52

Table 2.1: CIRCE IR RA and Dec and Chandra X-ray RA and Dec of Star 2, Star 5, Star

6, Star 19, Star 20, and Star 26 [Garner, 2018].

Gottlieb [2021], did further spectroscopy on these 6 XRBs and found that all 6 of the
companion stars are at least RGs by looking at their equivalent widths and CO indices. Star
5 had a presence of a Bry line in their first round of observations, and no longer had a Bry
line in the second, indicating no accretion during the second observation. For the rest of the
5 stars, there was no Bry line detected for either observations. No evidence of variability
in their equivalent widths of the CO bands was found in the second observation, when
previously they were varying in the first observations done with EMIR. Star 5’s compact
object was found to be a potential stellar-mass BH, and Star 26 was found to have an
inordinately high peak radial velocity for the GC and is likely to be a hyper-velocity star.

Based on the CO index of Star 5, it is uncertain whether Star 5’s donor star is a RG or

11



RSG. Below are the lower limits on the mass of the compact object and donor star of Star
5 using different eccentricities [Gottlieb, 2021]. If Star 5 is to be a confirmed BH-XRB,

than it would be the first stellar-mass BH in the GC to have a recorded mass measurement.

Star 5 Minimum Mo and M¢

€ Mcomin  |Mcmin  |a aco ac RLco RLc

(Mo) (Mo) (AU) (AU) (AU) (AU) (AU)

0.0 [|21+£10 (2149 24403 1.2+03(1.24+04 {1.32+0.16 [{1.1+0.3
0251910 [194+8 24+0.3 1.2+03 (1.24+04 {1.28+0.15 [{1.1+£0.3
0.5 || 13+£7 13+6 2.1+0.2 1.1+£03 |1.1£04 {1.14+0.13 {1.0+£0.3
07563 6+3 1.60+0.18 [0.84+0.2 |0.8£0.3 [0.9+0.1 0.7£0.2
09 ||1.7£0.9 |{1.7+£0.7 [1.06+0.12 |0.54+0.2 {0.5+0.2 |0.58+0.07 |0.48+£0.14

Table 2.2: Minimum masses of the compact object (Mco) and the different values of
eccentricity, assuming an inclination companion star (M¢) for five angle of 90° [Gottlieb,

2021]. (RL - Roche Lobe radius).

We will be obtaining spectra of XID 6592, XID 13, and Star 5 using MOS with
FLAMINGOS-2 to further monitor the presence of the Bry emission line and variabil-
ity of equivalent widths of the CO bands. In addition to this, we will be getting spectra of

new potential XRBs.

As mentioned earlier, due to the high density of compact objects and stellar objects in
the GC, it is inevitable that there will be a high rate of tidal captures, which could explain
the amount of BH-XRBs and NS-XRBs [Generozov et al., 2018]. The small number of
high mass stars in the GC and their shorter lifetimes indicate that the number of HMXBs

would be low. However, tidal capture rate of stars that orbit along the plane of the disk of

12



the galaxy and in the same direction (disk stars) are increased by larger stars, larger escape

speeds, and higher stellar densities [Generozov et al., 2018].

This implies that there should be a population of XRBs with main sequence donor

stars towards the GC, but RG or RSG donor stars have been found.

Chandra has detected significant X-ray emission with a size of ~ 1 and a luminosity
of ~ 1033 ergs s™'. This signal was suggested to be produced by several thousand late-type
main sequence stars that hide within the central ~ 0.1 parsec towards the GC. Due to tidal
spin-ups with other stars and other stellar remnants, these late-type main sequence stars
should be rapidly rotating and have a hot coronae, emitting X-rays with temperatures kT

a few keV [Sazonov et al., 2012].
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CHAPTER 3: METHODOLOGY

Materials and Software

I utilized Python, Gemini MOS Mask Preparation Software (GMMPS), Astronomical
Data Query Language (ADQL), superFATBOY (sFB) pipeline, and previously obtained
spectra from LUCI/LBT. This spectra was observed on April 21%, 2011, and was left
without reduction. Using Gemini Observatory’s mask making software, GMMPS, I de-
signed 3 MOS slit masks for FLAMINGOS-2 centered on XID 6592, XID 13, and Star 5
including XRB candidates that I will be further classifying. GMMPS is ran in PyRAF, a

command language for Image Reduction and Analysis Facility (IRAF) based on Python.

