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This thesis performs unprecedented investigations for spectroscopic binaries at the Galac-

tic center and utilizes the development and extended observing baseline of integral field

spectroscopy behind adaptive optics. The second chapter of this thesis describes the

first direct search for binarity of its kind for the star S0-2, the most well-studied star of

the S-star cluster. Almost two decades of spectroscopic with adaptive optics has led to

the capability to look for a binary signal in S0-2’s spectroscopic data. We introduce a

methodology for investigating periodicity and placing limits on binary parameters with

radial velocity data. We do not detect any signs of binarity for S0-2 and place limits on

a hypothetical companion mass for S0-2 to be 1.6 M�, which is below current detection

limits. We also investigate and find that a feasible spectroscopic binary system would

not bias the detection of relativistic redshift, a post-Newtonian spectroscopic measure-

ment.

The third chapter of this thesis explains the improvements in spectral analysis that

lead to greater sensitivity to spectroscopic binary systems. We use a new method

for measuring radial velocity measurements of stars at the Galactic center. This new

method utilizes spectral fitting software and a new infrared spectral grid that finally

covers effective temperatures of 30,000 K, putting the young, massive S-stars at the

Galactic center within reach. We improve the precision of our radial velocities by a

ii



factor of 1.7. We also test our methodology on radial velocity standard stars and find

that the new method eliminates the slight bias of our previous method. These character-

istics of this method make us more sensitive to detecting the radial velocity variations

of spectroscopic binary stars.

The fourth chapter presents a systematic search for spectroscopic binaries at the

Galactic Center. With over two decades of integral field spectroscopy data, advanced

tools for fitting mid-infrared stellar spectra, and 1000 radial velocity data points, we

conduct a spectroscopic binary search of 29 stars at the Galactic center. After subtract-

ing a star’s motion around the supermassive black hole, we search for a periodic signal

using a Lomb-Scargle analysis and fitting the residual radial velocity curve to a binary

system radial velocity curve. We find no significant periodic detections in our sample,

suggesting there are no binaries among the S-stars. We also place limits on the hypo-

thetical companion masses of these S-stars. We also place a limit on the intrinsic binary

fraction of these stars at 42%, which disagrees with the binary fraction for massive

field stars. These results favor S-star formation mechanisms that result in a low binary

fraction.

The final chapter presents new integral field spectroscopic observations of stars in

the nuclear star cluster. We present data taken over 6 years and add the spectral types

of 169 stars: 47 of which are Wolf-Rayet and O/B stars, and the remaining 122 are K

and M giants. This addition to the rich Galactic center integral field spectroscopy data

set provides opportunities to further study stellar demographics and dynamics of the

nuclear star cluster.
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CHAPTER 1

Introduction

The center of the Milky Way provides a unique laboratory to study astrophysics in an

extreme environment. Motions of stars provided some of the strongest and most con-

vincing evidence that a supermassive black hole (SMBH) exists at the center of the

galaxy, with a mass of ∼ 4 × 106 M� (e.g. Ghez et al. 2008; Gillessen et al. 2009a).

The development of spectroscopy behind adaptive optics has revolutionized our un-

derstanding of Galactic center region. Through this technology, we have learned that

a surprising population of young, massive stars exist within ∼ 0.04 pc of the black

hole. These stars cannot have formed via traditional star formation because of the black

hole’s strong tidal forces (Morris 1993). From our understanding of nearby field stars,

the majority of massive stars are formed in binary systems (Sana et al. 2012; de Mink

et al. 2013; Duchêne & Kraus 2013). It remains an open question whether this binary

frequency also applies to young stars at the Galactic center, and if stellar binarity can

help explain the existence of these young stars so close to the SMBH.

In this dissertation, I present an unprecedented search for spectroscopic binaries at

the Galactic center in the immediate vicinity of the SMBH. Sensitivity to spectroscopic

binaries depends heavily on the amount, precision, and temporal coverage of data. I

utilize nearly two decades of spectroscopic measurements and advanced tools for an-

alyzing spectroscopic data. With these elements, it is feasible to conduct a thorough,

systematic search for spectroscopic binaries. I establish a methodology for finding them

and placing limits on the binary fraction of young stars. I discuss how this work can be

used to place constraints on the formation mechanism of the S-stars and on models of

dynamical evolution around a SMBH.
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1.0.1 Why searching for spectroscopic binaries at the Galactic center is impor-

tant

Our galaxy’s central SMBH and the surrounding nuclear star cluster are located∼ 8 kpc

away and are the closest examples of their kind. The nuclear star cluster’s proximity

enables us to continuously monitor individual stars, providing an unmatched view into

the dynamical environments around a SMBH. While the nuclear star cluster’s close

location provides great benefits, its extreme density creates a difficult challenge with

resolving individual sources.

Our capabilities to study the Galactic center has progressed hand in hand with the

development of telescope technology. Specifically, the development of spectroscopy

behind adaptive optics has revolutionized our understanding of Galactic center. With

spectroscopy, we can definitively break the degeneracy of stellar ages and separate

Wolf-Rayet and main-sequence stars from evolved red giants. Through this technology,

we have learned that a surprising population of young, massive stars are located within

1 arcsec (∼ 0.04 pc) from the black hole, creating what Ghez et al. (2003) described

as a ”paradox of youth.” These stars are known as the ”S-stars”. Additional spectro-

scopic studies have revealed even more young stars within a parsec of the SMBH (e.g.

Paumard et al. 2006; Lu et al. 2009). The existence of these young, massive stars that

formed so recently (∼ 6 Myr) so close to the black hole cannot be explained by tradi-

tional star formation (Morris 1993). Understanding the properties of these young stars

may help answer the question of how they formed, and spectroscopy provides a vital

tool for studying these stars.

Binary stars play an important role in the formation mechanisms of massive stars,

and works have shown that the majority of massive stars are formed in binary systems

(Sana et al. 2012; de Mink et al. 2013; Duchêne & Kraus 2013). It is reasonable to

expect young stars at the Galactic Center may be part of binary systems (Naoz et al.

2018). The value of young binary systems includes how they are more likely to remain

intact today, whereas binary stars formed over a Gyr ago have mostly likely evaporated
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or merged (Stephan et al. 2016; Stephan et al. 2019). The importance of binaries in

stellar formation and their prevalence amongst massive stars are motivating factors in

observational searches for binaries (Ott et al. 1999; Martins et al. 2006; Rafelski et al.

2007; Pfuhl et al. 2014; Chu et al. 2018; Gautam et al. 2019). These searches have

identified three binary systems. Finding binary systems and constraining the binary

fraction of the Galactic center stars can attest to particular methods of star formation.

Binary stars also play an important role in the dynamics of the region. One forma-

tion mechanism for the S-stars is the tidal breakup of a binary star system, where one

star remains bound to the SMBH while the other component is ejected as a hyperveloc-

ity star (Hills 1988; Yu & Tremaine 2003; Perets et al. 2009; Brown 2015). Works such

as Sana et al. (2012); de Mink et al. (2013) predict that the evolution of two massive

components in a binary system will lead to interactions, including rotational spin-up,

mass transfer, and collisions. Interactions between the binary systems and the SMBH

via the Kozai-Lidov mechanism may lead to mergers between the binary stars (Naoz

2016; Stephan et al. 2016). These mergers may explain the existence of the intrigu-

ing G-sources identified in works such as Ciurlo et al. (2020). Binary stars with two

massive components are considered likely progenitors of gravitational wave events that

come from merging black holes or neutron stars (Abbott et al. 2016). With the Galactic

Center hosting numerous massive, young stars, this region serves as a rich location for

the progenitors of gravitational wave sources (Antonini & Perets 2012; Hoang et al.

2018).

Most searches for binaries at the Galactic Center have focused on eclipsing binaries,

while spectroscopic searches have been more limited. That said, spectroscopic binaries

make up an important part of the identified binary star population. Of the three identified

binaries, two are both spectroscopic and eclipsing binaries (Pfuhl et al. 2014). Spectro-

scopic binaries can provide important parameters such as stellar mass and eccentricity.

These reasons provide sufficient motivation to search for spectroscopic binaries at the

Galactic center.
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This thesis performs unprecedented investigations for spectroscopic binaries at the

Galactic center. In Chapter 2 of this thesis, we describe the first direct search for bina-

rity of its kind for the star S0-2, one of the most well-studied stars of the S-star cluster.

We introduce a methodology for investigating periodicity and placing limits on binary

parameters with radial velocity data. In Chapter 3, we explain the improvements in

spectral analysis that lead to greater sensitivities to spectroscopic binary systems. In

Chapter 4, we expand the direct search for spectroscopic binaries amongst the S-stars

that was first introduced in Chapter 2, using the improvements in methodology in Chap-

ter 3. We use this larger sample size to place limits on the intrinsic binary fraction of

the S-star cluster. In Chapter 5, we report the observations of a 6 year integral field

spectroscopic survey of the Galactic center. We include the spectral types of these stars,

which can be further monitored in future binary star searches.
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CHAPTER 2

Investigating the Binarity of S0-2: Implications for Its

Origins and Robustness as a Probe of the Laws of

Gravity around a Supermassive Black Hole

Reproduced by permission of The Astrophysical Journal

Chu et al. (2018)

The star S0-2, which orbits the supermassive black hole in our Galaxy with a period

of 16 years, provides the strongest constraint on both the mass of the black hole and

the distance to the Galactic center. S0-2 will soon also provide the first measurement

of relativistic effects near a supermassive black hole. In this work, we report the first

limits on the binarity of S0-2 from radial velocity monitoring, which has implications

for both understanding its origin as well as its robustness as a probe of the gravitational

field around the black hole. With 87 radial velocity measurements, which include 12

new observations presented here and which span 16 years, we have the data set to look

for radial velocity variations from S0-2’s orbital model. Using a Lomb-Scargle analysis

and orbit fitting for potential binaries, we detect no radial velocity variation beyond S0-

2’s orbital motion and do not find any significant periodic signal. The lack of a binary

companion does not currently distinguish between different formation scenarios for S0-

2. The upper limit on the mass of a companion star (Mcomp) still allowed by our results

has a median upper limit of Mcomp sin i ≤ 1.6 M� for periods between 1 and 150 days,

the longest period to avoid tidal break up of the binary. We also investigate the impact

of the remaining allowed binary system on the measurement of the relativistic redshift

at S0-2’s closest approach in 2018. While binary star systems are important to consider
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for this experiment, we find plausible binaries for S0-2 will not alter a 5σ detection of

the relativistic redshift.

2.1 Introduction

The source S0-2 is one of the most well studied stars at the Galactic center. It is impor-

tant for our understanding of the properties of the Galaxy’s central potential. In particu-

lar, it has provided the proof of the existence of a supermassive black hole (SMBH), the

characterization of the SMBH properties (mass and distance) and the laws of gravitation

(Ghez et al. 2005, 2008; Gillessen et al. 2009b, 2017; Boehle et al. 2016; Hees et al.

2017). S0-2 is also notable because spectroscopic studies have revealed that it, along

with most of the “S-stars” located within 1′′ of the black hole, is a young main-sequence

B star (Ghez et al. 2003; Eisenhauer et al. 2005; Martins et al. 2008; Habibi et al. 2017).

This discovery raised questions about their formation mechanism, since traditional star

formation would be disrupted by the tidal forces of the black hole (Morris 1993).

Works have investigated ways the S-stars may have formed and how these stars

relate to the rest of the nuclear star cluster. Many theories for the S-starsFL formation

have been proposed (see Alexander 2005, for a review). Two general classifications

of mechanisms are considered for the S-stars: (1) binary star systems scattered from

outside the region and then tidally disrupted, leaving behind one component of the

original binary while the other is ejected as a hypervelocity star (Hills 1988; Perets

et al. 2007), and (2) S-stars formed in the clockwise disk and then migrated to the

central arcsecond around the SMBH (Levin 2007; Löckmann et al. 2008; Merritt et al.

2009). Previous works have also investigated how these S-stars relate to the clockwise

disk, Wolf-Rayet stars, G2-like sources and evolved giants in the region (Paumard et al.

2006; Lu et al. 2009; Bartko et al. 2009; Do et al. 2009, 2013; Madigan et al. 2014;

Chen & Amaro-Seoane 2014; Witzel et al. 2014, 2017; Phifer et al. 2013).

With binary stars playing a leading role in many of the S-star formation and evo-

lution scenarios as well as in scenarios of other Galactic center stars, observational
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searches for binaries are important. Thus far, photometric variations has been the pri-

mary search method. Several binaries have been revealed (Ott et al. 1999; Martins

et al. 2006; Rafelski et al. 2007; Pfuhl et al. 2014), although none among the S-stars.

However, eclipsing binaries are expected to be only a small fraction of the true binary

population. With radial velocity (RV) measurements that now span more than a decade,

there is an opportunity to search for RV variations in the brightest S-star cluster mem-

bers.

Furthermore, S0-2 will be at its closest approach to the SMBH in 2018, which

provides the opportunity to measure the relativistic redshift in S0-2’s RV (Zucker et al.

2006; Angélil & Saha 2010, 2011; Hees et al. 2017). This first direct observation of a

relativistic effect on S-stars orbit will improve with time after 2018 and be followed by

other relativistic measurement such as the advance of the periastron. If S0-2 is actually

a spectroscopic binary, it will bias the relativistic redshift measurement if binarity is not

considered.

In this work, we explore the possibility of S0-2 to be a spectroscopic binary. This

paper is organized as follows: In Section 2.2 we describe the observations and data

used in this work, including new RV measurements. Section 2.3 describes the search

for a companion star and the characterization of allowed hidden companions. Section

2.4 describes the impact allowed spectroscopic binaries would have on the relativistic

redshift measurement. Section 2.5 interprets the results of the analysis and implications

for S0-2 being a single star and the robustness of gravitational redshift measurements

and future relativity studies based on S0-2’s orbital motion.

2.2 Observations and Data

This investigation includes previously reported astrometric and spectroscopic data, as

well as new spectroscopic data taken with the W. M. Keck Observatory (WMKO). All

the WMKO spectroscopic observations used for S0-2 RV measurements are summa-

rized in Table 2.1.
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2.2.1 S0-2 Radial Velocities

2.2.1.1 Previously Reported Data

Over the past 16 years, S0-2 has been closely monitored spectroscopically. In the pub-

lished literature, 24 RV measurements beginning in the year 2000 have been reported

from WMKO (Ghez et al. 2003, 2005, 2008; Boehle et al. 2016) and 40 measurements

beginning in 2003 from the VLT (Eisenhauer et al. 2005; Gillessen et al. 2009a, 2017;

Habibi et al. 2017). Many of the RV measurements are based on multiple nights of

observations. For this analysis, we are interested in the presence of binaries, which

for S0-2 can have periods as short as ∼1 day. We therefore reextract S0-2’s spectra

from the previously calibrated WMKO data on a nightly basis for the following nights

which were previously combined: 2009 May 5 and 6 to 2009.334, 2010 May 5 and 8 to

2010.349, 2012 June 8-11 to 2012.441, 2012 July 21 and 22 to 2012.556, 2012 August

12 and 13 to 2012.616, 2013 May 14 and 16 to 2013.369, 2013 July 25-27 to 2013.566,

and 2013 August 10-13 to 2013.612 (see Table 2.1). This increases the Keck data set

to 38 points for this time period. For the VLT, 7 out of 41 epochs are reported to be

derived from multiple nights of data.

2.2.1.2 New Spectroscopic Data

We report new spectroscopic observations for S0-2 obtained using the integral field

spectrograph OSIRIS (Larkin et al. 2006) on the W. M. Keck I telescope with the laser

guide star AO system. These data were observed between 2014 to 2016. Details about

the filters and integration time relate to these observations are given in Table 2.1. The

RV observations and data analysis follow the same procedures used for earlier WMKO

S0-2 RV measurements (Ghez et al. 2008; Do et al. 2013). The 8 new RV measure-

ments, along with the RV measurements from Section 2.2.1.1 (38 Keck and 41 VLT)

result in 87 total RV measurements used in this work (see Table 2.2).
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Table 2.1. Summary of Keck Spectroscopic Observations

Date Nframes × tint FWHM a Filter Scale

(UT) (MJD) (Epoch) (s) (mas) (mas)

2000-06-23 51718.50 2000.476 36 × 300 K b 18
2002-06-02 52427.50 2002.418 7 × 1200 K c 20
2002-06-03 52428.50 2002.420 4 × 1200 K ′ c 20
2003-06-08 52798.50 2003.433 2 × 1200 K ′ c 20
2004-06-23 53179.50 2004.476 16 × 1200 K ′ c 20
2005-05-30 53520.50 2005.410 7 × 1200 K ′ c 20
2005-07-03 53554.50 2005.503 7 × 900 58 Kbb 20
2006-05-23 53878.50 2006.390 4 × 900 74 Kbb 35
2006-06-18 53904.50 2006.461 9 × 900 65 Kn3 35
2006-06-30 53916.50 2006.494 9 × 900 59 Kn3 35
2006-07-01 53917.50 2006.497 9 × 900 64 Kn3 35
2007-05-21 54241.50 2007.384 2 × 900 86 Kn3 35
2007-07-19 54300.29 2007.545 2 × 900 56 Kn3 35
2008-05-16 54602.50 2008.372 11 × 900 57 Kn3 35
2008-07-25 54672.28 2008.563 9 × 900 60 Kn3 35
2009-05-05 54956.50 2009.342 7 × 900 60 Kn3 35
2009-05-06 54957.50 2009.344 12 × 900 69 Kn3 35
2010-05-05 55321.50 2010.341 6 × 900 67 Kn3 35
2010-05-08 55324.50 2010.349 11 × 900 69 Kn3 35
2011-07-10 55752.33 2011.520 6 × 900 71 Kn3 35
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Table 2.1 (cont’d)

Date Nframes × tint FWHM a Filter Scale

(UT) (MJD) (Epoch) (s) (mas) (mas)

2012-06-08 56086.50 2012.435 4 × 900 87 Kn3 35
2012-06-09 56087.50 2012.438 3 × 900 66 Kn3 35
2012-06-11 56089.50 2012.444 7 × 900 64 Kn3 20
2012-07-21 56129.31 2012.553 3 × 900 77 Kn3 35
2012-07-22 56130.31 2012.555 7 × 900 81 Kn3 35
2012-08-12 56151.33 2012.613 6 × 900 56 Kn3 35
2012-08-13 56152.27 2012.615 7 × 900 99 Kn3 35
2013-05-11 56423.50 2013.358 11 × 900 73 Kbb 35
2013-05-12 56424.50 2013.361 11 × 900 62 Kbb 35
2013-05-13 56425.50 2013.363 12 × 900 61 Kbb 35
2013-05-14 56426.50 2013.366 11 × 900 61 Kn3 35
2013-05-16 56428.50 2013.372 7 × 900 98 Kn3 20
2013-05-17 56429.50 2013.374 7 × 900 64 Kn3 20
2013-07-25 56498.33 2013.563 11 × 900 79 Kn3 35
2013-07-26 56499.34 2013.566 6 × 900 73 Kn3 35
2013-07-27 56500.33 2013.568 11 × 900 66 Kn3 35
2013-08-10 56514.29 2013.607 7 × 900 62 Kn3 35
2013-08-11 56515.31 2013.609 9 × 900 69 Kn3 35
2013-08-13 56517.29 2013.615 12 × 900 67 Kn3 35
2014-05-18 56795.50 2014.376 13 × 900 66 Kn3 35
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Table 2.1 (cont’d)

Date Nframes × tint FWHM a Filter Scale

(UT) (MJD) (Epoch) (s) (mas) (mas)

2014-05-23 56800.50 2014.390 10 × 900 76 Kn3 35
2014-07-03 56841.36 2014.502 8 × 900 66 Kn3 35
2015-05-04 57146.50 2015.337 5 × 900 68 Kn3 35
2015-07-21 57224.35 2015.551 5 × 900 56 Kn3 35
2016-05-14 57522.50 2016.367 8 × 900 78 Kbb 35
2016-05-15 57523.50 2016.370 4 × 900 80 Kbb 35
2016-05-16 57524.50 2016.372 8 × 900 84 Kbb 35

aAverage FWHM of S0-2 in the mosaic made of all frames, measured by
fitting a two-dimensional Gaussian to the source.

bTaken with NIRSPEC slit spectrograph
cTaken with NIRC2 slit spectrograph

2.2.2 Characteristics of the Two Datasets

The Keck and VLT data sets are analyzed in a similar manner and appear to be con-

sistent with one another. The two datasets are analyzed with the same standard spec-

troscopic calibration procedures and the absolute wavelength solutions are both deter-

mined from the OH sky emission lines. The radial velocity of S0-2 is measured from

both data sets by fitting a Gaussian to the Brγ absorption line. The reported average

RV uncertainties are very similar, 33 km s−1and 45 km s−1for Keck and VLT, respec-

tively. Furthermore, for the 4 Keck and VLT points taken within 10 days of each other,

3 of the points were within 1σ of each other. The one exception is the Keck 2003.433

point, which differs from a nearby VLT point by 2σ. We conclude there is no significant

systematic difference.
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2.2.3 Removing S0-2’s Long-term RV Variations

Before searching for short-term RV variations, we remove the long-term RV variations

from S0-2’s orbital motion around the SMBH. To create the long-term RV model, a

simultaneous orbital fit of S0-2 and S0-38 was performed using the same S0-2 and

S0-38 astrometry and process as Boehle et al. (2016), but with the S0-2 RVs in Table

2.2 and S0-38 RVs from Boehle et al. (2016); Gillessen et al. (2017). One additional

change is the format of time used. In this work, we use Modified Julian Date (MJD).

