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ABSTRACT

We present new Adaptive Optics (AO) imaging and spectroscopic measurements of Galactic Center
source G1 from W. M. Keck Observatory. Our goal is to understand its nature and relationship to
G2, which is the first example of a spatially-resolved object interacting with the supermassive black
hole (SMBH). Both objects have been monitored with AO for the past decade (2003 - 2014) and
are comparatively close to the black hole (amin ~200-300 AU) on very eccentric orbits (eg; ~0.99;
ea2 ~0.96). While G2 has been tracked before and during periapse passage (Tp ~ 2014.2), G1 has been
followed since soon after emerging from periapse (Tp ~ 2001.3). Our observations of G1 double the
previously reported observational time baseline, which improves its orbital parameter determinations.
G1’s orbital trajectory appears to be in the same plane as that of G2, but with a significantly different
argument of periapse (Aw = 21+4 degrees). This suggests that G1 is an independent object and not
part of a gas stream containing G2 as has been proposed. Furthermore, we show for the first time
that: (1) G1 is extended in the epochs closest to periapse along the direction of orbital motion and
(2) G1 becomes significantly smaller over time, (450 AU in 2004 to less than 170 AU in 2009). Based
on these observations, G1 appears to be the second example of an object tidally interacting with a
SMBH. G1’s existence 14 years after periapse, along with its compactness in epochs further from the

time of periapse, suggest that this source is stellar in nature.
Subject headings: Galaxy: center—infrared: stars—techniques: high angular resolution—techniques:
spectroscopic—techniques: Adaptive Optics

1. INTRODUCTION

As the capabilities of high-resolution imaging facili-
ties have advanced, the center of our Galaxy has become
a unique laboratory for studying the nearest supermas-
sive black hole (SMBH; |Ghez et al|1998] 2008} |Gillessen|
and has revealed many unexpected results.
This includes the presence of young stars where none
were expected (e.g., [Levin & Beloborodov| [2003} |Gen-
zel et al|2003; [Paumard et al.[[2006; [Bartko et al.|[2009
Lu et al|2009; |Yelda et al.||2014), a lack of old stars
where many were predicted (e.g., [Buchholz et al.|2009;
, and very faint, but highly variable, in-
frared emission believed to be associated with the black
hole’s accretion flow.

The most recent Galactic Center discovery from high-
resolution infrared observations that has attracted con-
siderable attention is the very red, infrared source G2,
which recently went through closest approach where its
tidal interaction should have been maximal (T gz =
2014.21 + 0.13; Meyer et al.|[2014). It was originally
hypothesized to be a 3 Earth-mass gas cloud, and as
it went through closest approach to the supermassive
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black hole, Sgr A*, it was projected to tidally disrupt,
shock and to possibly contribute to an enhanced accre-
tion episode onto the black hole (Gillessen et al.|[2012}
Burkert et al|2012} [Schartmann et al[[2012; [Pfuhl et al||
2015). Observations of G2 after periapse passage have
challenged the gas cloud hypothesis. First, it survived
as a compact source in the continuum imaging measure-
ments at 3.8 um (Witzel et al|2014) and possibly as a
compact source in the gas (Br-v spectroscopic measure-
ments; [Valencia-S. et al.[2015)). This has favored the al-
ternative hypothesis that there is a central stellar source
embedded in G2. There are several variants of the stellar
hypothesis, including: a disrupted protoplanetary disk
(Murray-Clay & Loeb| 2012); a disrupted disk around
an old star (Miralda-Escudé/[2012)); a mass-loss envelope
from a young T Tauri star (Scoville & Burkert|2013)); a
Wolf-Rayet star (Eckart et al.[2013); spherically symmet-
ric winds from an embedded object (Ballone et al.[2013));
a binary merger product (Phifer et al.[2013; |[Witzel et al.|
[2014; [Prodan et al|[2015); and an embedded pre-main
sequence star (Valencia-S. et al|[2015)).