I used ADQL to retrieve the LUCI spectra in the LBT archives, and used Python
to organize and retrieve headers for information. After my data was prepped, I processed
them through the sFB pipeline. Due to sFB not previously being compatible with the LUCI
instrument, much troubleshooting was encountered. In order for the telluric star spectra to
be properly divided with our object spectra, we must write a Python script extension for
sFB. This extension will be done in the future. Using Python, I was able to calculate the
accretion velocities by obtaining the full width at half maximum (FWHM) of those spectra

with Bry emission lines.

14



GMMPS and Slit Mask Preparation

Our observation dates were scheduled the nights of July 7" and July 8%, 2023. We
designed our slit masks, sent them to Gemini North for cutting, and had them shipped to
Gemini South in time for pre-observation set up. When designing in GMMPS, we took

the approach of using target lists and ’pseudo-images’.

The first step in designing the three masks started with acquiring our target list with
the following columns of data for our XRB candidates: ID, RA, Dec, and magnitude.
This data was acquired from the Infrared Side Port Imager (ISPI) instrument as part of
the Victor M. Blanco 4-meter Telescope. Then, a corresponding visual image with WCS
keywords was obtained from previous near-infrared Visible and Infrared Survey Telescope
for Astronomy (VISTA) data. Our three masks were centered on XID 6592, XID 13, and
Star 5, individually, in order to follow up on the characteristics of them. This was addi-
tionally a safety margin if our other candidates did not align, we still at least have spectra
of the center XRB. I turned our images into pseudo-images by activating the Gemini IRAF
conda environment and running PyRAF. This made the image look as if it were taken with
Gemini South in order to be easily interpreted by GMMPS and FLAMINGOS-2. Within
PyRAF I ran the task gmskcreate, which is located in gemini.gmos.mostools. I ran
gmskcreate with all of the following parameters defined below for all three slit masks

individually.
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XID13 gmskcreate Parameters

Input ASCII table with proper header

indata="£2{3maskl.cat”

inimage="£2;3mask.fits”| Input image .fits with WCS
gprgid="GS-2023A-Q-141"| Our Gemini program ID
instrume="flamingos2" | Instrument we are using
rafield="266.259360" | RA value of field center
decfield="-28.963730"| Dec value of field center
pa="65"| Position angle
iraunits="degrees" | Units in the input catalog
fraunits="degrees"| Units for our rafield value

Table 3.1: Parameters used to produce the XID13 mask using GMMPS.

XID6592 gmskcreate Parameters
indata="f2_6592maskl.cat" | Input ASCII table with proper header
inimage="f2_6592mask.fits"| Input image .fits with WCS
gprgid="GS-2023A-Q-141" | Our Gemini program ID
instrume="flamingos2" | Instrument we are using
rafield="266.369970" | RA value of field center
decfield="-29.161880"| Dec value of field center
pa="95" | Position angle
iraunits="degrees" | Units in the input catalog
fraunits="degrees" | Units for our rafield value

Table 3.2: Parameters used to produce the XID6592 mask using GMMPS.
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Garner 5 gmskcreate Parameters
indata="f2_garnermaskl.cat"| Input ASCII table with proper header
inimage="f2_garnermask.fits"| Input image .fits with WCS
gprgid="GS-2023A-Q-141" | Our Gemini program ID
instrume="flamingos2" | Instrument we are using
rafield="266.425720" | RA value of field center
decfield="-28.957432"| Dec value of field center
pa="72"| Position angle
iraunits="degrees" | Units in the input catalog
fraunits="degrees" | Units for our rafield value

Table 3.3: Parameters used to produce the Garner 5 mask using GMMPS.

After successfully running gmskcreate, it gave an output of our pseudo-image and
a reformatted target list to be interpreted by GMMPS, called an Object Table (OT). After
this was done properly, I inputted these two corresponding files into GMMPS. After open-
ing both files, we can start designing our mask and telling GMMPS to ignore sources that
would overlap while maintaining 3 acquisition stars within the mask. This stage required
me to run gmskcreate multiple times with different position angles to see what position
angle would maximize the amount of high priority objects within our mask. Below are the

three slit masks complete.
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Figure 3.1: FLAMINGOS-2 slit mask of XID 13-centered field, designed using GMMPS.
Red circles, green squares, blue triangles, and purple diamonds are 1% priority, 2"

priority, 3" priority, and acquisition stars, respectively.