The reported time is the approximate average time of the observations taken during

the night. For convenience, we also report the Universal Time (UT) and epoch time

reported in Julian years of 365.25 days since J2000. Previously, Boehle et al. (2016)

defined the epoch year as 365.24 days. The orbital parameters resulting from the fit are

consistent with Boehle et al. (2016) within 1σ and are presented in the Appendix A.1.

The RV data, model and residual are shown in Figure 2.1 and given in Table 2.2. The

average scatter around the orbit residual is 20 km s−1 with a standard deviation of 26

km s−1. The Keck and VLT datasets are individually consistent with these values.
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2.3 Is S0-2 a Binary?

In this section, we use two different methods to to search for periodic signals in the RV

residuals: (i) the Lomb-Scargle periodogram (Lomb 1976; Scargle 1982; Astropy Col-

laboration et al. 2013) and (ii) a Bayesian fit for potential binaries. The former method

provides quick overview of the data; we note that while it may not be as effective at

detecting highly eccentric binaries (e.g. phase dispersion measure (Stellingwerf 1972),

minimum string length (Dworetsky 1983)), it is an computationally efficient method

for detecting periodic signals in unevenly spaced data (see Appendix A.2). The latter

method provides a more complete and robust, albeit more computationally expensive

approach and allows us to derive upper limits on the orbital parameters of an hypothet-

ical binary companion to S0-2.

We can place an upper limit on the orbital period of any possible companion around

S0-2 of 119.2 days based on a binary disruption criteria. A binary would be tidally

disrupted at closest approach to the SMBH if it has a separation greater than the Hill

radius (rH). The Hill radius is given by

rH = aS0-2(1− eS0-2)
3

√
MPrimary

3MBH

, (2.1)

where MPrimary is the primary mass, aS0-2 and eS0-2 are the semimajor axis and eccentric-

ity for the binary-black hole system (the corresponding values have been derived from

the orbital fit presented in Section 2.2.3 whose result is presented in Appendix A.1).

This Hill Radius limit is a conservative limit since any eccentricity of the inner binary

system would decrease the stability of the system. We take the condition a(1+e) < rH,

where e is the eccentricity and a the semi-major axis of the inner binary, to allow for

long term stability (Naoz 2016), which leads to the following constraint on the binary

period P

P 2 <
4π2

3GMBH

a3
S0-2

(1− eS0-2)
3

(1 + e)3

MPrimary

Mtot

. (2.2)

This condition needs to be fulfilled to avoid a disruption of the binary. We therefore
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Figure 2.1: Top: S0-2’s radial velocity measurements over time and best fit model. Bottom: Residual
radial velocity curve. Dashed lines are the 1σ model uncertainties.
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Figure 2.2: Lomb-Scargle periodogram of S0-2’s residual radial velocity curve. The black dash-dotted
line is the 95% confidence level detection value. No power reaches the 95% confidence level detection
value implying that no significant periodic signal is found in the observations.

sampled periods between 1 and 150 days to search for a significant periodic signal.

The Lomb-Scargle analysis on S0-2’s RV does not reveal any statistically significant

peak (see Figure 2.2). We note that the structure of this periodogram is unaffected by the

model uncertainties over the period range searched. In order to determine the relation-

ship between periodogram power and statistical significance, we ran a series of Monte

Carlo simulations. We first generated 100,000 simulated residual RV curves with no

periodic signal. The simulated points had the same observation times and uncertainties

as the data and were drawn from a Gaussian centered around 0 km s−1. We produced a

periodogram for each simulated RV curve and found the maximum peak power value.

We then looked at the distribution of these maximum power values and made a cumu-

lative distribution function (CDF). We used this CDF to determine the significance for

periodic detections. These simulations set the 95% confidence level detection limit to
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be 0.25, shown in a dotted line in Figure 2.2. The periodogram corresponding to S0-2’s

observations never reaches this value, which implies that no significant periodic signal

is found in the current data and that observations are consistent with a single star model.

Since no evidence of a binary for S0-2 is found, we can place an upper limit on the

amplitude of the RV variations induced by a binary system. In order to infer such a limit,

we fit the S0-2 RV residuals with a binary star RV model plus a constant. The following

equation was used to model the RV curve of an eccentric binary system (Hilditch 2001)

RV = K

√
1− e2 cosE cosω − sinE sinω

1− e cosE
, (2.3)

with

K =
2πa sin i

P
, (2.4)

and where e is the binary eccentricity, ω the argument of periastron, E the eccentric

anomaly determined by solving the Kepler equation, i the inclination, P the period and

a the semimajor axis. This model is parametrized using the following 5 variables: the

offset O, the RV amplitude K, the eccentricity e, the argument of periastron ω and the

mean longitude at J2000 (noted L0). The use of the mean longitude at J2000 is preferred

to the usual time of closest approach which is not bounded and not defined in case of

circular orbits (Hilditch 2001). For different fixed binary orbital periods P , we fitted

this model to the RV residuals using a MultiNest sampler (Feroz & Hobson 2008; Feroz

et al. 2009, 2013). The resulting 95% upper confidence limit on K for ∼3000 orbital

periods ranging from 1 to 150 days is shown in Figure 2.3.

Like the Lomb-Scargle analysis, this method is also sensitive to periodic signals in

the data. A periodic signal would yield a significant non-zero peak in the value of K in

the posterior, as opposed to a power law decreasing posterior. This method also takes

inherently into account the other orbital parameters of the binary system that can affect

the shape of the curve (e.g. eccentricity).

With one further assumption, this analysis also allows us to constrain the mass of a
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Figure 2.3: 95% upper confidence limit on the amplitude of RV variations induced by a binary system
(K) as a function of the binary orbital period.
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hypothetical companion. Assuming a total mass of the system (Mtot), we transform the

sampling (i.e. the chain) resulting from the MultiNest run into a companion mass limit

by using

Mcomp sin i =

(
PM2

tot

2πG

)1/3

K , (2.5)

where Mcomp is the companion mass and i the inclination of the binary system. From

this transformed chain, we can derive an upper 95% confidence limit on Mcomp sin i.

This limit depends on the total mass Mtot used in Equation 2.5. In this work, two

extreme values for Mtot are considered: (i) a low value of Mtot= 10 M�(Habibi et al.

(2017) reported the mass of S0-2 as 13.6+2.2
−1.8 M�), and (ii) a high value of Mtot= 20 M�.

The upper limit on Mcomp sin i is shown in Figure 2.4 as well as the excluded region

inferred by theoretical arguments based on the on the binary disruption criteria1 and

characterized by equation 2.2. The median upper 95% confidence limit for Mcomp sin i

for all periods is 1.6 M�assuming a total mass of 20 M�while its maximal value is 3.1

M�at 90.2 days period. These values decrease by 36 % for a total massMtotof 10.0 M�.

2.4 Impact of Hidden Allowed Companions On Measurement of

S0-2’s Relativistic Redshift

As anticipated by many theorists, observations of short-period stars orbiting the SMBH

in our Galactic center are currently opening a new window to test the gravitational

theory and to measure relativistic effects (see e.g. Rubilar & Eckart (2001); Zucker et al.

(2006); Will (2008); Borka et al. (2013); Zakharov et al. (2016); Johannsen (2016a,b);

Psaltis et al. (2016); Hees et al. (2017) and references therein). The relativistic redshift

on S0-2’s RV is the first relativistic effect expected to be detected with S0-2’s closest

approach in 2018 (Zucker et al. 2006; Angélil & Saha 2010, 2011; Hees et al. 2017).

This measurement of the relativistic redshift will improve with time in the future and

1Interactions from background stars (Hopman 2009) and the eccentric Kozai-Lidov mechanism (Li
et al. 2017) can also disrupt or merge binaries. We do not consider these scenarios because these effects
depend on many variables, such as the age of the binary.
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Figure 2.4: The 95% confidence level of the Mcomp sin i upper limit for a given period. This comes from
the transformation of MultiNest chain using the binary mass equation 2.5. The shaded regions represent
periods and companion masses excluded by the Hill radius limits from equation 2.2 while adopting a
circular orbit.
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will also be followed by measurements of more relativistic effects such as the advance

of S0-2’s periastron. In the case where S0-2 is a binary system, the measurement of

the relativistic effects like the redshift would be altered. The goal of this section is to

quantify the impact of a binarity of S0-2 on the measurement of its relativistic redshift.

One way to measure the relativistic redshift is to model the total radial velocity

as RV = [RV ]Newton + Υ [RV ]rel, where [RV ]Newton is the standard Newtonian radial

velocity, Υ a dimensionless parameter whose value is equal to 1 in GR and [RV ]rel is

the first order relativistic contribution to the RV given by

[RV ]rel =
v2

2c
+
GMBH

rc
, (2.6)

with c the speed of light in a vacuum and r the norm of the star’s position with respect to

the SMBH and v the norm of its velocity. The first term is a contribution due to special

relativity while the second term corresponds to the gravitational redshift. For a Keple-

rian orbit, the two contributions are exactly the same (up to a constant factor), meaning

that only their combination can be measured. The relativistic redshift contribution to

S0-2’s RV reaches 200 km/s at closest approach in 2018 while the Newtonian part is

ranging from -2000 km/s to 4000 km/s (see Figure 2.1). The idea is to fit Υ simultane-

ously with the other parameters in the orbital fit: a value significantly different from 0

but compatible with 1 would be a successful detection of the relativistic redshift while

a value significantly different from 1 would indicate a deviation from GR. The goal of

this section is to quantify the impact of a plausible binary for S0-2 on the determination

of Υ.

The methodology consists in simulating data assuming S0-2 is a binary star using

a relativistic modeling (in particular we use Υ = 1) and analyze these data using a

modeling where S0-2 is a single star and where Υ is a free parameter. The deviation

Υ − 1 obtained in this analysis is therefore entirely due to the fact that S0-2 has been

simulated as a binary star.

More precisely, we simulate astrometric and RV data for S0-2 using a relativis-
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tic modeling that includes the Römer time delay and the redshift (see e.g. Alexander

(2005)). The simulated epochs correspond to epochs where we actually have data (see

Table 2.2) and for each simulated data, we assign an uncertainty that corresponds to the

actual measurement. In addition to existing data, we included simulated data for 2018:

10 spectroscopic observations which were assigned an uncertainty of 25 km/s and 4

astrometric observations which were assigned an uncertainty of 0.3 mas. The epochs

for these additional observations have been chosen to optimize a redshift measurement

within the 2018 observation window. At this step, the simulated data corresponds to

perfect measurements in the case where S0-2 is a single star. Therefore, an orbital fit

using these simulated data recovers the input value, i.e. gives an estimate of Υ = 1 as

expected.

To these simulated data, we then add the signature produced by a binary star given

by Eq. (4.1). The obtained data now corresponds to a binary system. This dataset is

then used in a one star orbital fit that includes the GMBH , the distance to our Galactic

center R0, the position and velocity of the BH, the 6 orbital parameters for the star and

the relativistic redshift parameter Υ. The impact of the binarity of S0-2 on the redshift

measurement will be given by the estimated value2 of Υ− 1.

This procedure has been performed for 6 different binary orbital periods: 2, 5, 10,

25, 50 and 100 days. For each of these periods, we draw 2000 samples for the other

binary orbital parameters (eccentricity e, RV amplitude K, argument of periastron ω

and longitude at J2000 L0) from the posterior probability distribution function of the

fit described in Section 2.3. The resulting distributions for the bias in the redshift mea-

surement Υ− 1 are presented in Fig. 2.5 and 2.6. Furthermore, the values of the half of

the 68% upper limit on the absolute value of the redshift bias are given in Tab. 2.3.

Although a plausible binary for S0-2 can bias the measurement of the relativistic

redshift, this bias is always smaller than the uncertainty corresponding to a 5σ detection

of the redshift (a 5σ detection is characterized by σΥ = 0.2).

2We use the median as the estimated value from the MultiNest fit.
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Figure 2.5: Bias on the estimation of relativistic redshift (Υ − 1) using S0-2’s observations up to 2018
produced if S0-2 is a binary system whose orbital parameters are allowed from the analysis presented in
Section 2.3. The different curves corresponds to different binary periods.

Table 2.3. Impact of a binarity of S0-2 on a measurement of the relativistic redshift.

Binary period 95 % upper C.L. on K Uncertainty on the redshift
[km/s] due to the binarity (σΥ)

2 days 16.0 0.031
5 days 10.4 0.011
10 days 12.2 0.026
25 days 12.6 0.051
50 days 11.0 0.036
100 days 12.9 0.039
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Figure 2.6: Bias on the estimation of relativistic redshift (Υ − 1) using S0-2’s observations up to 2018
produced if S0-2 is a binary system whose orbital parameters are allowed from the analysis presented in
Section 2.3. The different curves corresponds to different binary periods.
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2.5 Discussion and Conclusion

2.5.1 S0-2 in its astrophysical context

This is the first work that investigates S0-2 as a spectroscopic binary. Previous searches

have concentrated on brighter sources such as IRS16SW and E60 (Pfuhl et al. 2014),

located beyond the S-star cluster region (outside of∼0.04 pc). This work has pushed the

RV searches to 2 magnitudes fainter from K = 12.0 (E60) down to K = 14.0; physically,

this magnitude difference corresponds to the difference between evolved Wolf-Rayet

stars and main-sequence B stars. The improvements here are driven by the large number

of radial velocity measurements available for S0-2 from the long-baseline monitoring

programs for this source (e.g., Boehle et al. 2016; Gillessen et al. 2017).

While we detect no significant binary signal in the radial velocity variations, we have

been able to place stringent limits on the companion mass. Our limits of 1.8 M� are

consistent with other observations of the star. For example, given our 95% confidence

limit of 1.8 M�, a star would have an observed brightness of K∼ 18 mag at the Galactic

center, corresponding to a factor of 40 times less flux than S0-2. This brightness ratio

is consistent with the fact that S0-2’s spectrum shows no sign of another set of spectral

features, even with 10 years of spectra combined (Habibi et al. 2017). While our mass

limits has a sin i degeneracy, the lack of detection of a double-lined source also shows

that a face-on binary system is also very unlikely.

The lack of a binary companion does not distinguish between different formation

scenarios for S0-2 at this time. No companion is expected if S0-2 is the remaining

companion of a hypervelocity star (e.g. Hills 1988; Yu & Tremaine 2003; Perets et al.

2009), or if it is the product of a merger (e.g. Sana et al. 2012; Phifer et al. 2013; Witzel

et al. 2014; Stephan et al. 2016). Scattering from the young star cluster (at 0.1 to 0.5

pc) could also bring S0-2 in without a companion (Perets et al. 2007; Madigan et al.

2014). While the current observations of S0-2 are unable to distinguish these scenarios,

companion searches of the other S-stars should be able to provide a much more com-
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prehensive test of the formation scenarios for the S-stars. We have concentrated on S0-2

because the other S-stars are all fainter, which results in lower precision in their radial

velocities compared to S0-2. Additional measurements should improve the sensitivity

of companion searches.

2.5.2 S0-2 as a new probe of fundamental physics

The relativistic redshift at S0-2’s closest approach in 2018 will be the first measurement

of its kind, so understanding all sources of bias will be especially important for a sig-

nificant detection. We have shown that a binary companion below our current detection

limit for S0-2 can bias this measurement, as shown in Sec. 2.4. Nevertheless, this bias

is always smaller than the uncertainty corresponding to a 5σ detection of the redshift.

The values reported in Tab. 2.3 should be taken into account in the estimation of the

uncertainty produced by all systematic effects in 2018. We would like to emphasize

that the 2018 observations campaign is expected to reduce this possible bias.

Continued monitoring of S0-2 beyond 2018 provides further opportunities to ob-

serve other relativistic effects, such as the advance of the periastron. The impact that a

plausible binary system would have on these relativistic measurements is left for further

work.
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CHAPTER 3

Systematic Investigations of Radial Velocity

Measurements for Main-Sequence B-stars

Partially reproduced by permission of Science Magazine

Do et al. (2019)

Do et al. (2019) reported the relativistic redshift measurement of the star S0-2. A re-

sult of this scientific impact required immense investigation of our data methods. Given

that relativistic redshift is primarily a spectroscopic result seen in S0-2’s radial velocity,

we focused heavily on improving our radial velocity measurement method. We em-

ployed a new method of measuring radial velocities using a Bayesian inference to fit

synthetic spectral models to the data. With this new method, we improved the precision

of our measurements by a factor of 1.7 compared to our previous method. Our resulting

measurements were also a factor of 2.2 more precise than those reported by the VLT.