More recently, another object — G1 — has been recog-
nized to bear a close relationship to G2. G1 was orig-
inally found to be another very red, extended infrared
source that was interpreted as a spatially-resolved, sta-
tionary hot dust feature that is locally heated by nearby
stars surrounding Sgr A* (Clénet et al|2004] 2005; \Ghez]
let al][2005b). In addition, [Pfubl et al|(2015) noted that
G1 has observational properties similar to those of G2,
including Br-v emission as well as a very red color. Also,
G1 passed through periapse ~13 years ago (Pfuhl et al.
[2015; [Sitarski et al.|[2014)), and therefore high-resolution
observations only exist post-periapse passage while we
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have observations of G2 prior to, through, and post-
periapse passage. The observations in [Pfuhl et al.| (2015])
also suggest that G1 moves on a Keplerian orbit with or-
bital characteristics similar to G2 (Sitarski et al.[2014])).
These similar orbits and observational characteristics led
Pfuhl et al.| (2015)) to hypothesize that G2 and G1 are
part of a gas streamer on the same trajectory.

In this paper, we explore the evolution of G1’s observed
properties and orbital motion over the last decade, the
longest time baseline reported thus far for this object.
We investigate the evolution of G1 with time and position
from Sgr A* to characterize its tidal interactions. With
our longer time baseline, we test the theory that G1 and
G2 are part of the same gas streamer.

This paper is organized as follows: Section [2| describes
our data sets and data reduction techniques; Section [3]
details our astrometric and photometric calibration, and
our orbital fitting procedure; Section [4| presents our re-
sults; and Section [5| discusses our findings in the context
of G2 and evidence that these are self-gravitating objects.
One scenario that we consider is the binary merger hy-
pothesis. Section [f] summarizes our conclusions.

2. DATA SETS

Near-infrared, high-angular-resolution images and
spectra of the Galactic Center region containing G1 have
been obtained as part of the long-term program at the
W. M. Keck Observatory (WMKO), carried out by our
group, to study the Galactic Center black hole and its en-
virons. In this paper, the primary data sets are WMKO
images that have been acquired through the L' (Ao =
3.8 pum) broadband filter over a thirteen-year period
with NIRC2, the facility near-infrared camera (PI: K.
Matthews) fed by the Keck II laser guide star adaptive
optics system (LGSAO; Wizinowich et al.[|2006} van Dam
et al.|2006). Ten of the twelve epochs have been previ-
ously reported by us and are part of our group’s archive of
fully calibrated data sets (Ghez et al. 2004} [2005b; [Horn-
stein et al.||2007} [Phifer et al.[2013; |Witzel et al.[[2014]).
Two additional epochs of observation, 2013 August and
2016 May, are reported here for the first time. The pixel
scale for these data sets is 9.950 mas/pixel (Yelda et al.
2010), which corresponds to an oversampling factor of
~9 for typical point spread function. Tab. [1| summarizes
all the L' imaging data sets for this study.

The new L’ data sets were observed and calibrated
using the same techniques described in the papers re-
porting our other L data sets (Stolte et al.|[2010; [Phifer
et al[|2013; Witzel et al.|[2014). This followed standard
techniques with the exception of the treatment of the sky
exposures, which were taken for each field rotator mir-
ror position within the same range as the science data
in steps of ~2 degrees. For each L’ science exposure
in epochs after 2004, the corresponding sky exposure
was subtracted in order to accurately subtract the ther-
mal emission from dust on the mirror optics (e.g., |Stolte
et al.[2010). Once the data were fully calibrated, selected
frames were combined into an average map (main map).
The individual frames were selected based on the image
quality as measured by the full-width at half-maximum of
the PSF (FWHM<1.25x FWHM,,;,,, where FWHM,,;,, is
the minimum measured FWHM of all the data) and were
weighted by the Strehl ratio of each image. We addition-
ally created three independent images (sub-maps) from

three interleaved subsets of frames to determine astro-
metric and photometric uncertainties for the images.