Figure 3.2: FLAMINGOS-2 slit mask of XID 6592-centered field, designed using
GMMPS.
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Figure 3.3: FLAMINGOS-2 slit mask of Garner 5-centered field, designed using GMMPS.

The nights of July 7® and July 8", 2023 in Cerro Pachén had poor sky conditions
and we were unable to get any data. However, we are scheduled for future observations in

May, June, and July of 2024. This future data will be added in a future revision.

LUCI sFB Data Reduction

While awaiting our future Gemini South observations, we pivoted to previously ob-
served LUCI spectra. This spectra was observed on April 21%, 2011, and was left without
reduction. We also have data from other runs, i.e. June 4%, 2011, June 6, 2011, and

June 9™, 2012. For this thesis, we solely reduced the April 21%, 2011 data using sFB, an

19



XML-controlled GPU-enabled Python pipeline. The data from this observation date can

be located in Table A.1.

To preface, sFB has not been previously used for the LUCI/LBT instrument, and has
only been used for the Optical System for Imaging and low-Intermediate-Resolution In-
tegrated Spectroscopy (OSIRIS) and MIRADAS as part of the Gran Telescopio Canarias.

Thus, there was much troubleshooting and developments along the data reduction process.

Using ADQL, we successfully acquired the A1689 telluric standard spectra, acquisi-
tion, objects, arc lamps, spectroscopic flat fields, and dark fields from the LBT archives.
Firstly, to use sFB, we must curate a working XML file to inform what parameters sFB
should run with. Particularly, our LUCI data was done with MOS with a horizontal disper-
sion. Due to sFB not having a LUCI extension, we opted to use the general datatype script,
datatype = "spectrum". Within our XML file, we determined for sFB to perform the
following processes: noisemap, darkSubtract, createCleanSkies,
createMasterArclamps, findSlitlets, cosmicRaysSpec, flatDivideSpec,
badPixelMaskSpec, skySubtractSpec, rectify, doubleSubtract, shiftAdd,

wavelengthCalibrate, and extractSpectra.

Our first sFB error flagged that all files lacked a native OBSTYPE = ’0BJECT’ header
value. To fix this, we manually added this header value. The next problem was during the
findSlitlets process, where it attempted to auto-detect slitlets by tracing each slitliet
individually. This would not work very well or at all due to some of the slits nearly
overlapping with each other. We can get past this by providing an already exisitng region

file or making a region file by hand by visually looking at the spectra in SAOImageDS9.
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We opted to make the region file by hand and made a separate XML file describing the

location of each slitlet and their widths and heights in pixels. We then had sFB use this as

our region file. Below, are the 24 traced slitlets.

Figure 3.4: Traced slitlets of LUCI MOS spectra.

After this, we found it necessary to do doubleSubtract since the residuals were quite
bad after the spectra was rectified. The next hurdle was during the wavelengthCalibrate
process. To start the process, you must provide a wavelength scale guess to get it started.
Since the wavelength is being read right to left for LUCI, a negative wavelength scale
guess was necessary. After having a good guess, we had to then deduce the optimal option
for fitting our spectral lines. We had the option of using OH emission lines or using our

arc lamps. For LUCI, the arc lamps are Ne, Ar, and Xe. Attempting different fits, the
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OH lines provided the better fit. Having a good wavelength scale guess and fit, our sigma
for the residuals of each slitlet was ~ 0.1px. From this, sFB calculated the wavelength
solution for each slit, so we know how many microns there are per pixel. After this, the
spectra was extracted in a resampled form, where the data was resampled to a linear scale
using the standard CD matrix keywords in the FITS header. This resampling fixes the
x-axis and shifts them to their appropriate wavelengths. The extracted resampled spectra
was then plotted using Python and further analyzed for any characteristic emission or
absorption lines. The only part left of reduction is the calibrated star division. This step
in the reduction requires a Python script extension to be written to help sFB finish the rest

for LUCI data. This will be finished and future revisions will be done.
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CHAPTER 4: FINDINGS

From our 24 slits, 3 did not extract, 6 have CO absorption lines, and Slit 19 has strong
Bry emission lines, strong Hell emission line, and small CO absorption lines. With such
strong Bry emission lines, accretion due to a compact object is extremely likely. Slit 19

also has a strong Hell emission line and small CO absorption lines, indicating a possible

red giant donor star.