Additionally, we observed radial velocity standard stars of similar spectral type to S0-

2 to search for potential biases in our new radial velocity measurement method. We

found that our new method retrieved the same radial velocity measurements reported in

the literature, whereas our previous method resulted in measurements that were system-

atically higher. We conclude that our new method improves the precision and reduces

the bias of our radial velocity measurements.
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3.1 Introduction

When the young S-star S0-2 passed through closest approach to the supermassive black

hole (SMBH) in the summer of 2018, its measured radial velocity (RV) was expected

to show relativistic redshift (e.g. Hees et al. 2017). To improve the robustness of this

detection, we carried out investigation of potential sources of bias. We found that a

spectroscopic binary system would not significantly bias the detection of relativistic

redshift measurement (Chu et al. 2018). We also worked to improve our RV measure-

ment method. Previously, S0-2’s RV was measured by fitting a Gaussian profile to the

Brγ absorption line (see Chu et al. 2018, and references therein). We implemented a

new method that fit a physical model (which includes properties of the star such as its

effective temperature, surface gravity, and rotational velocity in addition to RV), to its

observed spectrum. We wanted to see if this new method could: 1) improve the preci-

sion of our RV measurements and 2) reduce potential measurement biases by compar-

ing measured values to reported literature values. Verifying these improvements would

improve the robustness of our relativistic redshift detection.

3.2 New and Re-derived RV Measurements Using Spectral Fitting

We presented new radial velocity measurements from spectra with NIRC2, OSIRIS,

NIFS, and IRCS instruments. While the RV measurements from NIRC2, OSIRIS, and

IRCS taken before 2017 were presented previously in Ghez et al. (2008); Boehle et al.

(2016); Nishiyama et al. (2018), here we re-derived all NIRC2, OSIRIS, and IRCS RVs

using an improved method. We used a synthetic spectral grid and Bayesian inference

to model the spectra using a physical model that includes the physical properties of the

star (e.g. effective temperature) along with its rotational velocity and radial velocity.

We used the BOSZ spectral grid (Bohlin et al. 2017) which has synthetic spectra calcu-

lated over the range of wavelength of the observations as well as the reported physical

properties of S0-2. This grid reaches high effective temperatures (up to 35,000 K),
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which covers previously reported temperatures for S0-2 and other stars within 0.04 pc

of the SMBH (Habibi et al. 2017). We used the StarKit spectral fitting software package

to perform the parameter estimation (Kerzendorf & Do 2015). StarKit simultaneously

models the physical properties of the star (effective temperature, surface gravity, metal-

licity, alpha-elemental abundance), the continuum (modeled as a second-order poly-

nomial), rotational velocity, radial velocity, instrumental broadening, and wavelength

sampling in order to compare the model with the data directly. An example fit for the

star main-sequence B-star HD172488 is shown in Figure 3.1. We used a Gaussian like-

lihood to compare the model to the observed spectrum and the uncertainty on the flux.

The flux uncertainty was estimated using the standard deviation of the flux in the con-

tinuum of the star. To account for potential mis-estimation of the flux uncertainties, we

also included an additive flux uncertainties term in the spectroscopic fit. We find that

this additive term is smaller than the flux uncertainties. Parameter estimation is done

via Bayesian inference with sampling of the posterior using the nested-sampling algo-

rithm MultiNest (Feroz et al. 2009, 2013). More details on StarKit and its application to

Galactic center data are given in Do et al. (2015, 2018); Feldmeier-Krause et al. (2017).

We find that our new method of measuring the RV of S0-2 is more precise than the

method used previously to extract S0-2’s RV (Ghez et al. 2008; Gillessen et al. 2017;

Chu et al. 2018, Figure 3.2).

Previously, a Gaussian profile was fitted to the hydrogen Brγ absorption line at

2.1661 micron, the strongest spectral feature in the K-band. While a Gaussian fit can

determine the centroid of the line, at high SNR ratio, the intrinsic line shape becomes

more important, thus limiting the precision of a Gaussian fit. In addition, there is a weak

helium line at 2.1617 micron, which is not well resolved from the hydrogen line, result-

ing in an asymmetric line profile, potentially biasing the Gaussian fit. By modeling the

spectrum with a physically motivated model with the appropriate atomic line data, we

use more information than with a Gaussian fit alone resulting in more precise measure-

ments, as seen in Figure 3.1. The radial velocity measurements using StarKit have an

average uncertainty of 17 km s−1 compared to about 30 km s−1 with the Gaussian fit,
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Figure 3.1: A comparison between fitting the star HD172488’s Brγabsorption line using StarKit (orange)
and with a Gaussian profile (blue). StarKit does a better job fitting the true shape of the absorption line
and accounts for the nearby He absorption lines near Brγ .

an improvement of a factor of 1.7 (Figure 3.2).

3.3 Observing RV Standard Stars for Evaluating StarKit Method

Using observations of stars that are RV standards on the same night as observations of

S0-2, we can also evaluate the accuracy of the radial velocity measurements. We se-

lected radial velocity standards to be stars that have spectral type similar to that of S0-2

and which have been previously observed as radial velocity standards. We extract these

stars using the Set of Identifications, Measurements and Bibliography for Astronomical

Data (SIMBAD) database, selecting ones that do not have significant variations in ra-

dial velocities between multiple previous measurements. Measurements of these stars

are included in Table 3.1.

When the Gaussian fitting method was used, the weighted average difference from

the reported SIMBAD values was 8.3 ± 1.2 km s−1, but when using StarKit, radial

velocity measurements of the standard stars had a weighted average difference from the

reported SIMBAD velocities of only 1.3 ± 1.2 km s−1 (Fig. 3.3). We attribute this
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Gaussian

Figure 3.2: Comparisons of the RV uncertainty for S0-2 RV measured using a Gaussian fit to the Bracket
Gamma line (blue triangles) and using the full-spectrum fitter StarKit (orange circles). RV uncertainties
are shown as a function of SNR. On average, StarKit uncertainty estimates are about 1.7 times more
precise than using a Gaussian. These measurements are also on average about 2.2 times more precise
than average RV values reported by Gillessen et al. (2017) using SINFONI on VLT.
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improvement to StarKit’s ability to fit the non-Gaussian absorption lines. This result

shows the robustness of the StarKit method and a reduction in systematic uncertainty.
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A B

Figure 3.3: Left: Histogram of the differences between radial velocity measurements and reference
values of standard stars given in Table 3.1. Right: Differences between radial velocity measurements and
reference values compared to their reference velocity for each individual measurement.

3.4 Conclusion

Our improved radial velocity measurement method met our objectives of improving our

precision of our measurements and reduced measurement bias. We improved our mea-

surement uncertainties by a factor of 1.7 for S0-2. Additionally, our RV measurements

of RV standard stars are completely consistent with their literature values. These im-

provements lead to greater confidence and robustness in our detection of the relativistic

redshift of Do et al. (2019).

While this work was primarily motivated by S0-2’s relativistic redshift, it also has

great implications in searching for spectroscopic binaries. Our improvements in RV

precision makes us more sensitive to spectroscopic binaries, since we are interested in

RV changes over time. Our reduced bias also gives us greater confidence trusting our

RV curves, since these RV standard stars match the spectral types of the young stars at

the Galactic center. Searching for binaries beyond S0-2 will benefit greatly from these

RV improvements.
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CHAPTER 4

Search for Spectroscopic Binaries at the Galactic Center

To be submitted to the Astrophysical Journal

The formation mechanism of the young S-stars located within an arcsecond of the

central supermassive black hole remains a mystery. While binaries are important for

understanding the young star cluster at the Galactic center, there have been limited

surveys for binaries in the region. We present a systematic search for spectroscopic

binaries at the Galactic Center. With over two decades of integral field spectroscopy

data, advanced tools for fitting mid-infrared stellar spectra, and 1000 radial velocity

data points, we conduct a spectroscopic binary search of 29 stars at the Galactic center.

After subtracting a star’s motion around the supermassive black hole, we search for

a periodic signal using a Lomb-Scargle analysis and fitting the residual radial velocity

curve to a binary system radial velocity curve. We find no significant periodic detections

in our sample, suggesting there are no binaries among the S-stars. We also place limits

on the hypothetical companion masses of these S-stars. We also place a limit on the

intrinsic fraction of these stars at 42%, which disagrees with the binary fraction for

massive field stars. These results favor formation mechanisms that result in the young

S-stars being single stars.

4.1 Introduction

The ‘S-stars” are one of the most intriguing star populations at the Galactic center.

Their orbits have proved the existence of a supermassive black hole (SMBH) with a

mass of 4× 106 M� (Ghez et al. 2008; Gillessen et al. 2009a, 2017) and their motions
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have exhibited post-Newtonian effects (e.g. Gravity Collaboration et al. 2018; Do et al.

2019, and references therein). Spectroscopic observations have also revealed that most

of these stars are main-sequence B stars (Ghez et al. 2003; Eisenhauer et al. 2005;

Habibi et al. 2017). This property suggests that they have formed about 6 Myr ago.

This property raises questions about their formation mechanism, since traditional star

formation would be disrupted by the tidal forces of the black hole (Morris 1993).

Numerous investigations have been done to postulate the formation of these S-stars.

General mechanisms include: (1) binary star systems scattered from outside the region

and then tidally disrupted, leaving behind one component of the original binary while

the other is ejected as a hypervelocity star (Hills 1988; Perets et al. 2007), (2) S-stars

formed in the clockwise disk located just outside 1 arcsec of the SMBH and then mi-

grated to the SMBH (Levin 2007; Löckmann et al. 2008; Merritt et al. 2009), and (3)

merger of binary stars at the Galactic centers caused by the Kozai-Lidov mechanism,

with the product appearing as a main-sequence B-star (Witzel et al. 2014; Stephan et al.

2016; Ciurlo et al. 2020).

Binary stars provide crucial roles in these formation mechanisms, and the discovery

of binary stars amongst the S-stars may attest to particular formation mechanisms. Ad-

ditionally, massive stars in the field have high multiplicity fractions (Sana et al. 2012;

Duchêne & Kraus 2013), so it is reasonable to expect these main-sequence B-stars at

least started out in multiple systems. Previous studies have identified 3 binary systems

(Ott et al. 1999; Martins et al. 2006; Rafelski et al. 2007; Pfuhl et al. 2014; Gautam

et al. 2019), but none amongst the S-stars. Chu et al. (2018) performed the first spec-

troscopic search for binaries amongst the S-stars and focused on the well-studied star

S0-2 (also known as S2). Through radial velocity monitoring, Chu et al. (2018) did not

find significant evidence for S0-2 being a binary and placed a hypothetical companion

mass below current detection limits.

With nearly two decades of spectroscopic measurements, there is an opportunity to

expand the search for spectroscopic binaries to the rest of the S-star cluster. Chu et al.
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(2018) established a framework for searching for spectroscopic binaries of S-star in

radial velocity data. Improvements to tools for fitting mid-infrared stellar spectra (1.9-

2.3 µm, Kerzendorf & Do 2015; Bohlin et al. 2017) and better understanding of radial

velocity measurement systematics (Do et al. 2019) have also improved our sensitivity

to other spectroscopic binaries.

4.2 Observations and Data

4.2.1 Spectroscopy Data

Spectroscopic observations taken with the OSIRIS spectrograph (Larkin et al. 2006)

on the W. M. Keck Telescope using the laser-guide-star adaptive optics system (LGS

AO) (Wizinowich et al. 2006; van Dam et al. 2006) are reported in Do et al. (2019) and

references therein. The data were taken using the Kn3 (2.121 – 2.229 µm) and Kbb

(1.965 – 2.381 µm) filters, which cover the Brγ absorption line (λ = 2.166 µm) for

the young stars. These data have been reduced with the latest version of the OSIRIS

data reduction pipeline (Lyke et al. 2017; Lockhart et al. 2019) to make the data cubes.

Blank skies and telluric standard stars were also observed during the night to correct

for sky and atmospheric lines. Further details on these processes can be found in Do

et al. (2013). A summary of the Keck observations is reported in Table 4.1. We also

include data taken with the NIFS instrument on Gemini North and IRCS on the Subaru

Telescope. These observations are also reported in Do et al. (2019) and references

therein.
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Table 4.1. Summary of Keck Spectroscopic Observations

Date Nframes × tint FWHM a Filter Scale

(UT) (MJD) (Epoch) (s) (mas) (mas)

2000-06-23 51718.50 2000.476 36 × 300 K b 18
2002-06-02 52427.50 2002.418 7 × 1200 K c 20
2002-06-03 52428.50 2002.420 4 × 1200 K ′ c 20
2003-06-08 52798.50 2003.433 2 × 1200 K ′ c 20
2004-06-23 53179.50 2004.476 16 × 1200 K ′ c 20
2005-05-30 53520.50 2005.410 7 × 1200 K ′ c 20
2005-07-03 53554.50 2005.503 7 × 900 58 Kbb 20
2006-05-23 53878.50 2006.390 4 × 900 74 Kbb 35
2006-06-18 53904.50 2006.461 9 × 900 65 Kn3 35
2006-06-30 53916.50 2006.494 9 × 900 59 Kn3 35
2006-07-01 53917.50 2006.497 9 × 900 64 Kn3 35
2007-05-21 54241.50 2007.384 2 × 900 86 Kn3 35
2007-07-19 54300.29 2007.545 2 × 900 56 Kn3 35
2008-05-16 54602.50 2008.372 11 × 900 57 Kn3 35
2008-07-25 54672.28 2008.563 9 × 900 60 Kn3 35
2009-05-05 54956.50 2009.342 7 × 900 60 Kn3 35
2009-05-06 54957.50 2009.344 12 × 900 69 Kn3 35
2010-05-05 55321.50 2010.341 6 × 900 67 Kn3 35
2010-05-08 55324.50 2010.349 11 × 900 69 Kn3 35
2011-07-10 55752.33 2011.520 6 × 900 71 Kn3 35
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Table 4.1 (cont’d)

Date Nframes × tint FWHM a Filter Scale

(UT) (MJD) (Epoch) (s) (mas) (mas)

2012-06-08 56086.50 2012.435 4 × 900 87 Kn3 35
2012-06-09 56087.50 2012.438 3 × 900 66 Kn3 35
2012-06-11 56089.50 2012.444 7 × 900 64 Kn3 20
2012-07-21 56129.31 2012.553 3 × 900 77 Kn3 35
2012-07-22 56130.31 2012.555 7 × 900 81 Kn3 35
2012-08-12 56151.33 2012.613 6 × 900 56 Kn3 35
2012-08-13 56152.27 2012.615 7 × 900 99 Kn3 35
2013-05-11 56423.50 2013.358 11 × 900 73 Kbb 35
2013-05-12 56424.50 2013.361 11 × 900 62 Kbb 35
2013-05-13 56425.50 2013.363 12 × 900 61 Kbb 35
2013-05-14 56426.50 2013.366 11 × 900 61 Kn3 35
2013-05-16 56428.50 2013.372 7 × 900 98 Kn3 20
2013-05-17 56429.50 2013.374 7 × 900 64 Kn3 20
2013-07-25 56498.33 2013.563 11 × 900 79 Kn3 35
2013-07-26 56499.34 2013.566 6 × 900 73 Kn3 35
2013-07-27 56500.33 2013.568 11 × 900 66 Kn3 35
2013-08-10 56514.29 2013.607 7 × 900 62 Kn3 35
2013-08-11 56515.31 2013.609 9 × 900 69 Kn3 35
2013-08-13 56517.29 2013.615 12 × 900 67 Kn3 35
2014-05-18 56795.50 2014.376 13 × 900 66 Kn3 35
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Table 4.1 (cont’d)

Date Nframes × tint FWHM a Filter Scale

(UT) (MJD) (Epoch) (s) (mas) (mas)

2014-05-23 56800.50 2014.390 10 × 900 76 Kn3 35
2014-07-03 56841.36 2014.502 8 × 900 66 Kn3 35
2015-05-04 57146.50 2015.337 5 × 900 68 Kn3 35
2015-07-21 57224.35 2015.551 5 × 900 56 Kn3 35
2016-05-14 57522.50 2016.367 8 × 900 78 Kbb 35
2016-05-15 57523.50 2016.370 4 × 900 80 Kbb 35
2016-05-16 57524.50 2016.372 8 × 900 84 Kbb 35
2017-05-17 57890.52 2017.374 11 × 900 73 Kn3 35
2017-05-18 57891.51 2017.377 9 × 900 94 Kn3 35
2017-05-19 57892.50 2017.379 6 × 900 86 Kn3 35
2017-07-19 57953.33 2017.546 12 × 900 77 Kn3 35
2017-07-27 57961.32 2017.568 13 × 900 89 Kn3 35
2017-08-14 57979.28 2017.617 8 × 900 75 Kn3 35
2017-09-02 57998.25 2017.669 4 × 900 77 Kn3 35
2018-03-17 58194.64 2018.207 2 × 900 70 Kn3 35
2018-04-24 58232.57 2018.310 7 × 900 73 Kn3 35
2018-05-17 58255.56 2018.373 4 × 900 205 Kn3 50
2018-05-23 58261.50 2018.390 14 × 900 91 Kn3 35
2018-06-05 58274.47 2018.425 10 × 900 108 Kn3 35
2018-07-22 58321.33 2018.554 11 × 900 77 Kn3 35
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Table 4.1 (cont’d)

Date Nframes × tint FWHM a Filter Scale

(UT) (MJD) (Epoch) (s) (mas) (mas)

2018-07-31 58330.32 2018.578 11 × 900 73 Kn3 35
2018-08-11 58341.31 2018.608 9 × 900 79 Kn3 35
2018-08-31 58361.27 2018.663 3 × 900 88 Kn3 35

aAverage FWHM of S0-2 in the mosaic made of all frames, measured by
fitting a two-dimensional Gaussian to the source.

bTaken with NIRSPEC slit spectrograph
cTaken with NIRC2 slit spectrograph

4.2.2 Extracting Radial Velocities

Previous papers from the UCLA GCG reported the radial velocities of S0-2 and S0-38.

In this work, we also extracted the radial velocities of other S-stars located in the central

pointing. The methods and calibrations used to measure radial velocities are reported

in Do et al. (2019).

To summarize, a star’s spectrum is extracted from the individual data cubes from

a given epoch using a circular aperture, with an annulus around the star to estimate

the sky background. The spectra are then averaged into a combined spectrum. The

star’s combined spectrum is then modeled using the Bayesian inference tool Starkit

(Kerzendorf & Do 2015) and compared to spectra in the BOSZ spectral grid (Bohlin

et al. 2017). We derive the radial velocity and its uncertainty using the median and

1 sigma central credible interval of the marginalized posterior. This radial velocity is

then corrected for the local standard of rest with respect to the Galactic center1. Do

et al. (2019) showed that this technique of spectral fitting reduced uncertainties and

1We use the IRAF procedure rvcorrect. This correction uses a velocity of 20 km s−1 for the solar
motion with respect to the local standard of rest in the direction α = 18h, δ = +30 deg for epoch 1900
Kerr & Lynden-Bell (1986), corresponding to (u, v, w) = (10, 15.4, 7.8) km s−1.
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systematic bias compared to fitting a Gaussian to the Brγ line for the star S0-2.

We apply this same technique to all the other stars in the OSIRIS data when a star’s

radial velocity can be measured. The number and quality of radial velocity measure-

ments extracted for each epoch depends greatly on a number of factors, such as weather

conditions, adaptive optics performance, and position in the OSIRIS dither pattern.

Stellar crowding and confusion can also lead to difficulties when extracting a radial

velocity measurement. Even though a star may be identified in an OSIRIS cube, its

spectrum may not be of adequate quality to measure its radial velocity. We perform a

quality inspection of the extracted spectra to ensure their radial velocities can be mea-

sured.

4.2.3 Imaging and Astrometric Data

Information about the imaging observations taken with the NIRC2 instrument (Matthews

& Soifer 1994) on the Keck Telescope are described in depth in Do et al. (2019), and

references therein. Jia et al. (2019) and Gautam et al. (2019) describe in depth the pro-

cesses used to determine the stars’ astrometric positions and photometric magnitudes.