For this study, we also draw upon two other types of
imaging data sets. The first are two Ms (A9 = 4.67pm)
observations obtained on 2005 July 16 (previously pub-
lished by [Hornstein et al.|2007) and another obtained on
2016 May 21. These were added to enhance our pho-
tometric characterization of G1. Second, we used all of
our group’s K’ data sets, which cover the central 10” X
10” of our Galaxy, and that have been obtained to track
the orbital motions of stars at the Galactic Center (Ghez
et al.|[1998] 2000} 2003], 2005al, [2008} [Lu et al.|2009} [Yelda
et al.|2010; Meyer et al.|2012; Yelda et al.|2014; Boehle
et al.[2016). In addition to the previously published K’
data sets, two new data sets, obtained on 2013 July 20
and 2016 May 21, are included in this work. The first
data set was taken in an identical way to all previous K’
astrometric maps (e.g., Yelda et al.|[2014), consists of 193
frames of data, and its final combined image has a point
spread function with a FWHM of 58.5 mas and a Strehl
ratio of 0.36. The second was taken similarly to our L’
observations, in which we stared at a fixed position in
the central field to minimize overheads. This map con-
sists of 21 frames of data, and its final combined image
has a PSF with a FWHM of 68 mas and a Strehl ratio
of 0.26. The K’ data are used for both the photometric
and astrometric characterization of G1.

Additionally, we utilize a spectroscopic data set ob-
tained at W. M. Keck Observatory with OSIRIS (Larkin
et al.[2006) This data set, which was originally published
in |Ghez et al| (2008]), consists of 28 frames taken 2006
June 18 and 30 and 2006 July 01 through the narrow-
band Kn3 filter (Ao = 2.166 pum) with the 35 mas pixel
scale. These observations have a spatial resolution at Br-
~ of 67 mas and a spectral resolution of ~3600. These
OSIRIS data constitute some of our deepest Kn3 obser-
vations prior to 2012E|, with a total integration time of
~7 hours, and while at that time G1 was near Sgr A*, it
was sufficiently separated (r = 0.114 £ 0.009 arcseconds)
for the position of Sgr A* and G1 to be disentangled.

3. ANALYSIS
3.1. Imaging Analysis

Our imaging analysis is divided into two parts: (i) as-
trometric analysis using the PSF fitting tool StarFinder
and (ii) photometric and size calculations using a PSF
convolved with a 2D elliptical Gaussian. Both measure-
ments are described in detail below.

3.1.1. Astrometry

G1 is visually identified in every L’ and Ms image (see
Fig. [1). Its astrometric properties in every image were
obtained using the PSF fitting program StarFinder (Di-
olaiti et al.[2000) in a manner similar to what has been
outlined in previous works (Yelda et al.|2014| and refer-
ences therein). We initially ran StarFinder using a cor-
relation threshold of 0.8 and 0.6 in the main image and
sub-images, respectively, to identify candidate sources in
our images. This resulted in G1 detections in 2004, 2005,

6 OSIRIS was moved from Keck 2 to Keck 1 in January 2012 and
the grating was upgraded in January 2013; there have been small
reduction artifacts that affect the detection of faint emission-line
objects in crowded fields.



‘19 jJo A1jowojoyd pue AIjoWOIIS® 9Y) UO 109]J0 JUedYIUIIS ou pey| SIY JeY) POMOYS MOIA JO P[oY Io31e] oY) 03 suosiredwo)) ‘s109]Jo 98P PIOAR 09 I9PIO UL 9ZIS
ytoddns g X g pIepuejs Ino jo peajsur pasn st I X I jo ozis yroddns JSJ & ‘(SN pue 1sndny ¢10g pue A g1o0g ur \.C e)ep MOIA JO P[OY JId[[RWS INO IO ,
PI0T T8 1 [PZHM (§) Brom st () f€T0T T8 10 w0jiud (€) *L00T T8 10 upiswioy (z) ‘eg00z T8 1 zouD (1) 00T T8 10 zouD (0) :$90usiopy

"LIPULADIS UM SIRYS POJOIeP JO Sopnjiugent Jo UoNqLIsIp oY) Jo o[ipuenb 9 GG oY} se pouyep St SIYJ, ,