04-21-2011 LUCI Slit #19
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Figure 4.1: Slit 19 extracted spectra, without calibrated star division. Strong Bry and
Hell emission lines, as well as small CO absorption lines are present. This likely

indicates that a compact object is present, with a potential red giant.
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04-21-2011 LUCI Slit #19
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Figure 4.2: Slit 19 extracted spectra, without calibrated star division. Zoomed into the

Bry emission line.
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Figure 4.3: Slit 19 extracted spectra, without calibrated star division. Zoomed into the

Hell emission line.
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Figure 4.4: Slit 19 extracted spectra, without calibration star division. Zoomed into the

CO absorption lines.

By using Python, I calculated the FWHM for the two peaks of the Bry emission lines

to be AA; = 46 for the smaller peak, and AA, = 60 for the larger peak. By using the

following equations,

AN
v = c 4.1)
! )“restl
AXy
vy = c 4.2)
2 A7L¢esl2

I determined v = 637 km/s and vo = 829.2 km/s. This is incredibly fast, and certainly

illustrates the presence of a compact object.
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CHAPTER 5: CONCLUSION

Out of the 24 slits of the LUCI/LBT data observed on April 21%, 2011, Slit 19 very
likely has a compact object with a possible red giant donor star illustrated by its strong
Bry and Hell emission lines and small CO absorption lines. Its accretion velocities were
estimated to be vi = 637 km/s and v, = 829.2 km/s. Once the calibrated star division
is done, we will have even cleaner spectra, which may reveal other interesting emission
or absorption lines in the other spectra. In addition, we have 3 more observation dates
of LUCI spectra to reduce and prospective Gemini South spectra that will be observed in

May, June, and July of 2024. Many additions to this thesis are to be made in the future.
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APPENDIX : LUCI DATA
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Table A.1: LUCI observation data from 4/21/2011. Data

retrieved from the LBT archives using ADQL.

LUCI 4/21/2011
File Name RA Dec Type

luci.20110421.0119.fits | +11:16:11.905048924 | -03:28:15.078141358 | A1689 Telluric
luci.20110421.0120.fits | +11:16:15.816767221 | -03:28:37.412860962 | A1689 Telluric
luci.20110421.0121 fits | +11:16:15.816767122 | -03:28:37.912930712 | A1689 Telluric
luci.20110421.0122.fits | +11:16:15.816766347 | -03:28:38.212914474 | A1689 Telluric
luci.20110421.0123.fits | +11:16:15.816765228 | -03:28:38.212797105 | A1689 Telluric
luci.20110421.0124 fits | +11:16:16.083958726 | -03:28:38.212653232 | A1689 Telluric
luci.20110421.0125.fits | +11:16:15.816764979 | -03:28:38.212695652 | A1689 Telluric
luci.20110421.0157 fits | +17:45:42.080922858 | -28:57:23.334802228 Acquisition
luci.20110421.0158.fits | +17:45:42.080922858 | -28:57:23.334802228 Acquisition
luci.20110421.0159.fits | +17:45:42.080928662 | -28:57:23.334855700 Acquisition
luci.20110421.0160.fits | +17:45:42.426319758 | -28:57:25.450492391 Acquisition
luci.20110421.0161 fits | +17:45:41.826546612 | -28:57:23.600311807 Acquisition
luci.20110421.0162.fits | +17:45:41.929985807 | -28:57:24.240025613 Object
luci.20110421.0163.fits | +17:45:41.929726681 | -28:57:24.212900475 Object
luci.20110421.0164.fits | +17:45:41.723127089 | -28:57:22.960829811 Object
luci.20110421.0165.fits | +17:45:41.723131298 | -28:57:22.960870748 Object
luci.20110421.0166.fits | +17:45:41.723135424 | -28:57:22.960911638 Object
luci.20110421.0167 fits | +17:45:41.723164117 | -28:57:22.959307596 Object
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Continuation of Table A.1

File Name

RA

Dec

Type

luci.20110421.0168.fits
luci.20110421.0169 fits
luci.20110421.0170.fits
luci.20110421.0171.fits
luci.20110421.0172 fits
luci.20110421.0173.fits
luci.20110421.0174 fits
luci.20110421.0175 fits
luci.20110421.0176.fits
luci.20110421.0177 fits
luci.20110421.0178.fits
luci.20110421.0179 fits
luci.20110421.0180.fits
luci.20110421.0181.fits
luci.20110421.0182. fits
luci.20110421.0183.fits
luci.20110421.0184.fits
luci.20110421.0185 fits
luci.20110421.0186.fits
luci.20110421.0187 fits
luci.20110421.0188.fits