Jia et al. (2019) also detail the process of deriving the stellar positions for each epoch

and aligning them to a common reference frame reported in Sakai et al. (2019).

4.2.4 Sample Selection

Chu et al. (2018) investigated the star S0-2 as a binary star due to its precise radial

velocity measurements, well known orbit, and to quantify the potential bias a spec-

troscopic binary would have on the relativistic redshift measured by Do et al. (2019);

Gravity Collaboration et al. (2018). This work expands this investigation to 29 stars

in a systematic way. The investigation of S0-2’s relativistic redshift required plentiful

observations (Do et al. 2019; Hees et al. 2019) and add increased sensitivity to radial

velocity variations for the other stars close to the SMBH.

The broadest criterion of the star sample is that the star must be located within the
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OSIRIS Kn3 35 mas central pointing, which has been described in numerous works

such as Boehle et al. (2016); Chu et al. (2018); Do et al. (2019). The primary objective

of this configuration was to monitor the star S0-2, and it places S0-2 at the center of the

dither pattern. The OSIRIS field of view contains additional stars around S0-2, and we

include these additional stars in our search.

Because we are focused on adequately sampling the parameter space of periods on

the order of a few days, we do not combine measurements taken over multiple nights.

Stars with K ′ > 16 magnitude do not achieve adequate signal-to-noise to measure their

radial velocities for a single night (usually a half-night). Therefore, we only consider

stars with K ′ < 16 mag. This creates an intermediate sample of 64 stars. Additionally,

we do not include the 2 Wolf-Rayet emission line sources that are located in the central

pointing (IRS16C and IRS16SW). We omit them because measuring their radial veloc-

ities is complicated due to their stellar winds. We also do not include 7 stars that do not

possess absorption lines in Kn3, since we cannot measure their radial velocities. These

particular stars are consistent of main-sequence O stars. We also omit stars confused in

image and/or spectral space, meaning we cannot distinguish their spectra and therefore

their radial velocities.

In order to obtain meaningful results from a periodicity search, we needed to ensure

that we had enough radial velocity points for a given star. The number of radial veloci-

ties for a given star may vary as described in Section 4.2.2. We make a final cut where

stars must have at least 3 radial velocity points. This next cut leads to 30 stars, with 18

early-type stars and 12 late-type stars listed in Table 4.2. We note here that after further

investigation into systematic effects, the young star S1-2’s radial velocity measurements

were negatively impacted by the background gas in the region, and we exclude it from

further analysis. The final sample for our binary search consists of 29 stars. Figure 4.1

shows the sample of stars for the following analysis. It also shows examples of stars

with K ′ < 16 that are omitted because they are emission line sources, featureless in

Kn3, or confused with other sources. Stars are classified as early-type if they exhibit

Brγ absorption, which is consistent of main-sequence B-stars. Stars are classified as
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late-type if they possess absorption lines consistent with red giants, primarily Na I and

CO (Do et al. 2013). We also include radial velocities from Gillessen et al. (2017) for

stars that overlap with their sample.

We report the radial velocities for these stars in Section A.3.
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4.3 Periodicity Search

The following section describes the process for detecting periodic signals in the radial

velocity data. First, we describe the methods used for fitting the stellar radial velocity

curves to produce residual curves. These residual curves are then run through two types

of periodicity searches: a Lomb-Scargle analysis (Lomb 1976; Scargle 1982; Vander-

Plas 2018) and a Bayesian fit for potential binary systems. A similar methodology was

done for the star S0-2 in Chu et al. (2018). The Lomb-Scargle analysis provides a com-

putationally efficient method for detecting periodic signals in unevenly spaced data.

The Bayesian fitting method provides a more complete and robust approach and allows

us to derive upper limits on the orbital parameters of hypothetical binary companions

to these S-stars.

4.3.1 Producing Residual Radial Velocity Curves

The stars in this sample have visible motions due to their proximity to the SMBH. We

are interested in studying their intrinsic motion to search for a potential periodic signal,

which may be evidence for a spectroscopic binary. Therefore, we need to subtract their

motion around the SMBH before conducting a periodic search. The methodology for

subtracting out this motion depends on the star.

We began by determining which stars have significant accelerations in both radial

velocity and astrometry. To determine significant accelerations along the line of sight,

we performed a polynomial fit to the stars’ radial velocities. The degree of the poly-

nomial fit is determined by the F-test, where a higher degree polynomial must pass

the F-test of the lower degree polynomial with a 95% significance. Accelerations in

astrometry were determined using the same methodology as listed in Jia et al. (2019).

The determination of accelerations and polynomial degree of the radial velocity fits are

reported in Table 4.2. The sample of stars were then divided into two subsets:

1. Polynomial Stars
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Figure 4.1: Stars that are included in the periodicity search, classified by spectral type. The GCG OSIRIS
dither pattern overlayed on a NIRC2 image. These stars are located in the central pointing dither pattern.
The central square is covered by all dither points, meaning more spectra are taken of these stars through-
out the night. Stars brighter than K = 16 mag not included in this radial velocity sample because they
are identified as Wolf-Rayet stars, lack absorption lines, or are confused with other stars are marked in
green diamonds, red down triangles, or purple up triangles, respectively.
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2. Orbit Stars

For stars in subset 1, we use the favored polynomial fit to their radial velocities

to account for their motion around the SMBH. We take the fit and subtract it from

the data to produce a residual radial velocity curve. An example of a star fit with a

polynomial, S0-14, is shown in Figure 4.2. The favored polynomial fits for each star in

the polynomial sample are reported in Table 4.3. Ultimately, 20 out of the 29 stars are

part of the polynomial star, with only one star (S0-6) favoring a constant acceleration fit

(1st order polynomial). The remaining 18 stars favor a constant velocity fit (0th order

polynomial).
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Stars in subset 2 have significant accelerations in both astrometry and radial velocity

due to their orbits around the SMBH. They have also been monitored for years and have

had their orbits previously reported (e.g. Gillessen et al. 2009b, 2017). For these 10

stars, we perform an orbital fit of their motion around the SMBH to create an orbital

model of their radial velocities. In this method, we performed a more robust fit to their

radial velocities compared to a polynomial model. Stars in subset 1 do not possess

enough kinematic information to constrain their orbital parameters, which is why their

radial velocities are fit with a polynomial instead.

Orbit stars have their motions fit in the same way as described in works such as Do

et al. (2019), and we use the orbital solution reported in Do et al. (2019) for S0-2. For

stars other than S0-2, we make a few changes. We still fit these stars with Newtonian

plus relativistic redshift model, which also accounts for the Romer time delay. These

stars are not expected to show observable relativistic redshift effects, so we fix the

relativistic redshift parameter to be true.

We fit each star in a uniform way. We fix the black hole parameters (mass, distance,

position, and velocity) to the values reported in Do et al. (2019), which come from the

S0-2 orbital fit. S0-2 has the greatest orbital phase coverage of this sample and provides

strong constraints on these black hole parameters. Additionally, leaving the black hole

parameters free did not have a significant effect on the radial velocity models of these

stars. While interesting, investigating the black hole and resulting orbital parameters

favored by these stars are beyond the scope of this work. We do not fit for an offset

and additive error between Keck and VLT data points. Finally, we fix an astrometric

correlation length of 20 mas (which comes from S0-2) and fit for a mixing parameter.

Details for this orbital fitting methodology are described in more detail in Section A.4.

Once the star’s orbital fit is performed, a model for its radial velocity is generated

and subtracted to create a residual. An example of a star’s radial velocity data, orbital

model, and residual are shown in Figure 4.3.
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Figure 4.2: Top: Radial velocity of S0-14 over time. A model fit of polynomial order 0 is fit to the data.
Bottom: Difference of measured radial velocity points from the model for S0-14. Uncertainty of the
model fit is incorporated into the shaded region.
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Figure 4.3: Top: Radial velocity of S0-2 over time. An orbital model fit is fit to the data is shown by
the line. Bottom: Difference of measured radial velocity points from the model for S0-2. Uncertainty of
the orbital model fit is incorporated into the shaded region. This orbital fit was first reported in Do et al.
(2019).
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4.3.2 Lomb-Scargle Analysis

Once a star’s residual radial velocity curve is made, we run a Lomb-Scargle analysis to

search for a periodic signal. We use the Lomb-Scargle package described in Vander-

Plas & Ivezić (2015); Vanderplas et al. (2016). When running this periodic search, we

sample a range of periods from 2 to 1000 days. To ensure that we do not miss potential

signals between on our uniformly spaced sampling, we use the “N samples per peak”

feature. We specify N = 10 samples per peak, which carries out 10 additional, finer

samples around a peak in Lomb-Scargle power (see VanderPlas & Ivezić 2015; Vander-

plas et al. 2016). The periods are uniformly spaced at 1/N∆t, where N is the samples

per peak and ∆t is the maximum time baseline of observations. Spacing the sampled

periods at 1/N∆t ensures proper sampling of a dataset (VanderPlas 2018). The lower

limit of 2 days comes the minimum period we would be sensitive to with our observing

cadence. Chu et al. (2018) calculated an upper limit of 119 days for the longest period

for an S0-2 binary star system, as systems with longer periods would separated at S0-

2’s closest approach to the SMBH. The stars in this sample are not expected to pass as

close to the SMBH, hence would have longer maximum periods, which is why we de-

cided to increase the upper period sampled. After this step, we obtain a Lomb-Scargle

power spectrum, with power values for every sampled period. Example Lomb-Scargle

periodograms for S0-14 and S0-2 are shown in Figures 4.4 and 4.5, respectively.

The next step we need to do is determine the significance of the Lomb-Scargle

powers. We do this in two ways: i)Monte Carlo simulations and ii)bootstrap false

alarm probability (FAP).

The Monte Carlo is conducted in the same way as described in Chu et al. (2018).

To summarize, we generated 100,000 simulated residual curves with no periodic signal.

Each simulated curve had the same observation times and uncertainties as the data. For

each point, we drew from a Gaussian distribution centered around 0 km s−1. We then

ran each simulated curve through the Lomb-Scargle process described above and deter-

mined the maximum Lomb-Scargle power for each run. We then compiled a cumulative
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Figure 4.4: Lomb-Scargle periodogram of S0-14’s residual radial velocity curve. The black dash-dotted
line is the 95% confidence level detection value. No power reaches the 95% confidence level detection
value implying that no significant periodic signal is found in the observations.

distribution function for the simulations, found the 3σ confidence level, and compared

this value to the power values from the residual curve. This approach allows us to quan-

tify the significance of our peak signal relative to a non-periodic data set taken at the

same observation sampling and uncertainties. We define a significant detection to be

anything greater than the 3σ confidence level.

The bootstrap FAP is another way to test the significance of the signal in a slightly

different view than the Monte Carlo simulations. VanderPlas (2018) explains how the

FAP addresses the probability that a signal with no periodic component would lead to

a peak of a given magnitude. We choose the bootstrap method because it is the most

robust estimate of the FAP (VanderPlas 2018). A similar bootstrap method was imple-

mented by Gautam et al. (2019) to determine the FAP with Galactic center photometry

data. For one simulated periodogram, we keep the observation times the same, draw

residual values randomly with replacement from the residual curve, and then compute

the maximum of the resulting periodogram. This is repeated 10,000 times. We then

take the peak periodogram power from the data and compare it to the distribution of

power values from the bootstrap to determine the FAP. The bootstrap false alarm test
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Figure 4.5: Lomb-Scargle periodogram of S0-2’s residual radial velocity curve. The black dash-dotted
line is the 95% confidence level detection value. No power reaches the 95% confidence level detection
value implying that no significant periodic signal is found in the observations.

significance is then defined as 1 - FAP. We define the bootstrap false alarm test to be

significant when it is greater than 3σ.

4.3.3 Binary Curve Fitting

The next way we search is through a Bayesian fit of the residual curve to the binary

system curve. This is the same as the method described in Chu et al. (2018). We fit the

residual curves with a binary star radial velocity model plus a constant. This constant

is different than the instrumental offset discussed earlier between instruments. The

following equation was used to model the radial velocity curve of an eccentric binary

system (Hilditch 2001)

RV = K

√
1− e2 cosE cosω − sinE sinω

1− e cosE
, (4.1)
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with

K =
2πa sin i

P
, (4.2)

and where e is the binary eccentricity, ω the argument of periastron, E the eccentric

anomaly determined by solving the Kepler equation, i the inclination, P the period and

a the semimajor axis. This model is parametrized using the following 5 variables: the

constant offset O, the radial velocity amplitude K, the eccentricity e, the argument of

periastron ω and the mean longitude at J2000 (noted L0). The use of the mean longitude

at J2000 is preferred to the usual time of closest approach which is not bounded and not

defined in case of circular orbits (Hilditch 2001). For different fixed binary orbital

periods P , we fitted this model to the RV residuals using a MultiNest sampler (Feroz

& Hobson 2008; Feroz et al. 2009, 2013). A strong periodic signal at a given period

would lead to a large, peaked value ofK in the posterior. This method takes into account

parameters such as eccentricity, which changes the shape of the curve from a perfect

sinusoid wave. We uniformly sampled in log space for periods from 2 to 500 days. For

S0-2, we did the same methodology as Chu et al. (2018), where we evenly spaced at

0.05 days for periods from 2 to 150 days since periods beyond 119 days are excluded

by the binary stability criteria. Because of the more computationally expensive nature

of this method, we did not sample periods as long as the Lomb-Scargle method. An

example of this methodology is shown in for S0-14 and S0-2 in Figures 4.6 and 4.7.

4.3.4 Results from the Periodicity Search

We present the detailed results from the Lomb-Scargle periodicity search in Table 4.4.

We report that none of the stars’ residual curves have periodic variations beyond the

3σ confidence limit using the Monte Carlo method, nor do they have Bootstrap False

Alarm significance greater than 3σ, as were detailed in Section 4.3.2. We plot these

significance values in Figure 4.8. Additionally, we look at the fit amplitude from the

Lomb-Scargle analysis of the highest-power period for each star. We take the amplitude

of the sinusoid fit and divide it by the median uncertainty for that star to determine the
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Figure 4.6: 95% upper confidence limit on the amplitude of RV variations induced by a binary system
(K) as a function of the binary orbital period for S0-14.
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Figure 4.7: 95% upper confidence limit on the amplitude of RV variations induced by a binary system
(K) as a function of the binary orbital period.

68



amplitude significance in terms of sigma. Ultimately, none of these stars have model

amplitudes greater than 3 sigma, further showing evidence that there are no significant

periodic signals in this sample according to the Lomb-Scargle method (Figure 4.9).
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Because we found no periodic signal that passed our criteria, we conclude that the

S-stars in the sample do not contain detectable signals of being part of a spectroscopic

binary system. We report the median limits on K amplitude in Table 4.5. The median

K amplitude results for the sample are also shown in Figures 4.10 and 4.11.

4.4 Placing limits on companion masses

With the results from the binary curve fitting, in particular our limits on the K ampli-

tude, we move to place limits on hypothetical companion masses of binary systems. We

use the same methodology as Chu et al. (2018). For each period P , we have a limit on

K, and we solve for the binary mass equation:

Mcomp sin i =

(
PM2

tot

2πG

)1/3

K , (4.3)

Assuming for a total mass, we can calculate a limit for the companion mass for

each period. In order to determine the total mass for a star, we use its K ′ photometry

reported Gautam et al. (2019) and an isochrone generated with the SPISEA software

(Hosek et al. 2020a,b). For early-type stars, we use an 6.78 Myr isochrone. For late-

type stars, we use a 1 Gry isochrone. Each isochrone is corrected for extinction to the

Galactic Center with a value of AK′ = 2.46 (Schödel et al. 2010). We also use solar

metalicities for both isochrones. These isochrones are shown in Figure 4.12. The total

mass we use for each star is given in Table 4.5. Habibi et al. (2017) reported masses

for early-type S-stars stars in their analysis. For stars that overlap with our sample,

their reported mass values are lower than the isochrone mass values but still consistent

within 2σ. We report the median upper limits for the companion masses for all periods

in Table 4.5 and Figure 4.13.
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significance values. A star is considered periodic if the significance values are greater than 3σ for both
tests, a region shown by the green shaded square. No stars meet the criteria for significant periodicity.
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Figure 4.10: Median K amplitude value plotted with the K ′ magnitude for each star, color coded by
their spectral types. The median K amplitude value comes from marginalizing the K amplitude limits
over all sampled periods.
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Figure 4.12: Two SPISEA isochronese used for determining the mass of a star based on itsK ′ magnitude.
The 6Myr isochrone was used for the early-type stars, while the 1 Gyr isochrone was used for the late-
type stars.

4.4.1 Using Photometry to Place Constraints

We also use photometry of each star to place limits on the masses of an equal mass

binary system. We take the total flux from the star and divide the flux in half. We

then search the SPISEA isochrone to find the mass of a star that would contribute the

equivalent amount of flux. This places a limit on the components of a face-on binary

system composed of equal mass stars. This can be thought of as a conservative limit, as

the spectral differences between different mass stars are not considered in this part of

the analysis. These limits are reported in Table 4.5.
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Figure 4.13: Left: Median companion mass limits for each star plotted with their projected distance from
Sgr A*. These median companion mass limits come from marginalizing the mass limits over all sampled
periods. Right: Median companion mass limits for each star plotted with their K ′ magnitude.

4.5 Discussion

4.5.1 Placing the Lack of Detections into Context - Early-Type Stars

Performing this systematic search for spectroscopic binaries has yielded no candidates,

and we can use this result to place limits on the intrinsic binary population. Sana et al.

(2012) reports distributions of binary system parameters (mass ratios q, eccentricities,

periods) for massive star populations. We draw from the given distributions of log P, e,

and mass ratio q from Sana et al. (2012), shown in Figure 4.14. We do this 100,000 times

to create a population of 100,000 binary systems. Using Eq 2.5, we can calculate the

distribution ofK amplitudes for this simulated binary star population. When generating

a binary system, we also make sure that the system does not result in a merger by

calculating the minimum separation and ensuring it does not fall below the radius of the

star (∼ 6 R�). With this distribution, we can then place our K amplitude limits - and

zero detections - in context with this simulated population.

The calculated K amplitude distribution described above is for a population made

completely of binaries (a binary fraction of 100%). To make K amplitude distributions
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Figure 4.14: Distribution of binary star parameters from Sana et al. (2012) that were drawn from to make
our K amplitude distributions.

for binary fraction less than 100%, we randomly replace the corresponding percentage

of K values with 0 km s−1, representing the single star population. For example, a pop-

ulation with a binary fraction of 50% will have 50,000 values of 0 km s−1, and 50,000

values randomly drawn from the original simulated distribution. We create adjusted K

amplitude distributions for different populations with binary fractions ranging from 10

- 100%, spaced evenly at 10%. We manually conduct finer sampling at binary fractions

between 30-50%.

Once we have our adjusted K amplitude distribution, we run our detection simula-

tion. We take the median K limit from each of our 17 early-type stars in Table 4.5. We

compare each value from our sample to a randomly drawn K value from our adjusted

distribution. If the drawn K value from the population is higher than the limit from the

sample star, we consider it a detection. For each simulation, we can have a minimum of

0 detections and a maximum of 17 detections. We repeat this simulation 100,000 times,

for each different adjusted K amplitude distribution.