4 70 8¢T 8¢°0 @8 €6 X 9,01 OT X 0T ¥te J¥te 09 X 0§°0 9L€'910¢ 12 &N 9102
g 70 L'ET 0<0 6 V6 X ¢,01 OT X 0T 8¢ 8¢ 09 X 0§°'0 065¥710¢ ¥ 80y $102
g 70 v ¥€0 16 €6 X ¢,01 OT X 0T 0¢ 0c 09 X 0§°0 €09'710C ¢ I vioe
g 70 ¢l €90 06  €,6 X 1,01 OT X 0T 6 6 09 X 0§°0 69€7VI0C 1T £eIN ¥102
g 70 aa! 16°0 16 €6 X €01 OT X 0T 1C 1C 09 X 05°0 91¢'¥10C 0¢ N 710¢
14 10 (]! ¥<'0 06 9, X LG V9,8 X V9,0 gve 67¢ 09 X 05°0 919°€10¢ €1 3ny €102
€ 0 €al 16°0 6 8, X 9,46 V9,8 X V9,18 1€et 91€et 0¢ X 09°0 T199°¢l0C €¢-0¢ [ ¢10¢
€ 10 ¢l 8¢°0 98 ¢l X 161 OT X 0T 4 ¥ 09 X 05§°0 995°600¢ ¢¢ I 600¢
& 70 ag! 8¢°0 ¢8  C 1T X ¥ 11 OT X 0T 61 61 09 X 0§°0 §8€'900¢ 12 £BIN 9002
T €0 aa! 9¢°0 I8 4,6 X €01 OT X 0T 98 <9 09 X 050 089°600¢ 1€ % 0€ [ S00T
T 70 aa! (4] 08 8,6 X 1,01 OT X 0T 1T 11 0T X G¢°0  L95%00¢ 9¢ [ ¥00¢
0 ¥l €€l 170 98  ¢,01 X 8,¢1 OT X 0T 9 ¢l 0¥ X 05°0 0¥¥'€00¢ 0T unf €00¢
0 (e 0cI 920 00T  S,0T X 9,11 « 0T X 0T ¥té €S 0¥ X 05°0 €1¥'¢00¢ 1€ £BIN 2002
quonedrqng  (sew)  (Sew) (seur) AOJd pesn uoNe], are(]
reursriQ z e Ue13S  INHMA ASd paIeyq oz1g Aelry sowrel sowelq Sppeoo XM [ewIa(] ore LN

viva (Wrg'¢ = 0Y) 1 ZDYIN/MOEY 40 AIVINNAS
T HTdVL



AS (arcsec)

04 02 00 -02 -04 04 02 00 -02 -04 04 02 00 -02 -04 04 02 00 -02 -04
Aa (arcsec)

F1G. 1.— Two-color images made by combining NIRC2 images at K’ (2.2 um, in blue) and L’ (3.8 pum, in red). The images have been
aligned using the coordinates of S0-2 from our respective StarFinder runs for each filter during each epoch; the 2014 data are from our
March 2014 observation. The position of Sgr A* is denoted by the white ” x”, and the position of G1 is denoted by a yellow arrow. The
2005 panel shows a three-color image that includes our 2005 Ms data as well (2.2 ym in blue; 3.8 um in green; 4.7 pum in red). G1 and G2
are distinctly red sources. Other red sources exist within the inner 0.5 arcseconds of Sgr A* as well and will be explored by Sitarski et al.
(in preparation). It is apparent that Sgr A* varies considerably. For contour plots of G1, see Fig. @



2006, 2012, and 2013 in the L data. In 2003, 2009 and all
2014 L’ epochs and in both the Ms data sets, a different
approach was necessary to capture G1 due to poorer data
quality, although G1 can be visually identified (Fig. [1]).
We therefore altered the search criterion to seek a point
source within a three-pixel box centered at the point of
the highest flux count, at the approximate position of G1
using a modified version of StarFinder that searches for
additional sources at a lower correlation (Boehle et al.
2016). We do not use the 2016 L’ data for astrometry
as we use the orbital model from 2003 - 2014 to predict
the position of G1 in the 2016 data (see our photometric
analysis described in Section . With this modified
procedure, G1 was detected in all epochs.

While G1 is extended in the early epochs (Section,
we still use the StarFinder astrometry that reliably de-
termines G1’s centroid, as the residuals in each epoch
look symmetric. Two-dimensional Gaussian fits con-
volved with a point spread function to G1 yielded peak
positions consistent with the positions extracted from
StarFinder.

The point sources identified in each epoch are matched
across all epochs and transformed to a common coordi-
nate system in which Sgr A* is at rest (see Phifer et al.
2013; [Yelda et al.|[2010] 2014; for the application of our
distortion solution to L’-band data see Appendix )
Specifically, each L’ list of stellar positions (short: star
list) is aligned to the K’ star list that is nearest in time
with translation, rotation, and affine first-order trans-
formation that is independent in x and y. The trans-
formed G1 position is added to the K’ star list and the
K’ star lists from 1995 to 2014 are aligned as described
in our earlier works (e.g., |Ghez et al|2008} [Yelda et al.
2014)) using measurements of infrared astrometric sec-
ondary standards taken through 2012 (Yelda et al.|2010,
2014; [Boehle et al.|2016). Tab. [2]lists the astrometry for
G1 in each epoch prior to 2016.