+17:45:41.930006893
+17:45:41.930010074
+17:45:41.930013281
+17:45:41.930016410
+17:45:41.723159938
+17:45:41.723163691
+17:45:41.723167496
+17:45:41.723171199
+17:45:41.930078035
+17:45:41.930035409
+17:45:41.930038440
+17:45:41.930041437
+17:45:41.723189643
+17:45:41.723193166
+17:45:41.723196647
+17:45:41.723200019
+17:45:41.930057143
+17:45:41.930060177
+17:45:41.930065894
+17:45:41.930677090
+17:45:41.930067920

-28:57:24.240195600
-28:57:24.240216953
-28:57:24.240242878
-28:57:24.240254881
-28:57:22.961153561
-28:57:22.961180982
-28:57:22.961219110
-28:57:22.961251223
-28:57:24.240329210
-28:57:24.240335133
-28:57:24.240346137
-28:57:24.240350829
-28:57:22.961367337
-28:57:22.961390634
-28:57:22.961406943
-28:57:22.961418235
-28:57:24.240363300
-28:57:24.240358691
-28:57:24.240350340
-28:57:24.170499258
-28:57:24.240338374

Object
Object
Object
Object
Object
Object
Object
Object
Object
Object
Object
Object
Object
Object
Object
Object
Object
Object
Arc Lamp Off
Arc Lamp On
Arc Lamp Off
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Continuation of Table A.1

File Name

RA

Dec

Type

luci.20110421.01809.fits
luci.20110421.0190.fits
luci.20110421.0191 fits
luci.20110421.0192. fits
luci.20110421.0193 fits
luci.20110421.0194 fits
luci.20110421.0195 fits
luci.20110421.0196.fits
luci.20110421.0197 .fits
luci.20110421.0198 fits
luci.20110421.0199.fits
luci.20110421.0238.fits
luci.20110421.0239 fits
luci.20110421.0240.fits
luci.20110421.0241 fits
luci.20110421.0242. fits
luci.20110421.0243.fits
luci.20110421.0244 fits
luci.20110421.0245 fits
luci.20110421.0246.fits
luci.20110421.0247 fits

+17:45:41.930068874
+17:45:41.930070336
+17:45:41.930070585
+17:45:41.930070876
+17:45:41.930071238
+17:45:41.930071399
+17:45:41.930071925
+17:45:41.930072086
+17:45:41.930072471
+17:45:41.929492786
+17:45:41.930073024
+17:30:03.934737203
+17:30:03.934737203
+17:30:03.934737203
+17:30:03.934740488
+17:30:03.934740488
+17:30:03.934740488
+17:30:03.934743765
+17:30:03.934743765
+17:30:03.934743765
+17:30:03.934747310

-28:57:24.240335375
-28:57:24.240339890
-28:57:24.240338174
-28:57:24.240336803
-28:57:24.240325449
-28:57:24.240337867
-28:57:24.240324499
-28:57:24.240334162
-28:57:24.240321177
-28:57:24.293023053
-28:57:24.240315329
+15:00:10.897893282
+15:00:10.897893282
+15:00:10.897893282
+15:00:10.897990745
+15:00:10.897990745
+15:00:10.897990745
+15:00:10.898087774
+15:00:10.898087774
+15:00:10.898087774
+15:00:10.898182359

Arc Lamp On
Spec Flat Off
Spec Flat Off
Spec Flat Off
Spec Flat Off
Spec Flat Off
Spec Flat On
Spec Flat On
Spec Flat On
Spec Flat On
Spec Flat On
Dark Field
Dark Field
Dark Field
Dark Field
Dark Field
Dark Field
Dark Field
Dark Field
Dark Field
Dark Field

30




Continuation of Table A.1

File Name

RA

Dec

Type

luci.20110421.0248.fits
luci.20110421.0249 fits
luci.20110421.0250.fits
luci.20110421.0251 .fits
luci.20110421.0252 fits

+17:30:03.934747310
+17:30:03.934747310
+17:30:03.934750854
+17:30:03.934750854
+17:30:03.934750854

+15:00:10.898182359
+15:00:10.898182359
+15:00:10.898274486
+15:00:10.898274486
+15:00:10.898274486

Dark Field
Dark Field
Dark Field
Dark Field
Dark Field
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