We plot the fraction of simulations with 0 detections for each adjusted K amplitude

distribution in Figure 4.16. We found that for a population with a 42% binary fraction,

5% of the of simulations yielded 0 detections. Based on this simulation and our 0 binary
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detections, we can exclude a binary fraction greater than 42% for this population with

a 95% confidence limit. This limit is well below the 70 ± 9% binary fraction value

reported in Sana et al. (2012). A merger rate of 13% and evaporation rate of 27% for

all young binaries at the Galactic Center may help explain this discrepancy (Stephan

et al. 2016). Starting with a binary fraction of 70% from Sana et al. (2012) and having

60% of young binary systems survive (40% of binaries merge or evaporate) according

to Stephan et al. (2016), the resulting binary fraction would be 42%. We note that these

limits are dependent on the binary system separation and mass.

The fact that we do not find any binary stars among the young S-stars attests to

formation mechanisms that result in a low binary fraction. This includes the binary

disruption scenario, where the S-star we see is a tidally captured star originally part

of binary system (Hills 1988; Perets et al. 2009). Additionally, these S-stars may be

merger products that appear as main-sequence B-stars (Stephan et al. 2016; Stephan

et al. 2019).

4.5.2 Placing the Lack of Detections into Context - Late-Type Stars

We apply a similar simulation approach as described in Section 4.5.1 to the late-type

stars. We draw from the distribution of binary properties reported in Raghavan et al.

(2010) to create our K amplitude distributions, which focused on systems around a

solar mass (see Figure 4.15).

Following the same steps as in 4.5.1, we obtain the fraction of simulations with

0 detections for each population of binary fractions. We found that even for binary

fractions of 100%, around 30% of our simulations had 0 detections 4.16. This mostly

has to do with the fact that theK amplitude distribution for this population is dominated

by small values. This is expected, as K is ∝ P−1/3, so K decreases with long period

binaries. Since the Raghavan et al. (2010) distribution is dominated by long period

binaries (P = 105 days), it is expected that the K amplitude distribution would mostly

contain small values.
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Figure 4.15: Distribution of binary star parameters from Raghavan et al. (2010) that were drawn from to
make our K amplitude distributions.
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Not identifying binary candidates among the late-type stars is not surprising. Stephan

et al. (2016); Stephan et al. (2019) reports that the evaporation timescale for a binary

system with a total mass of 2M� and separated by 3 AU (P ∼ 1300 days) evaporates in

under 106 years. Since these late-type stars are ∼ 1 Gyr old, these stars have had suffi-

cient time to evaporate, if they were previously part of binary star systems. After a Gyr,

Stephan et al. (2016) explains that there has been more time for mergers to take place,

so even though binary star systems can survive longer than the evaporation time due to

hardening interactions, these hardened, close binary stars can merge as they evolve off

the main-sequence2. These compounding effects means it is unsurprising that we do

not find binaries among this population.

For consistency in approach, we used the entire Raghavan et al. (2010) binary period

distribution for our analysis, but it is incredibly unlikely that solar mass binary systems

with these long periods would have survived.

4.6 Conclusion

We have finished systematic search for spectroscopic binaries for stars located within

an arcsecond of the black hole. We found no significant periodic detection these stars’

radial velocities and detect no binary candidates. We then place limits on binary radial

velocity curve amplitudes and companion masses for these stars. By drawing from

reported binary simulations, we are able to place some limits on the binary fraction

of the stars closest to the black hole. We place a limit of 42% for the early-type stars,

which is well below the binary fraction of 70% reported for massive stars in nearby field

stars. These limits are dependent on the binary system separation and mass. Expanding

on the statistics of the simulations can help lead to further insights into the limits on

the intrinsic binary fraction of the region. Additionally, continued monitoring of these

stars will further improve our measured binary limits, or may also lead to detections of

2These merged stars would also appear younger by comparison.
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binary systems.
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CHAPTER 5

Extension of the Galactic Center OSIRIS Wide-field

Survey

We present new high angular resolution near-infrared spectroscopy observations with

adaptive optics of the nuclear star cluster surrounding the Milky Way supermassive

black hole. This work is a 11 field extension of the Galactic Center OSIRIS Wide-field

Survey (GCOWS) and includes observations that span 6 years. We spectral type 169

stars: 47 of which are Wolf-Rayet and O/B stars, and the remaining 122 are K and M

giants. This addition to the rich GCOWS data set provides opportunities to further study

stellar demographics and dynamics of the nuclear star cluster.

5.1 Introduction

Near-IR integral-field spectroscopy behind adaptive optics has proved to be extremely

valuable for studying the stellar population and kinematics at the Galactic center. The

near-IR wavelength coverage enables observers to peer through the large amounts of vi-

sual extinction, and the adaptive optics technology has enable astronomers to spatially

resolve individual sources in the crowded region. Spectroscopy plays a crucial role in

spectral typing stars at the Galactic center, as imaging data alone cannot distinguish

Wolf-Rayet and O/B main-sequence (young) stars from evolved red giants (old stars)

(Do et al. 2013). The advent of spectroscopy data has led to the ground breaking dis-

coveries such as: (1) the existence of young, main-sequence B-stars within 0.04 pc of

the supermassive black hole (SMBH), raising questions about their formation so close

to the black hole (e.g. Ghez et al. 2003; Eisenhauer et al. 2005; Habibi et al. 2017), (2) a
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clockwise disk of young stars located just over 1′′ from the SMBH (e.g. Lu et al. 2009;

Bartko et al. 2009), (3) a potentially missing stellar cusp of red giant stars, which would

be expected from a relaxed population around the SMBH (e.g. Do et al. 2009), and (4)

a population of dust-enshrouded objects (e.g. Gillessen et al. 2012; Witzel et al. 2014;

Ciurlo et al. 2020).

The combination of spectral and positional information makes data from adaptive-

optics fed imaging spectrographs valuable tools for studying the Galactic center. Stars

can be spectral typed to determine their ages and placed into their respective population

of young or old stars. Spectroscopy also provides radial velocities, and when com-

bined with extensive proper motion studies, provide valuable information into the three

dimensional motions of Galactic center stars.

The UCLA Galactic Center Group began an observing campaign to observe the

central nuclear star cluster, known as the Galactic Center OSIRIS Wide-field Survey

(GCOWS, Do et al. 2013). This work builds upon the initial phase of the GCOWS sur-

vey reported in Do et al. (2013). The first phase observed fields east of Sgr A*, located

along the projected disk of the young stellar disk. This extended phase observed fields

located to the north and south of Sgr A*, perpendicular to the plane of the disk. The

addition of this dataset provides valuable information for understanding the dynamics

and population of the region.

5.2 Observations and Data

New observations of near-IR integral-field spectra were obtained between 2013 and

2019 using the OH-Suppressing Infrared Imaging Spectrograph (OSIRIS; Larkin et al.

2006) on the Keck I Telescope. Observations were taken with the narrowband filter

Kn3 (2.121-2.220 µm) and a plate scale of 50 mas per pixel. We observed 8 fields south

Sgr A* and 3 fields north of Sgr A*. These fields are perpendicular to the plane of

the clockwise disk of young stars identified by Lu et al. (2009). The details of adaptive

optics setup and calibrations are the same as reported in Do et al. (2013). Each field was
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Table 5.1. Summary of GCOWS OSIRIS Observations

Field Name Field Centera Date Nframes × tint Scale FWHMb Filter PA
(”) (UT) (s) (mas) (mas) (◦)

N5-3 -0.37, 11.21 2013-05-17 3× 900 50 75 Kn3 285
S4-1 -0.87, -11.03 2014-05-20 6× 900 50 90 Kn3 195
S4-2 -3.19, -10.41 2014-05-20 8× 900 50 89 Kn3 195
S4-3 -5.50, -9.79 2014-06-05 9× 900 50 140 Kn3 195
S3-2 -2.35, -7.31 2014-07-18 6× 900 50 94 Kn3 195
N5-1 4.40, 9.93 2016-07-21 5× 900 50 77 Kn3 195
N5-1 4.40, 9.93 2016-07-22 3× 900 50 61 Kn3 195
N5-2 2.01, 10.58 2016-07-22 5× 900 50 98 Kn3 195
S2-3 -3.80, -3.59 2019-05-25 5× 900 50 89 Kn3 195
S2-2 -1.49, -4.21 2019-05-27 5× 900 50 103 Kn3 195
S3-1 -0.03, -7.95 2019-05-27 2× 900 50 135 Kn3 195
S3-1 -0.03, -7.95 2019-07-08 3× 900 50 145 Kn3 195
S3-3 -4.66, -6.67 2019-07-08 4× 900 50 133 Kn3 195

aR.A. and decl. offset from Sgr A* (R.A. offset is positive to the east).
bAverage FWHM of a relatively isolated star for the night, found from a two-dimensional

Gaussian fit to the source.

observed with multiple 900 s exposures, separated by∼0.”1 dither offsets, representing

a size of roughly 10 arcsec2. This observing campaign spanned over 6 years and new

observations are reported in Table 5.1. Images for each field, along with the spectral-

typed stars are given in Figures 5.1-5.7.

These data were reduced using the most up to date version of the OSIRIS data

reduction pipeline (Lyke et al. 2017; Lockhart et al. 2019). The pipeline assembles the

data cubes, with the dimensions being position x, position y, and the spectral wavelength

dimension λ. Sources are identified and matched with a catalog in the same way as

Do et al. (2013). To summarize, we run the point-spread function (PSF) fitting routine

StarFinder (Diolaiti et al. 2000) on an OSIRIS cube collapsed in the spectral wavelength

dimension. We then match these sources to those identified in imaging data of the same

region (Yelda et al. 2014, and references there in).
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Spectral extraction for the stars is done in the same ways as reported in works such

as Do et al. (2013). Spectra are extracted along the spectral channel with a circular

aperture centered at the location of each star detected in imaging space. We use the

median flux values in an annulus with an inner radius of 1–2 pixels and an outer radius

of 2–4 pixels to conduct sky and background subtraction. We then correct for telluric

absorption lines in the same way described in Do et al. (2013).

5.3 Spectral Typing

A primary goal of the GCOWS survey is to differentiate the young stars (Wolf-Rayet

and O/B stars) from the old stars (M and K giants). We consider early-type stars to

be stars with a spectral type of B or earlier. Late-type stars are all stars with spectral

types later than B. Our manual method for spectral typing stars matches that of Do et al.

(2013).

We consider stars late-type if they have significant Na I absorption lines. We manu-

ally identify 122 late-type stars and list these stars in Table 5.2. Sources with Brγabsorption

and no Na I features are classified as early-type. We also classify bright (K ′ ≤ 13.0)

stars with no absorption features between 2.121 and 2.220 µm as early-type. These

sources are most likely OV or O/BI stars with very weak Brγ gamma absorption or

emission features (Do et al. 2013). We also include Wolf-Rayet stars in the early-type

sample. We find a total of 47 early-type stars, listed in Table 5.3. This work reports a

total of 169 spectral typed sources.

5.4 Early-Type Radial Velocities

For stars with sufficient signal to noise and significant Brγabsorptions lines, we measure

their radial velocities by fitting a BOSZ grid of spectral models (Bohlin et al. 2017) to

the data using the Starkit software package (Kerzendorf & Do 2015). This is the same

method used to measure radial velocities of the main-sequence B star S0-2 in Do et al.
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Figure 5.1: Images from collapsing the OSIRIS data cubes along the spectral wavelength dimension for
each individual pointing of the GCOWS survey. Shown here are fields S2-2 and S2-3. Left: median of
all spectral channels. Right: spectral channels near the Br gamma line showing the gas emission. The
images are oriented with north up and east to the left. Spectroscopically identified early (blue triangles)
and late-type (red circles) stars are marked.

(2019). This method only works if there are absorption lines, which is why only stars

with Brγ absorption lines have measured radial velocities. Stars that are featureless in

this region or emission line sources are excluded. We report 6 radial velocities in Table

5.3 We leave the radial velocity measurements of late-type stars to future work.
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Figure 5.2: Similar to Figure 5.1, with fields S3-1 and S3-2 shown.
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Figure 5.3: Similar to Figure 5.1, with field S3-3 shown.
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Figure 5.4: Similar to Figure 5.1, with fields S4-1 and S4-2 shown.
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Figure 5.5: Similar to Figure 5.1, with field S4-3 shown.
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Figure 5.6: Similar to Figure 5.1, with fields N5-1 and N5-2 shown.
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Figure 5.7: Similar to Figure 5.1, with field S4-3 shown.
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(Å

)
(Å
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(Å
)

(Å
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5.5 Discussion and Conclusion

The stars reported in these GCOWS fields lie perpendicular to the plane of the young,

clockwise disk (Lu et al. 2009). With these fields now observed, there is an opportunity

to compare this population young stars to those of the stellar disk. The coherent, or-

ganized structure and dynamics of the disk may suggest that the disk young stars are a

distinct population from these spectral typed young stars in this work. Further analysis

into the motions of these stars can help answer this question.

This work also compliments other works that have spectral typed stars at the Galac-

tic center, such as Feldmeier-Krause et al. (2017), who used the KMOS instrument on

the VLT. The high angular resolution of OSIRIS compliments the seeing-limited KMOS

data, which covers a large area of nuclear star cluster.

The OSIRIS fields S2-2, S2-3, S3-1, S3-2, and S3-3 cover the minispiral located

just south of the SMBH. This enables the gas dynamics to be explored in greater detail.

Integral fields spectrographs provide opportunities to study gas dynamics at the Galactic

center (e.g. Ciurlo et al. 2019), and this additional data can contribute to our knowledge

of the gas and interstellar medium.

This expansion of the GCOWS survey has provided additional coverage of 110

arcsec2 of adaptive optics fed spectroscopy coverage to the nuclear star cluster. The ad-

dition of 169 spectral typed stars increases our understanding of the stellar demograph-

ics and provides tremendous opportunities to further our knowledge of the regions’

dynamics and processes.
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CHAPTER 6

Conclusions

The development of spectroscopy behind adaptive optics has revolutionized our under-

standing of the Galactic center stellar population and environment. Spectroscopy led

to the discovery of young, massive stars within a parsec of the central black hole, rais-

ing questions about star formation and dynamics. Through continued observations, we

have learned more about the stellar demographics and have begun to search for spec-

troscopic binaries at the Galactic center. This thesis has expanded the depth of spectro-

scopic binary searches to an unprecedented level through a combination of continued

observations and improved methodologies for extracting and analyzing spectroscopy

data.

We presented the first search for spectroscopic binary stars among the Galactic cen-

ter S-stars in this thesis. We investigated S0-2, the most well-studied star of the S-star

cluster, and found no significant evidence of binarity. We also placed limits on the

hypothetical companion mass to be 1.6 M�, which is below current detection limits.

Using the same methodology as the S0-2 search but with improved spectral analysis

tools, we expand the spectroscopic binary search to 28 other stars closest to the black

hole. We found no significant periodic signals and placed limits on the intrinsic binary

fraction of the young stars near the SMBH.

We also present an expansion of integral field spectroscopy of stars at the Galactic

center. This data was taken over 6 years and reports the spectral types of 169 stars.

This study improves our understanding of stellar demographics and opens up incredible

potential for future studies of binarity and dynamics.

With continued observations over time, our sensitivity to binarity will improve. The
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field of spectroscopic binary searches at the Galactic center is rich with potential and

will play a pivotal role in understanding the stellar population and evolution of the

nuclear star cluster. The expansion of spectral coverage through integral field spec-

troscopy will also reveal more about the stellar demographics. This in turn will open

the opportunity for further spectroscopic binary searches.
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APPENDIX A

Appendix

A.1 Orbital Fit for S0-2 in Chu et al. (2018)

The model for S0-2’s long-term RV variation is based on a joint orbital fit of S0-2 and

S0-38. We used the same S0-2 and S0-38 astrometry1 and process as Boehle et al.

(2016), S0-38 RV from (Gillessen et al. 2017), but with the S0-2 RVs from Table 2.2.

It should also be noted that the impact of S0-38 is negligible for this S0-2 binary study.

The resulting orbital parameters are listed in Table A.1, with all results being consistent

with Boehle et al. (2016) within 1σ.

A.2 Lomb-Scargle Eccentricity Simulations

In this work, we used the Lomb-Scargle method to look for periodic signals in the S0-

2 data. The Lomb-Scargle method works best at detecting sinusoidal signals, which

corresponds to a circular binary system. However, as binaries become eccentric, their

radial velocity curve deviates more from a perfect sine wave. Although their curves are

periodic, their non-sinusoidal shapes could lead to reduced sensitivity using the Lomb-

Scargle periodogram.

We explored the method’s sensitivity to eccentricity by generating four sets of 100,000

simulated eccentric binary radial velocity curves. The first set of curves had e = 0, the

second set had e = 0.25, the third set had e = 0.5 and the fourth set had e = 0.9. All

1We do not report new astrometric measurements, as additional astrometric data is not expected to
significantly affect S0-2FLs RV curve.
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Table A.1. Results from Orbital Fit

Model Parameter (units) Parameter Value a

Black Hole Properties:
Distance (kpc) 7.93± 0.13± 0.04
Mass (106 M�) 4.03± 0.14± 0.04
X position of Sgr A* (mas) 2.17± 0.47± 1.90
Y position of Sgr A* (mas) −4.31± 0.60± 1.23
X velocity (mas yr−1) −0.11± 0.03± 0.13
Y velocity (mas yr−1) 0.67± 0.06± 0.22
Z velocity (km s−1) −9.99± 6.25± 4.28
S0-2 Properties:
Period (yr) 15.92± 0.04
Time of closest approach (yr) 2018.266± 0.04
Eccentricity 0.892± 0.002
Inclination (deg) 134.3± 0.3
Arguement of periapse (deg) 66.7± 0.5
Angle of the ascending node (deg) 228.0± 0.5
S0-38 Properties:
Period (yr) 19.20± 0.2
Time of closest approach (yr) 2003.1± 0.04
Eccentricity 0.811± 0.004
Inclination (deg) 170± 2
Arguement of periapse (deg) 194± 160
Angle of the ascending node (deg) 79± 24

aThe first error term for each best-fit value corresponds to
the statistical error determined by the orbital fit. For the black
hole parameters, the second error term corresponds to jack-
knife uncertainty from the reference frame, which were re-
ported in Boehle et al. (2016).
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Figure A.1: Left: Sample radial velocity curves with different eccentricities. Each curve has a period of
10 days, an amplitude of 30 km s−1and ω of 0 degrees. Right: Median Lomb-Scargle power values for
each set of 100,000 simulations run for the different eccentric curves.

curves had the same period of 10 days, amplitude of 30 km s−1, and ω of 0 degrees

(Figure A.1). These curves were also sampled at the same times as our data. We ran

each set of curves through the Lomb-Scargle analysis and took the median power values

for each period. The Lomb-Scargle method successfully identified the 10 day period in

the different sets of simulated curves. The median power values at the 10 days period

varied by less than 0.04 between the sets. While the periodogram changes slightly with

eccentricity, we find it is still a robust method to search for periodicity in the radial

velocity data.

A.3 Radial Velocity Measurements and Residuals For S-star Sam-

ple

We report here the radial velocity measurements for the stars used in the binary search

sample. All reported radial velocities are corrected for the local standard of rest, as

discussed in Chu et al. (2018); Do et al. (2019). S0-2’s radial velocity and residual were

originally reported in Do et al. (2019).
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Table A.2. S0-1 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2003.271 52739.23 -917.0 70.0 -6.01 VLT
2004.537 53201.64 -1000.0 70.0 24.34 VLT
2004.632 53236.34 -1015.0 35.0 16.66 VLT
2005.212 53448.18 -1066.0 140.0 6.64 VLT
2005.215 53449.28 -1070.0 70.0 2.83 VLT
2005.455 53536.94 -1058.0 140.0 29.85 VLT
2005.461 53539.13 -1100.0 70.0 -11.79 VLT
2005.503 53554.50 -1053.81 21.9 36.92 Kbb
2005.769 53651.63 -1086.0 175.0 19.86 VLT
2006.204 53810.51 -1109.0 88.0 18.73 VLT
2006.305 53847.40 -1190.0 175.0 -57.7 VLT
2006.494 53916.50 -1178.91 26.27 -38.55 Kn3
2006.497 53917.50 -1215.91 25.87 -75.44 Kn3
2006.624 53963.92 -1192.0 175.0 -46.49 VLT
2007.230 54185.26 -1180.0 175.0 -14.33 VLT
2007.550 54302.14 -1161.0 175.0 12.86 VLT
2008.262 54562.20 -1115.0 53.0 71.4 VLT
2008.372 54602.50 -1212.14 19.45 -24.44 Kn3
2009.342 54956.50 -1261.5 79.79 -69.22 Kn3
2009.342 54956.52 -1209.9 22.89 -17.62 Kn3
2009.344 54957.50 -1119.87 30.53 72.41 Kn3
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Table A.2 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2009.385 54972.37 -1087.0 123.0 105.23 VLT
2010.349 55324.53 -1110.77 53.83 75.4 Kn3
2010.354 55326.30 -1191.0 81.0 -4.88 VLT
2011.317 55678.03 -1149.0 123.0 23.08 VLT
2011.520 55752.33 -1085.33 56.64 82.96 Kn3
2012.210 56004.20 -1115.0 53.0 38.67 VLT
2012.494 56107.93 -1022.0 175.0 124.96 VLT
2012.513 56114.87 -1099.0 88.0 47.5 VLT
2012.555 56130.31 -1079.56 34.39 65.91 Kn3
2013.262 56388.45 -1035.0 44.0 92.11 VLT
2013.358 56423.53 -1054.43 25.73 70.04 Kbb
2013.655 56531.99 -1102.0 88.0 14.15 VLT
2013.726 56557.92 -975.0 105.0 139.13 VLT
2014.185 56725.57 -1093.0 88.0 7.69 VLT
2014.263 56754.06 -1120.0 88.0 -21.64 VLT
2014.502 56841.33 -1048.85 40.56 42.27 Kn3
2014.521 56848.30 -1053.0 44.0 37.54 VLT
2015.299 57132.46 -1021.0 53.0 45.25 VLT
2015.551 57224.35 -1011.97 44.15 46.23 Kn3
2016.284 57492.23 -1067.0 88.0 -32.61 VLT
2016.372 57524.51 -970.58 48.86 60.91 Kbb
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Table A.2 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2016.519 57578.06 -1003.0 70.0 23.67 VLT
2017.374 57890.52 -977.71 25.33 20.65 Kn3
2017.546 57953.33 -988.84 37.07 3.8 Kn3
2017.568 57961.32 -968.83 29.45 23.08 Kn3
2018.311 58232.57 -959.0 24.13 8.2 Kn3
2018.390 58261.50 -957.58 17.22 6.99 Kn3
2018.554 58321.33 -917.95 29.26 41.18 Kn3
2018.579 58330.32 -937.81 18.49 20.5 Kn3
2018.609 58341.31 -966.26 22.61 -8.95 Kn3

Table A.3. S0-3 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2004.535 53200.91 -553.0 50.0 62.07 VLT
2004.537 53201.64 -525.0 31.0 90.14 VLT
2004.632 53236.34 -595.0 44.0 23.75 VLT
2005.158 53428.46 -676.0 100.0 -37.35 VLT
2005.212 53448.18 -618.0 62.0 22.68 VLT
2005.215 53449.28 -605.0 50.0 35.79 VLT
2005.455 53536.94 -622.0 75.0 27.79 VLT
2005.461 53539.13 -665.0 50.0 -14.98 VLT
2005.769 53651.63 -692.0 62.0 -30.49 VLT
2006.204 53810.51 -660.0 62.0 17.63 VLT
2006.305 53847.40 -712.0 87.0 -30.64 VLT
2006.497 53917.50 -709.35 18.75 -20.93 Kn3
2006.624 53963.92 -727.0 87.0 -33.93 VLT
2007.230 54185.26 -783.0 125.0 -67.87 VLT
2007.304 54212.29 -853.0 125.0 -135.19 VLT
2007.673 54347.06 -853.0 87.0 -121.92 VLT
2008.262 54562.20 -745.0 50.0 7.02 VLT
2008.372 54602.52 -804.0 25.11 -48.08 Kn3
2008.563 54672.28 -782.88 33.64 -20.25 Kn3
2009.342 54956.50 -846.86 35.79 -57.26 Kn3
2009.344 54957.50 -803.31 26.26 -13.61 Kn3
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Table A.3 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2009.385 54972.37 -786.0 75.0 5.09 VLT
2010.349 55324.50 -825.73 24.91 -2.14 Kn3
2010.354 55326.30 -860.0 59.0 -36.25 VLT
2011.317 55678.03 -918.0 87.0 -62.92 VLT
2011.567 55769.35 -864.0 37.0 -0.99 VLT
2012.210 56004.20 -850.0 37.0 33.0 VLT
2012.342 56052.42 -851.0 37.0 36.03 VLT
2012.444 56089.49 -885.45 28.02 4.65 Kn3
2012.494 56107.93 -888.0 37.0 3.62 VLT
2012.513 56114.87 -814.0 62.0 78.19 VLT
2012.613 56151.31 -896.41 28.29 -1.23 Kn3
2012.616 56152.33 -884.77 27.45 10.5 Kn3
2012.705 56185.00 -926.0 62.0 -28.07 VLT
2013.262 56388.45 -902.0 25.0 12.2 VLT
2013.366 56426.50 -907.03 20.46 10.14 Kn3
2013.372 56428.53 -872.39 29.11 44.94 Kn3
2013.374 56429.49 -887.62 20.69 29.78 Kn3
2013.568 56500.31 -975.47 19.97 -52.57 Kn3
2013.607 56514.29 -952.39 36.85 -28.42 Kn3
2013.609 56515.32 -1020.73 51.21 -96.68 Kn3
2013.655 56531.99 -957.0 62.0 -31.68 VLT
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Table A.3 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2013.726 56557.92 -1003.0 37.0 -75.7 VLT
2014.185 56725.57 -892.0 37.0 47.81 VLT
2014.263 56754.06 -910.0 37.0 31.89 VLT
2014.376 56795.51 -958.61 32.26 -13.72 Kn3
2014.379 56796.51 -948.3 21.43 -3.34 Kn3
2014.502 56841.33 -1020.26 24.12 -72.09 Kn3
2014.521 56848.30 -926.0 25.0 22.67 VLT
2015.299 57132.46 -939.0 37.0 29.11 VLT
2015.551 57224.35 -977.37 38.78 -3.32 Kn3
2016.284 57492.23 -1015.0 50.0 -24.77 VLT
2016.519 57578.06 -950.0 37.0 45.06 VLT
2016.525 57580.35 -993.52 17.16 1.66 Kbb
2017.617 57979.29 -1033.11 14.65 -18.26 Kn3
2018.390 58261.50 -1002.62 17.7 23.06 Kn3
2018.554 58321.33 -1029.74 16.85 -2.14 Kn3
2018.579 58330.32 -1038.54 19.77 -10.66 Kn3
2018.609 58341.31 -1058.5 17.55 -30.29 Kn3
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Table A.4. S0-5 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2004.537 53201.64 632.0 115.0 48.2 VLT
2004.632 53236.34 610.0 165.0 23.84 VLT
2005.461 53539.13 604.0 132.0 -2.22 VLT
2005.503 53554.50 631.16 17.93 23.95 Kbb
2005.769 53651.63 571.0 82.0 -42.39 VLT
2006.204 53810.51 649.0 82.0 25.75 VLT
2006.494 53916.50 680.22 46.01 50.58 Kn3
2006.624 53963.92 567.0 165.0 -65.46 VLT
2007.230 54185.26 390.0 165.0 -255.3 VLT
2007.550 54302.14 786.0 165.0 134.18 VLT
2008.262 54562.20 670.0 115.0 4.29 VLT
2008.372 54602.50 652.56 43.37 -15.22 Kn3
2008.563 54672.28 699.23 29.61 27.92 Kn3
2009.342 54956.50 657.47 43.28 -27.57 Kn3
2010.354 55326.30 693.0 105.0 -8.16 VLT
2011.317 55678.03 689.0 165.0 -25.51 VLT
2011.520 55752.35 703.78 56.64 -13.26 Kn3
2012.494 56107.93 732.0 165.0 4.25 VLT
2012.513 56114.87 798.0 165.0 70.07 VLT
2013.262 56388.45 728.0 99.0 -6.36 VLT
2013.366 56426.54 748.98 25.21 13.85 Kn3
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Table A.4 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2013.607 56514.29 757.23 23.83 20.5 Kn3
2013.655 56531.99 679.0 82.0 -58.03 VLT
2013.726 56557.92 675.0 99.0 -62.44 VLT
2014.185 56725.57 756.0 82.0 16.24 VLT
2014.263 56754.06 801.0 66.0 60.94 VLT
2014.379 56796.51 762.06 30.47 21.57 Kn3
2014.390 56800.53 729.34 53.84 -11.19 Kn3
2014.502 56841.33 757.36 29.36 16.47 Kn3
2014.521 56848.30 746.0 41.0 5.05 VLT
2015.299 57132.46 740.0 49.0 -1.88 VLT
2015.551 57224.35 687.61 55.3 -53.97 Kn3
2016.284 57492.23 805.0 99.0 66.26 VLT
2016.519 57578.06 660.0 66.0 -77.15 VLT
2017.374 57890.52 691.96 19.22 -36.18 Kn3
2017.377 57891.51 742.3 46.77 14.2 Kn3
2017.546 57953.33 687.86 94.38 -37.79 Kn3
2017.568 57961.32 711.28 22.06 -14.03 Kn3
2018.390 58261.50 680.84 22.29 -28.55 Kn3
2018.554 58321.34 691.08 23.23 -14.29 Kn3
2018.579 58330.31 707.58 18.71 2.83 Kn3
2018.609 58341.30 634.54 35.5 -69.42 Kn3
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Table A.4 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

Table A.5. S0-7 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2006.494 53916.50 71.62 72.65 -33.66 Kn3
2010.341 55321.50 268.79 46.66 163.51 Kn3
2010.349 55324.50 173.21 25.67 67.93 Kn3
2011.520 55752.33 192.81 42.2 87.53 Kn3
2012.616 56152.33 210.73 30.93 105.45 Kn3
2013.366 56426.50 83.33 32.6 -21.95 Kn3
2013.372 56428.54 19.22 32.6 -86.06 Kn3
2013.568 56500.31 90.59 21.95 -14.69 Kn3
2013.607 56514.29 190.91 28.06 85.63 Kn3
2013.609 56515.32 75.82 33.8 -29.46 Kn3
2013.615 56517.31 109.57 28.12 4.29 Kn3
2014.376 56795.51 88.82 49.02 -16.46 Kn3
2014.379 56796.52 38.95 19.67 -66.33 Kn3
2014.502 56841.33 126.88 21.99 21.6 Kn3
2015.551 57224.35 156.97 63.99 51.69 Kn3
2016.525 57580.36 92.58 35.04 -12.7 Kbb
2017.374 57890.53 77.96 30.49 -27.32 Kn3
2017.546 57953.33 84.61 26.86 -20.67 Kn3
2017.568 57961.33 33.97 35.96 -71.31 Kn3
2017.618 57979.30 114.92 22.74 9.64 Kn3
2018.390 58261.50 88.01 27.17 -17.27 Kn3
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Table A.5 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2018.554 58321.34 95.7 20.46 -9.58 Kn3
2018.609 58341.30 96.94 23.33 -8.34 Kn3

Table A.6. S0-9 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2005.503 53554.50 135.34 20.5 20.87 Kbb
2008.563 54672.28 100.02 30.65 -14.45 Kn3
2009.342 54956.50 68.17 43.52 -46.3 Kn3
2010.341 55321.50 193.61 57.35 79.14 Kn3
2010.349 55324.50 162.77 39.03 48.3 Kn3
2011.520 55752.33 49.77 31.57 -64.7 Kn3
2011.545 55761.30 130.54 60.78 16.07 Kn3
2012.555 56130.31 161.89 38.86 47.42 Kn3
2013.366 56426.50 92.39 28.19 -22.08 Kn3
2013.563 56498.32 89.45 47.32 -25.02 Kn3
2013.566 56499.34 103.04 50.34 -11.43 Kn3
2013.568 56500.31 79.21 27.07 -35.26 Kn3
2013.607 56514.29 177.23 27.43 62.76 Kn3
2013.609 56515.31 142.8 37.94 28.33 Kn3
2013.615 56517.31 89.63 49.0 -24.84 Kn3
2014.374 56794.51 136.44 41.8 21.97 Kn3
2014.376 56795.51 116.73 30.38 2.26 Kn3
2014.379 56796.51 115.66 18.16 1.19 Kn3
2014.387 56799.53 127.17 44.51 12.7 Kn3
2014.390 56800.53 15.41 40.22 -99.06 Kn3
2014.502 56841.33 65.55 35.55 -48.92 Kn3
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Table A.6 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2015.551 57224.35 96.38 26.22 -18.09 Kn3
2017.374 57890.52 106.63 20.99 -7.84 Kn3
2017.377 57891.51 95.13 54.75 -19.34 Kn3
2017.380 57892.50 109.75 61.34 -4.72 Kn3
2017.568 57961.33 76.68 18.56 -37.79 Kn3
2017.617 57979.29 85.19 11.7 -29.28 Kn3
2018.207 58194.64 270.72 59.32 156.25 Kn3
2018.311 58232.57 138.8 123.7 24.33 Kn3
2018.390 58261.49 159.79 21.32 45.32 Kn3
2018.554 58321.33 135.48 15.74 21.01 Kn3
2018.579 58330.33 175.5 27.51 61.03 Kn3
2018.609 58341.32 198.56 28.79 84.09 Kn3

130



Table A.7. S0-11 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2006.494 53916.50 -59.2 29.39 -37.03 Kn3
2008.563 54672.28 -17.99 29.78 4.18 Kn3
2009.342 54956.50 10.27 44.73 32.44 Kn3
2010.341 55321.50 120.64 52.16 142.81 Kn3
2010.349 55324.50 -14.52 32.48 7.65 Kn3
2011.520 55752.33 21.55 42.55 43.72 Kn3
2012.444 56089.50 -81.11 84.78 -58.94 Kn3
2012.613 56151.31 -17.09 27.76 5.08 Kn3
2012.616 56152.33 -125.5 141.82 -103.33 Kn3
2013.358 56423.53 -21.44 23.37 0.73 Kbb
2013.568 56500.31 -34.88 14.09 -12.71 Kn3
2013.607 56514.29 -65.28 38.24 -43.11 Kn3
2013.609 56515.31 -0.47 62.21 21.7 Kn3
2013.615 56517.31 1.21 48.68 23.38 Kn3
2014.376 56795.51 -57.45 93.9 -35.28 Kn3
2014.379 56796.52 -34.83 36.22 -12.66 Kn3
2014.502 56841.33 -44.56 30.48 -22.39 Kn3
2015.551 57224.35 -79.15 25.14 -56.98 Kn3
2016.525 57580.36 -8.35 9.27 13.82 Kbb
2017.374 57890.52 3.71 23.72 25.88 Kn3
2017.546 57953.34 -3.68 20.12 18.49 Kn3
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Table A.7 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2017.568 57961.33 -21.72 31.71 0.45 Kn3
2017.617 57979.29 -19.14 17.1 3.03 Kn3
2018.207 58194.64 -32.23 50.83 -10.06 Kn3
2018.311 58232.57 -70.37 80.12 -48.2 Kn3
2018.390 58261.50 -52.1 33.81 -29.93 Kn3
2018.554 58321.33 -101.53 21.28 -79.36 Kn3
2018.609 58341.31 -5.61 12.94 16.56 Kn3

Table A.8. S0-14 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2006.461 53904.50 -81.94 23.77 -50.58 Kn3
2006.497 53917.50 -46.78 16.08 -15.42 Kn3
2007.384 54241.50 -4.51 20.05 26.85 Kn3
2007.545 54300.29 -21.84 18.16 9.52 Kn3
2008.372 54602.50 -48.53 14.32 -17.17 Kn3
2008.563 54672.28 -18.0 15.03 13.36 Kn3
2009.342 54956.50 -23.44 14.17 7.92 Kn3
2009.344 54957.50 -50.37 16.79 -19.01 Kn3
2010.341 55321.50 40.45 21.81 71.81 Kn3
2010.349 55324.53 0.51 17.94 31.87 Kn3
2011.520 55752.33 -58.99 17.9 -27.63 Kn3
2011.545 55761.32 -29.06 24.74 2.3 Kn3
2012.555 56130.31 -30.03 18.33 1.33 Kn3
2013.366 56426.50 -43.05 19.38 -11.69 Kn3
2013.563 56498.32 -28.11 18.23 3.25 Kn3
2013.566 56499.34 -20.11 24.08 11.25 Kn3
2013.568 56500.31 -36.82 16.3 -5.46 Kn3
2013.607 56514.28 -9.79 27.01 21.57 Kn3
2013.609 56515.31 -63.57 27.14 -32.21 Kn3
2013.615 56517.30 -26.2 19.12 5.16 Kn3
2014.374 56794.52 -50.5 19.73 -19.14 Kn3
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Table A.8 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2014.376 56795.51 -19.41 14.02 11.95 Kn3
2014.379 56796.51 -31.23 15.24 0.13 Kn3
2014.387 56799.52 -36.95 35.67 -5.59 Kn3
2014.390 56800.53 1.65 35.77 33.01 Kn3
2014.502 56841.33 -11.36 14.63 20.0 Kn3
2015.338 57146.55 -40.43 32.27 -9.07 Kn3
2015.551 57224.35 -18.03 17.45 13.33 Kn3
2017.374 57890.51 -49.65 13.03 -18.29 Kn3
2017.377 57891.50 -37.99 14.49 -6.63 Kn3
2017.380 57892.50 -51.31 18.59 -19.95 Kn3
2017.568 57961.31 -27.66 14.3 3.7 Kn3
2017.617 57979.29 -33.71 13.53 -2.35 Kn3
2018.207 58194.64 -17.11 23.4 14.25 Kn3
2018.311 58232.57 -35.01 22.63 -3.65 Kn3
2018.363 58251.52 -15.65 19.66 15.71 NIFS
2018.390 58261.47 -32.52 16.78 -1.16 Kn3
2018.426 58274.45 -98.74 136.22 -67.38 Kn3
2018.554 58321.32 -45.37 14.67 -14.01 Kn3
2018.579 58330.32 -31.29 15.03 0.07 Kn3
2018.609 58341.31 -30.43 51.43 0.93 Kn3
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Table A.9. S0-15 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2006.461 53904.50 -738.47 35.56 -185.96 Kn3
2007.545 54300.29 -541.1 28.94 11.41 Kn3
2008.372 54602.50 -615.19 30.43 -62.68 Kn3
2008.563 54672.28 -632.63 36.23 -80.12 Kn3
2009.342 54956.50 -558.07 25.53 -5.56 Kn3
2009.344 54957.50 -593.78 21.78 -41.27 Kn3
2010.341 55321.50 -466.72 66.45 85.79 Kn3
2010.349 55324.53 -633.45 36.97 -80.94 Kn3
2011.520 55752.33 -582.97 24.09 -30.46 Kn3
2013.358 56423.54 -550.18 25.24 2.33 Kbb
2013.366 56426.50 -565.08 31.78 -12.57 Kn3
2013.563 56498.33 -561.36 47.25 -8.85 Kn3
2013.568 56500.31 -565.92 21.63 -13.41 Kn3
2013.607 56514.29 -610.92 34.52 -58.41 Kn3
2013.609 56515.31 -501.86 34.14 50.65 Kn3
2013.615 56517.31 -511.33 26.88 41.18 Kn3
2014.374 56794.51 -622.77 31.84 -70.26 Kn3
2014.376 56795.50 -553.31 34.76 -0.8 Kn3
2014.379 56796.51 -526.18 33.35 26.33 Kn3
2014.387 56799.52 -552.82 38.38 -0.31 Kn3
2014.390 56800.54 -482.97 53.36 69.54 Kn3

134



Table A.9 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2015.338 57146.55 -565.29 37.7 -12.78 Kn3
2015.551 57224.35 -614.41 31.97 -61.9 Kn3
2017.374 57890.53 -535.26 18.5 17.25 Kn3
2017.377 57891.50 -516.31 19.86 36.2 Kn3
2017.568 57961.32 -529.54 18.29 22.97 Kn3
2017.618 57979.30 -520.26 20.91 32.25 Kn3
2018.311 58232.57 -471.43 37.31 81.08 Kn3
2018.390 58261.50 -523.68 16.84 28.83 Kn3
2018.579 58330.31 -548.26 26.32 4.25 Kn3
2018.609 58341.31 -522.93 19.13 29.58 Kn3

Table A.10. S0-16 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2004.537 53201.64 735.0 172.0 62.69 VLT
2004.632 53236.34 765.0 259.0 102.95 VLT
2005.461 53539.13 549.0 172.0 -34.32 VLT
2005.769 53651.63 605.0 216.0 46.9 VLT
2006.204 53810.51 471.0 216.0 -54.38 VLT
2007.673 54347.06 370.0 216.0 -63.83 VLT
2008.262 54562.20 324.0 194.0 -79.21 VLT
2009.385 54972.37 293.0 172.0 -58.72 VLT
2010.354 55326.30 205.0 194.0 -107.98 VLT
2011.520 55752.33 138.72 27.75 -132.9 Kn3
2012.555 56130.31 225.55 41.53 -13.21 Kn3
2012.616 56152.33 211.83 27.44 -25.11 Kn3
2013.568 56500.31 178.21 22.51 -31.14 Kn3
2014.263 56754.06 262.0 151.0 71.49 VLT
2015.299 57132.46 241.0 108.0 76.88 VLT
2015.551 57224.35 126.92 34.39 -31.07 Kn3
2016.284 57492.23 131.0 129.0 -9.66 VLT
2016.525 57580.35 110.88 23.65 -24.24 Kbb
2017.374 57890.52 138.12 15.32 21.89 Kn3
2017.568 57961.32 162.75 43.29 50.71 Kn3
2017.617 57979.29 133.93 20.8 22.94 Kn3
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Table A.10 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2018.554 58321.33 169.11 22.67 77.74 Kn3
2018.579 58330.31 199.77 24.91 108.91 Kn3
2018.609 58341.31 115.1 29.46 24.85 Kn3

Table A.11. S0-19 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2003.271 52739.23 330.0 237.0 -50.91 VLT
2004.537 53201.64 330.0 118.0 11.98 VLT
2004.632 53236.34 315.0 118.0 1.23 VLT
2005.215 53449.28 285.0 237.0 -3.82 VLT
2005.461 53539.13 330.0 189.0 51.16 VLT
2005.769 53651.63 310.0 237.0 43.2 VLT
2006.204 53810.51 349.0 118.0 98.49 VLT
2006.305 53847.40 315.0 237.0 68.15 VLT
2006.624 53963.92 279.0 237.0 43.44 VLT
2007.230 54185.26 282.0 237.0 66.88 VLT
2007.550 54302.14 319.0 237.0 114.15 VLT
2007.673 54347.06 298.0 237.0 97.02 VLT
2008.262 54562.20 243.0 272.0 59.88 VLT
2009.385 54972.37 293.0 237.0 141.47 VLT
2010.354 55326.30 104.0 144.0 -22.53 VLT
2011.317 55678.03 143.0 118.0 39.6 VLT
2012.210 56004.20 131.0 118.0 47.74 VLT
2012.342 56052.42 110.0 71.0 29.62 VLT
2012.494 56107.93 55.0 71.0 -22.09 VLT
2012.513 56114.87 70.0 118.0 -6.68 VLT
2012.616 56152.33 83.33 31.08 8.85 Kn3
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Table A.11 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2012.705 56185.00 84.0 118.0 11.43 VLT
2013.262 56388.45 42.0 71.0 -18.94 VLT
2013.366 56426.50 42.61 15.82 -16.19 Kn3
2013.374 56429.49 58.79 32.2 0.16 Kn3
2013.568 56500.32 66.82 20.99 12.13 Kn3
2013.607 56514.29 50.58 26.2 -3.33 Kn3
2013.609 56515.31 -47.86 34.66 -101.72 Kn3
2013.615 56517.31 30.56 22.38 -23.19 Kn3
2013.655 56531.99 -35.0 166.0 -87.94 VLT
2014.263 56754.06 26.0 95.0 -14.88 VLT
2014.502 56841.33 31.31 30.78 -4.94 Kn3
2014.521 56848.30 58.0 142.0 22.12 VLT
2015.299 57132.46 89.0 118.0 67.8 VLT
2015.551 57224.35 2.12 35.83 -14.44 Kn3
2016.284 57492.23 -90.0 142.0 -93.35 VLT
2016.525 57580.36 49.15 20.86 50.05 Kbb
2017.617 57979.29 64.9 36.57 84.55 Kn3
2018.554 58321.33 32.93 43.87 68.06 Kn3
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Table A.12. S0-20 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2004.535 53200.91 -409.0 236.0 54.28 VLT
2004.537 53201.64 -328.0 182.0 134.91 VLT
2004.632 53236.34 -302.0 254.0 143.28 VLT
2005.215 53449.28 -260.0 214.0 69.54 VLT
2005.461 53539.13 -124.0 375.0 154.04 VLT
2006.204 53810.51 -56.0 246.0 64.85 VLT
2008.262 54562.20 351.0 325.0 110.01 VLT
2008.372 54602.51 261.15 27.69 5.57 Kn3
2009.385 54972.37 369.0 260.0 2.81 VLT
2010.354 55326.30 432.0 299.0 -5.83 VLT
2011.317 55678.03 396.0 357.0 -87.64 VLT
2012.210 56004.20 474.0 130.0 -35.02 VLT
2012.494 56107.93 597.0 227.0 82.66 VLT
2012.513 56114.87 602.0 227.0 87.34 VLT
2012.705 56185.00 594.0 227.0 76.41 VLT
2013.262 56388.45 543.0 130.0 19.49 VLT
2013.655 56531.99 594.0 227.0 68.39 VLT
2013.726 56557.92 499.0 195.0 -26.83 VLT
2014.263 56754.06 482.0 195.0 -44.06 VLT
2014.521 56848.30 492.0 146.0 -33.32 VLT
2015.299 57132.46 557.0 195.0 36.63 VLT
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Table A.12 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2015.551 57224.35 439.46 45.21 -78.55 Kn3
2016.284 57492.23 492.0 162.0 -17.27 VLT
2016.519 57578.06 310.0 227.0 -195.96 VLT
2016.525 57580.36 432.07 45.21 -73.8 Kbb
2017.374 57890.51 487.77 42.73 -4.38 Kn3
2017.546 57953.31 393.21 72.89 -95.88 Kn3
2017.617 57979.29 460.67 27.85 -27.13 Kn3
2018.311 58232.57 484.01 42.47 9.6 Kn3
2018.390 58261.50 483.17 39.64 10.36 Kn3
2018.554 58321.33 359.35 89.31 -110.08 Kn3
2018.579 58330.30 351.06 53.36 -117.87 Kn3
2019.357 58614.54 324.76 36.07 -127.3 Kn3

Table A.13. S0-31 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2006.497 53917.50 -131.74 29.68 -12.87 Kn3
2008.372 54602.50 -92.07 20.19 26.8 Kn3
2009.342 54956.50 -116.09 92.47 2.78 Kn3
2013.366 56426.50 -176.69 32.75 -57.82 Kn3
2013.568 56500.33 -90.08 20.44 28.79 Kn3
2014.379 56796.51 -201.5 44.66 -82.63 Kn3
2014.502 56841.33 -154.73 53.89 -35.86 Kn3
2015.551 57224.35 -74.39 44.52 44.48 Kn3
2017.617 57979.29 -177.62 40.9 -58.75 Kn3
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Table A.14. S1-8 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2006.461 53904.50 56.87 47.92 168.83 Kn3
2006.497 53917.50 -82.78 29.37 29.18 Kn3
2008.372 54602.50 -142.74 27.29 -30.78 Kn3
2008.563 54672.28 -121.41 30.01 -9.45 Kn3
2009.342 54956.50 -180.77 32.72 -68.81 Kn3
2010.341 55321.50 -89.26 50.74 22.7 Kn3
2010.349 55324.50 -100.17 37.22 11.79 Kn3
2011.520 55752.33 -130.79 33.25 -18.83 Kn3
2013.366 56426.50 -138.41 18.17 -26.45 Kn3
2014.376 56795.52 -128.51 47.57 -16.55 Kn3
2014.379 56796.52 -143.64 54.11 -31.68 Kn3
2014.502 56841.33 -115.66 20.82 -3.7 Kn3
2015.551 57224.35 -85.09 27.95 26.87 Kn3
2017.374 57890.51 -110.85 34.99 1.11 Kn3
2017.568 57961.31 -163.89 38.45 -51.93 Kn3
2017.617 57979.29 -80.38 16.57 31.58 Kn3
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Table A.15. S1-33 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2006.461 53904.50 43.52 23.23 17.27 Kn3
2006.497 53917.50 -29.34 35.01 -55.59 Kn3
2008.563 54672.28 8.81 19.61 -17.44 Kn3
2009.342 54956.50 15.3 14.17 -10.95 Kn3
2010.349 55324.50 22.14 61.99 -4.11 Kn3
2011.520 55752.33 41.59 24.45 15.34 Kn3
2013.366 56426.50 33.34 85.3 7.09 Kn3
2014.376 56795.50 17.08 23.59 -9.17 Kn3
2014.379 56796.51 63.94 59.26 37.69 Kn3
2014.502 56841.33 71.59 57.54 45.34 Kn3
2015.551 57224.35 13.77 20.75 -12.48 Kn3
2017.377 57891.50 56.79 44.42 30.54 Kn3
2017.380 57892.50 60.3 28.58 34.05 Kn3
2017.617 57979.29 119.0 53.06 92.75 Kn3
2018.390 58261.47 44.91 31.66 18.66 Kn3
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Table A.16. S0-6 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2005.503 53554.50 84.99 2.34 1.86 Kbb
2006.461 53904.50 83.54 2.89 -0.38 Kn3
2006.494 53916.50 84.42 3.52 0.47 Kn3
2007.545 54300.29 91.36 5.04 6.54 Kn3
2008.372 54602.50 81.62 3.0 -3.89 Kn3
2008.563 54672.28 80.09 3.06 -5.57 Kn3
2009.342 54956.50 90.25 2.95 3.94 Kn3
2009.344 54957.50 91.23 2.67 4.92 Kn3
2010.349 55324.53 95.22 3.58 8.08 Kn3
2011.520 55752.33 85.03 2.85 -3.08 Kn3
2011.545 55761.31 86.59 5.37 -1.54 Kn3
2012.444 56089.50 78.18 8.33 -10.7 Kn3
2012.555 56130.31 81.57 4.4 -7.4 Kn3
2012.613 56151.31 89.83 2.81 0.81 Kn3
2012.616 56152.34 94.26 4.36 5.24 Kn3
2013.358 56423.52 88.61 2.37 -1.02 Kbb
2013.366 56426.50 90.07 3.25 0.43 Kn3
2013.372 56428.54 94.37 2.55 4.72 Kn3
2013.374 56429.47 93.18 3.74 3.53 Kn3
2013.563 56498.32 86.37 3.13 -3.43 Kn3
2013.566 56499.34 88.65 4.99 -1.16 Kn3
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Table A.16 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2013.568 56500.31 86.8 2.66 -3.01 Kn3
2013.607 56514.29 86.44 3.25 -3.4 Kn3
2013.609 56515.31 86.0 3.0 -3.84 Kn3
2013.615 56517.31 87.9 3.05 -1.95 Kn3
2014.374 56794.52 87.82 2.47 -2.66 Kn3
2014.376 56795.51 88.13 2.69 -2.35 Kn3
2014.379 56796.51 88.29 2.93 -2.19 Kn3
2014.387 56799.53 87.02 2.92 -3.47 Kn3
2014.390 56800.53 88.58 2.8 -1.91 Kn3
2014.502 56841.33 92.66 2.5 2.08 Kn3
2015.551 57224.35 83.45 2.92 -8.0 Kn3
2016.367 57522.53 95.01 2.08 2.88 Kbb
2016.369 57523.30 94.23 2.13 2.1 Kbb
2016.372 57524.50 95.44 2.13 3.31 Kbb
2017.374 57890.52 93.06 2.23 0.1 Kn3
2017.380 57892.51 92.46 2.5 -0.5 Kn3
2017.546 57953.33 93.16 2.86 0.06 Kn3
2017.568 57961.32 93.94 2.53 0.82 Kn3
2018.207 58194.64 93.65 3.72 0.0 Kn3
2018.363 58251.52 104.7 3.09 10.92 NIFS
2018.387 58260.50 100.33 2.86 6.53 NIFS
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Table A.16 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2018.390 58261.50 91.64 2.46 -2.16 Kn3
2018.426 58274.47 90.82 4.08 -3.01 Kn3
2018.554 58321.33 93.14 2.47 -0.8 Kn3
2018.579 58330.32 92.5 2.61 -1.46 Kn3
2018.609 58341.31 90.65 2.52 -3.33 Kn3

Table A.17. S0-12 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2006.461 53904.50 -38.32 6.53 0.94 Kn3
2006.494 53916.50 -39.76 5.43 -0.5 Kn3
2007.384 54241.50 -27.56 7.32 11.7 Kn3
2007.545 54300.29 -35.89 4.23 3.37 Kn3
2008.372 54602.50 -41.02 3.0 -1.76 Kn3
2008.563 54672.28 -44.38 3.62 -5.12 Kn3
2009.342 54956.50 -40.13 4.66 -0.87 Kn3
2009.344 54957.50 -40.21 3.15 -0.95 Kn3
2010.349 55324.50 -42.95 3.02 -3.69 Kn3
2011.520 55752.33 -41.24 4.39 -1.98 Kn3
2011.545 55761.31 -47.16 5.37 -7.9 Kn3
2012.555 56130.31 -37.18 4.02 2.08 Kn3
2012.616 56152.33 -24.12 5.37 15.14 Kn3
2013.358 56423.53 -39.61 2.25 -0.35 Kbb
2013.361 56424.53 -42.23 2.09 -2.97 Kbb
2013.364 56425.53 -39.95 2.22 -0.69 Kbb
2013.366 56426.50 -41.14 2.76 -1.88 Kn3
2013.372 56428.55 -31.37 3.54 7.89 Kn3
2013.374 56429.49 -33.37 3.55 5.89 Kn3
2013.563 56498.32 -39.99 3.45 -0.73 Kn3
2013.566 56499.34 -38.18 5.01 1.08 Kn3
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Table A.17 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2013.568 56500.31 -37.77 3.2 1.49 Kn3
2013.607 56514.29 -42.99 2.66 -3.73 Kn3
2013.609 56515.31 -44.31 2.95 -5.05 Kn3
2013.615 56517.29 -43.49 3.04 -4.23 Kn3
2014.374 56794.52 -43.22 4.9 -3.96 Kn3
2014.376 56795.51 -46.91 2.72 -7.65 Kn3
2014.379 56796.51 -38.02 2.89 1.24 Kn3
2014.387 56799.52 -40.06 3.37 -0.8 Kn3
2014.390 56800.53 -41.46 3.88 -2.2 Kn3
2014.502 56841.33 -42.28 2.98 -3.02 Kn3
2015.338 57146.55 -44.71 4.69 -5.45 Kn3
2015.551 57224.35 -49.58 2.51 -10.32 Kn3
2016.528 57581.33 -38.76 2.27 0.5 Kbb
2017.374 57890.51 -35.66 2.89 3.6 Kn3
2017.377 57891.50 -37.26 3.19 2.0 Kn3
2017.380 57892.50 -39.73 3.07 -0.47 Kn3
2017.568 57961.32 -32.66 2.85 6.6 Kn3
2017.617 57979.29 -36.7 2.96 2.56 Kn3
2018.207 58194.64 -37.4 3.91 1.86 Kn3
2018.311 58232.57 -37.91 3.68 1.35 Kn3
2018.363 58251.52 -32.65 2.93 6.61 NIFS
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Table A.17 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2018.387 58260.50 -30.11 2.74 9.15 NIFS
2018.390 58261.49 -38.75 2.51 0.51 Kn3
2018.426 58274.45 -41.06 6.33 -1.8 Kn3
2018.554 58321.33 -36.93 2.33 2.33 Kn3
2018.579 58330.32 -34.02 2.3 5.24 Kn3
2018.609 58341.31 -39.53 2.2 -0.27 Kn3

Table A.18. S0-13 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2006.461 53904.50 -50.56 2.86 -5.45 Kn3
2006.494 53916.50 -44.73 2.88 0.38 Kn3
2006.497 53917.50 -46.13 2.58 -1.02 Kn3
2007.384 54241.50 -38.4 5.83 6.71 Kn3
2008.372 54602.50 -46.52 3.46 -1.41 Kn3
2008.563 54672.28 -57.29 3.48 -12.18 Kn3
2009.342 54956.50 -49.79 3.19 -4.68 Kn3
2009.344 54957.50 -40.54 3.0 4.57 Kn3
2010.349 55324.53 -48.08 3.53 -2.97 Kn3
2011.520 55752.33 -46.49 5.23 -1.38 Kn3
2011.545 55761.31 -47.16 4.52 -2.05 Kn3
2012.443 56089.48 -48.16 3.48 -3.05 Kn3
2012.555 56130.31 -35.44 4.03 9.67 Kn3
2012.613 56151.31 -44.56 3.96 0.55 Kn3
2013.358 56423.53 -48.3 2.15 -3.19 Kbb
2013.361 56424.53 -49.71 2.08 -4.6 Kbb
2013.364 56425.53 -48.58 2.1 -3.47 Kbb
2013.366 56426.50 -49.38 2.74 -4.27 Kn3
2013.372 56428.50 -42.45 3.2 2.66 Kn3
2013.563 56498.33 -45.67 3.03 -0.56 Kn3
2013.566 56499.35 -48.09 2.89 -2.98 Kn3
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Table A.18 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2013.568 56500.32 -48.05 2.43 -2.94 Kn3
2013.607 56514.29 -45.86 2.52 -0.75 Kn3
2013.609 56515.32 -46.76 3.01 -1.65 Kn3
2013.615 56517.31 -45.65 3.07 -0.54 Kn3
2014.374 56794.52 -45.34 2.67 -0.23 Kn3
2014.376 56795.51 -47.07 3.43 -1.96 Kn3
2014.379 56796.51 -38.17 2.9 6.94 Kn3
2014.388 56799.54 -51.3 2.94 -6.19 Kn3
2014.390 56800.53 -45.28 3.1 -0.17 Kn3
2014.502 56841.33 -44.57 3.66 0.54 Kn3
2015.338 57146.56 -43.8 2.65 1.31 Kn3
2015.551 57224.35 -54.13 3.3 -9.02 Kn3
2017.374 57890.52 -41.9 2.58 3.21 Kn3
2017.377 57891.52 -40.39 2.43 4.72 Kn3
2017.380 57892.51 -41.75 2.55 3.36 Kn3
2017.546 57953.33 -44.89 2.81 0.22 Kn3
2017.568 57961.32 -43.22 2.38 1.89 Kn3
2017.617 57979.29 -44.01 2.44 1.1 Kn3
2018.207 58194.64 -33.45 3.26 11.66 Kn3
2018.311 58232.57 -48.15 2.48 -3.04 Kn3
2018.363 58251.52 -38.65 3.15 6.46 NIFS
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Table A.18 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2018.387 58260.50 -36.02 3.29 9.09 NIFS
2018.390 58261.50 -42.93 2.23 2.18 Kn3
2018.426 58274.48 -43.16 2.73 1.95 Kn3
2018.554 58321.34 -41.82 2.31 3.29 Kn3
2018.579 58330.32 -42.51 2.17 2.6 Kn3
2018.609 58341.31 -43.99 2.31 1.12 Kn3

Table A.19. S0-17 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2003.271 52739.23 864.0 242.0 47.36 VLT
2004.537 53201.64 713.0 81.0 18.74 VLT
2004.632 53236.34 705.0 100.0 19.67 VLT
2005.215 53449.28 640.0 96.0 8.61 VLT
2005.455 53536.94 605.0 180.0 -4.63 VLT
2005.461 53539.13 618.0 68.0 8.91 VLT
2005.503 53554.50 640.92 12.35 35.62 Kbb
2005.677 53618.02 647.0 141.0 57.3 VLT
2005.769 53651.63 603.0 110.0 21.49 VLT
2006.204 53810.51 547.0 99.0 3.74 VLT
2006.305 53847.40 529.0 162.0 -5.49 VLT
2006.624 53963.92 516.0 93.0 8.91 VLT
2007.550 54302.14 498.0 137.0 67.99 VLT
2007.673 54347.06 452.0 154.0 31.95 VLT
2008.262 54562.20 382.0 150.0 8.81 VLT
2008.372 54602.50 370.2 158.56 5.64 Kn3
2008.431 54623.92 405.0 180.0 45.0 VLT
2009.385 54972.37 305.0 150.0 17.27 VLT
2010.354 55326.30 240.0 120.0 22.09 VLT
2011.317 55678.03 161.0 75.0 9.08 VLT
2012.210 56004.20 95.0 90.0 1.37 VLT
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Table A.19 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2012.342 56052.42 75.0 90.0 -10.24 VLT
2012.494 56107.93 44.0 90.0 -31.64 VLT
2012.513 56114.87 76.0 90.0 1.55 VLT
2012.616 56152.33 96.66 38.76 28.63 Kn3
2013.262 56388.45 44.0 120.0 15.7 VLT
2013.568 56500.31 4.84 10.26 -5.08 Kn3
2013.655 56531.99 -4.0 150.0 -8.78 VLT
2014.185 56725.57 -38.0 105.0 -11.82 VLT
2014.263 56754.06 -32.0 90.0 -1.34 VLT
2014.502 56841.36 -62.72 9.77 -18.41 Kn3
2014.521 56848.30 -50.0 90.0 -4.62 VLT
2015.299 57132.46 -79.0 120.0 9.66 VLT
2016.284 57492.23 -165.0 90.0 -23.93 VLT
2016.519 57578.06 -162.0 90.0 -8.79 VLT
2017.377 57891.51 -200.42 9.03 -4.07 Kn3
2017.546 57953.33 -211.63 8.95 -6.99 Kn3
2017.568 57961.32 -225.01 14.17 -19.31 Kn3
2017.617 57979.29 -207.47 3.6 0.62 Kn3
2018.311 58232.57 -222.48 5.92 18.75 Kn3
2018.390 58261.50 -255.51 7.1 -10.57 Kn3
2018.554 58321.33 -253.01 6.31 -0.43 Kn3
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Table A.19 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2018.579 58330.32 -258.7 4.11 -4.98 Kn3
2018.609 58341.31 -249.19 5.95 5.93 Kn3

Table A.20. S0-18 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2006.494 53916.50 -283.11 5.31 6.2 Kn3
2008.372 54602.50 -259.06 5.65 30.25 Kn3
2008.563 54672.28 -282.62 12.08 6.69 Kn3
2010.349 55324.50 -274.65 6.52 14.66 Kn3
2011.520 55752.33 -287.79 7.97 1.52 Kn3
2013.366 56426.50 -280.59 3.45 8.72 Kn3
2013.568 56500.31 -286.42 3.19 2.89 Kn3
2013.609 56515.31 -285.88 6.24 3.43 Kn3
2014.502 56841.33 -290.07 3.23 -0.76 Kn3
2015.551 57224.35 -296.18 3.02 -6.87 Kn3
2017.377 57891.51 -287.82 5.74 1.49 Kn3
2017.546 57953.33 -292.25 4.03 -2.94 Kn3
2017.568 57961.32 -291.23 3.63 -1.92 Kn3
2017.617 57979.29 -292.91 3.36 -3.6 Kn3
2018.390 58261.49 -287.56 4.36 1.75 Kn3
2018.554 58321.32 -295.36 3.87 -6.05 Kn3
2018.579 58330.32 -294.36 3.56 -5.05 Kn3
2018.609 58341.31 -298.58 4.11 -9.27 Kn3
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Table A.21. S0-27 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2006.461 53904.50 -145.47 5.92 -24.24 Kn3
2008.372 54602.50 -123.03 7.76 -1.8 Kn3
2008.563 54672.28 -149.71 41.13 -28.48 Kn3
2009.342 54956.50 -142.92 16.12 -21.69 Kn3
2010.341 55321.50 -33.33 24.0 87.9 Kn3
2011.520 55752.33 -109.66 14.9 11.57 Kn3
2011.545 55761.31 -126.67 10.62 -5.44 Kn3
2013.366 56426.50 -122.46 4.35 -1.23 Kn3
2013.568 56500.33 -125.68 4.81 -4.45 Kn3
2014.376 56795.50 -123.83 5.59 -2.6 Kn3
2014.502 56841.33 -92.15 10.61 29.08 Kn3
2015.551 57224.35 -146.64 6.78 -25.41 Kn3
2017.374 57890.51 -122.42 5.37 -1.19 Kn3
2017.377 57891.51 -125.7 11.85 -4.47 Kn3
2017.617 57979.29 -127.12 5.1 -5.89 Kn3
2018.363 58251.52 -106.49 3.43 14.74 NIFS
2018.390 58261.50 -112.91 7.24 8.32 Kn3
2018.579 58330.32 -115.02 5.64 6.21 Kn3
2018.609 58341.31 -121.44 6.59 -0.21 Kn3
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Table A.22. S1-5 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2006.461 53904.50 9.58 2.73 -1.62 Kn3
2006.494 53916.50 8.35 2.77 -2.85 Kn3
2007.384 54241.50 9.92 4.48 -1.28 Kn3
2008.563 54672.28 5.16 3.28 -6.04 Kn3
2009.342 54956.50 11.75 2.9 0.55 Kn3
2009.344 54957.50 13.68 2.61 2.48 Kn3
2010.349 55324.50 13.92 2.75 2.72 Kn3
2011.520 55752.33 7.53 3.55 -3.67 Kn3
2012.555 56130.31 5.25 3.72 -5.95 Kn3
2013.366 56426.50 9.74 2.78 -1.46 Kn3
2014.376 56795.50 11.7 2.36 0.5 Kn3
2014.379 56796.50 11.1 2.5 -0.1 Kn3
2014.502 56841.33 9.1 2.55 -2.1 Kn3
2015.551 57224.35 2.58 2.57 -8.62 Kn3
2017.374 57890.52 12.95 2.28 1.75 Kn3
2017.377 57891.51 10.7 2.25 -0.5 Kn3
2017.380 57892.50 10.68 2.33 -0.52 Kn3
2017.568 57961.32 13.54 2.44 2.34 Kn3
2017.617 57979.29 11.14 2.29 -0.06 Kn3
2018.311 58232.57 10.8 2.53 -0.4 Kn3
2018.363 58251.52 21.58 2.63 10.38 NIFS
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Table A.22 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2018.387 58260.50 18.86 2.57 7.66 NIFS
2018.390 58261.48 11.39 2.26 0.19 Kn3
2018.426 58274.46 11.69 2.6 0.49 Kn3
2018.554 58321.32 11.47 2.38 0.27 Kn3
2018.579 58330.33 10.67 2.49 -0.53 Kn3
2018.609 58341.32 9.35 2.49 -1.85 Kn3

Table A.23. S1-6 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2007.542 54299.29 -57.08 7.64 -15.02 Kn3
2009.342 54956.50 -44.83 8.6 -2.77 Kn3
2010.349 55324.50 -64.33 11.11 -22.27 Kn3
2011.520 55752.33 -155.33 89.51 -113.27 Kn3
2013.366 56426.50 -47.53 7.68 -5.47 Kn3
2013.563 56498.30 -43.1 7.65 -1.04 Kn3
2013.568 56500.30 -47.74 15.61 -5.68 Kn3
2013.607 56514.29 -38.12 4.46 3.94 Kn3
2013.609 56515.31 -42.27 5.23 -0.21 Kn3
2013.615 56517.31 -37.32 4.9 4.74 Kn3
2014.376 56795.50 -57.56 12.57 -15.5 Kn3
2014.379 56796.50 -44.82 8.83 -2.76 Kn3
2014.390 56800.54 -42.86 7.66 -0.8 Kn3
2014.502 56841.33 -49.2 11.43 -7.14 Kn3
2015.551 57224.35 -21.43 29.27 20.63 Kn3
2017.374 57890.54 -41.3 3.89 0.76 Kn3
2017.377 57891.50 -51.74 12.92 -9.68 Kn3
2017.568 57961.34 -46.26 5.43 -4.2 Kn3
2017.617 57979.29 -34.69 3.62 7.37 Kn3
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Table A.24. S1-10 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2006.461 53904.50 -33.85 5.61 -0.27 Kn3
2007.542 54299.29 -24.43 4.4 9.15 Kn3
2008.372 54602.50 -37.19 5.03 -3.61 Kn3
2008.563 54672.28 -41.3 5.14 -7.72 Kn3
2009.342 54956.50 -32.6 4.14 0.98 Kn3
2010.349 55324.50 -33.27 5.34 0.31 Kn3
2011.520 55752.33 -27.68 6.83 5.9 Kn3
2011.545 55761.31 -39.43 8.35 -5.85 Kn3
2012.555 56130.31 -19.8 22.7 13.78 Kn3
2013.366 56426.50 -32.27 4.06 1.31 Kn3
2014.376 56795.50 -40.77 2.91 -7.19 Kn3
2014.379 56796.51 -39.38 5.81 -5.8 Kn3
2014.502 56841.33 -21.1 5.36 12.48 Kn3
2015.551 57224.35 -38.35 5.42 -4.77 Kn3
2017.374 57890.53 -36.44 3.43 -2.86 Kn3
2017.377 57891.50 -41.77 13.93 -8.19 Kn3
2017.568 57961.32 -25.34 4.55 8.24 Kn3
2017.618 57979.30 -29.8 3.27 3.78 Kn3
2018.311 58232.55 -37.05 6.19 -3.47 Kn3
2018.390 58261.49 -31.6 3.83 1.98 Kn3
2018.554 58321.32 -34.4 3.42 -0.82 Kn3
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Table A.24 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2018.609 58341.30 -29.93 7.78 3.65 Kn3

Table A.25. S1-13 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2006.494 53916.50 -759.98 5.66 -10.88 Kn3
2008.563 54672.28 -762.46 6.8 -13.36 Kn3
2009.344 54957.50 -742.37 5.66 6.73 Kn3
2014.376 56795.51 -756.0 5.11 -6.9 Kn3
2014.379 56796.51 -758.97 3.91 -9.87 Kn3
2015.597 57241.33 -760.77 5.19 -11.67 Kn3
2018.363 58251.52 -738.44 2.46 10.66 NIFS
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Table A.26. S1-15 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2006.461 53904.50 -125.24 6.58 -4.87 Kn3
2006.494 53916.50 -140.85 13.2 -20.48 Kn3
2006.497 53917.50 -122.82 7.37 -2.45 Kn3
2007.384 54241.50 -109.09 4.21 11.28 Kn3
2007.542 54299.29 -116.81 6.18 3.56 Kn3
2007.545 54300.29 -119.26 5.05 1.11 Kn3
2008.372 54602.50 -121.24 3.14 -0.87 Kn3
2008.563 54672.28 -125.66 4.15 -5.29 Kn3
2009.342 54956.50 -109.35 3.34 11.02 Kn3
2010.349 55324.50 -115.52 3.51 4.85 Kn3
2011.520 55752.33 -123.3 3.59 -2.93 Kn3
2011.545 55761.31 -115.48 4.11 4.89 Kn3
2012.555 56130.31 -123.61 7.16 -3.24 Kn3
2013.366 56426.50 -122.56 4.98 -2.19 Kn3
2014.376 56795.50 -125.12 2.69 -4.75 Kn3
2014.379 56796.51 -120.61 3.94 -0.24 Kn3
2014.502 56841.33 -124.25 3.74 -3.88 Kn3
2015.551 57224.35 -134.19 4.08 -13.82 Kn3
2017.374 57890.53 -118.49 3.27 1.88 Kn3
2017.377 57891.50 -120.95 3.73 -0.58 Kn3
2017.380 57892.50 -119.13 3.3 1.24 Kn3
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Table A.26 (cont’d)

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2017.568 57961.33 -115.54 3.35 4.83 Kn3
2017.617 57979.29 -123.34 3.2 -2.97 Kn3

A.4 Orbital Fitting Methodology For Orbit S-star Sample

We also investigated potential systematic effects of orbit fitting by running numerous

combinations of orbital fits for each star. Specifically, we wanted to analyze the influ-

ence of the following sets of parameters:

1. SMBH parameters

2. Offset and additive error between Keck and VLT data points

3. Mixing and correlation length

There are 7 parameters that describe mass (MBH), distance (R0), the position (x, y),

and velocity (vx, vy, vz) of the black hole. We wanted to ensure that changes in the

black hole parameters and resulting orbital fit would not introduce a signal into the

radial velocity investigations. We investigated two combinations: we left all parameters

free, and we fixed all parameters to values from Do et al. (2019).

We also fit for a radial velocity offset and additive error between Keck and VLT data

points in order to account for potential systematic between the radial velocity values

reported from different instruments. This procedure was also conducted in the orbital

fit method used in Do et al. (2019). We wanted to ensure that there was no significant

offset between Keck and VLT data, because otherwise this offset would produce an

artificial signal in the periodicity search. We investigated two combinations: leaving

both of these parameters free, and not including them at all.
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Table A.27. S1-31 Radial Velocities

Epoch MJD vLSR vLSRσ Residual Source
(km s−1) (km s−1) (km s−1)

2007.542 54299.29 187.8 11.39 4.92 Kn3
2008.563 54672.28 134.98 56.51 -47.9 Kn3
2009.342 54956.50 193.12 21.45 10.24 Kn3
2010.349 55324.50 183.04 8.14 0.16 Kn3
2011.520 55752.33 192.71 4.25 9.83 Kn3
2013.366 56426.50 169.48 7.05 -13.4 Kn3
2014.376 56795.51 176.71 8.88 -6.17 Kn3
2014.379 56796.52 197.53 8.93 14.65 Kn3
2014.502 56841.33 159.0 8.45 -23.88 Kn3
2015.551 57224.35 173.73 6.12 -9.15 Kn3
2017.374 57890.53 181.76 9.25 -1.12 Kn3
2017.377 57891.50 178.5 6.04 -4.38 Kn3
2017.380 57892.50 175.59 5.56 -7.29 Kn3
2017.568 57961.33 181.56 7.04 -1.32 Kn3
2017.617 57979.29 182.1 6.05 -0.78 Kn3
2018.390 58261.48 188.43 3.13 5.55 Kn3
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We also account for potential correlations in the uncertainty of astrometric measure-

ments. This involves two parameters: a correlation length scale Λ and mixing parameter

p. These parameters are discussed in greater depth in Do et al. (2019) and used in or-

bital fits in Ciurlo et al. (2020). We investigated two combinations: fixing Λ = 20 mas

(Do et al. 2019; Ciurlo et al. 2020) and keeping p free, and not including them at all.

To summarize, each of the 3 set of parameters had two combination of fits. This

meant that it was possible to have 8 different permutations of all of the set combinations.

We fit 8 different fit combinations for each of the stars in our orbit sample and used

Bayesian information criteria to investigate the importance of each parameter set, as

done in Do et al. (2019). Generally, free black hole parameters were favored, but the

black hole parameters were not well constrained. A more detailed investigation into

these parameter values is beyond the scope of this work. The offset and additive error

were not favored. Finally, a fixed Λ and fitting for p were favored.

Ultimately, we found that the different orbital fits did not effect the radial velocity

models. We concluded that we would do the following for the different orbital fits for

each star: fix the black hole parameters to those reported in Do et al. (2019); not include

an instrumental offset and additive error; include a fixed Λ and fit for p.
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& R. Schödel. 2017, ArXiv e-prints, arXiv:1705.10792

Hilditch, R. W. 2001, An Introduction to Close Binary Stars, 392

Hills, J. G. 1988, Nature, 331, 687

Hoang, B.-M., S. Naoz, B. Kocsis, F. A. Rasio, & F. Dosopoulou. 2018, ApJ, 856, 140

Hopman, C. 2009, The Astrophysical Journal, 700, 1933

Hosek, J., M. W., J. R. Lu, C. Y. Lam, A. K. Gautam, K. E. Lockhart, D. Kim, & S. Jia.

2020a, arXiv e-prints, arXiv:2006.06691

—. 2020b, PyPopStar: Single-age, single-metallicity populations generator,

ascl:2006.016

Huang, W., D. R. Gies, & M. V. McSwain. 2010, ApJ, 722, 605

Jia, S., J. R. Lu, S. Sakai, A. K. Gautam, T. Do, J. Hosek, M. W., M. Service,
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