3.1.2. Photometry and Size Measurement

Magnitudes of all point sources at K’ were calculated
using PSF fitting with StarFinder procedure (see previ-
ous section). We chose IRS 16C, IRS 16NW, and IRS
16CC as our photometric calibrators, which is part of
our standard K’ calibration procedure (e.g.,[Yelda et al.
2014).

As G1 seems extended in 2004, 2005, and 2006 at L’
and in the 2005 Ms data, we tested several photomet-
ric methods to obtain reliable photometry. To confirm
whether the individual methods yielded reliable results
during the epochs when G1 was visibly extended, we
planted a 2D elliptical Gaussian model for the 2004 size
(a Gaussian with a FWHM of ~ 58 mas convolved with
the PSF) in our data in three distinct regions: a high-
background region, a low-background region, and near
the position of G1. We planted sources with different
brightnesses (magy, = 10-16) to determine whether we
could recover its magnitude and physical extent.

We tested three different photometric procedures: (1)
StarFinder with a PSF support array of 2.0 arcsec-
onds (200 pixels), following our standard K’ analysis; (2)
StarFinder with a PSF support array of 0.9 arcseconds
(90 pixels) to make the PSF more robust against back-
ground artifacts at larger distances from the core; (3) a
two dimensional fit with an intrinsic extended elliptical
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Gaussian source convolved with an empirical PSF model.
The planting simulations returned significantly decreased
fluxes with respect to their original planted magnitude in
the case of StarFinder PSF fitting with both PSF sizes
[(1) and (2)]. However, (3) reliably recovered the fluxes
and observed extent of the planted sources to within 20%
at the faintest magnitude tested (magp, = 16).

We applied method (3) to every single L' and Ms epoch
(prior to 2016) using the IDL procedure mpfit2dfun. To
prepare the images for model fitting, we first subtracted
all L'-detected StarFinder sources. We then used the
aligned L' and K’ StarFinder star lists to find the po-
sition of K’-only detected sources and used the forced
StarFinder algorithm from |Boehle et al.| (2016]) to find
the fluxes of these sources at L’. We subtracted these
sources as well as the StarFinder generated backgrounds
from the original image. In our 2D elliptical Gaussian
model, we allowed the position angle to vary and allowed
for the FWHM to range between 0.3 and 10.0 pixels. If
the FWHM of G1 fell below 0.3 pixels (~3 mas) in an
epoch, then a PSF without a Gaussian component was
used instead. Our photometry is reported in Tab.[2] A
comparison of the astrometry between the three methods
yielded identical positions of G1 within 1o errors.

To photometrically calibrate our L/ and Ms data, we
used S0-2, S0-12, S1-20, and S1-1 and their L' magni-
tudes from |Schodel et al.| (2010). These sources were
chosen because they are all in the field of view for ev-
ery epoch, including our subarrayed epochs (see Tab. .
Similarly to|Schodel et al.| (2011), the Ms data were cali-
brated using the same magnitudes as L’ because the rel-
ative colors of the calibrators are close to 0. The over-
all zero-point error from the |Schodel et al| (2010) mag-
nitudes is 0.15 magnitudes at L’ and is not taken into
account in Tab. [2 or Fig. 2] because they affect all pho-
tometric measurements in the same way.

No K’ counterpart was detected for G1 and star-
planting simulations were performed to determine an up-
per magnitude limit. We used the L’ position of G1 in the
2013 August image, where G1 is an isolated point source
(see Fig. [1) and transformed that into the 2013 July K’
coordinate system. The star-planting simulations were
carried out using our modified version of StarFinder
(Phifer et al|2013; [Boehle et al.|[2016). There is a K’
source near GG1 in 2013, S0-37, but it contributes at most
0.3 mJy to the overall L’ flux of G1 (assuming the dered-
dening law outlined in [Schodel et al| (2010) and that
S0-37 has the same colors as S0-2). All photometry in
each bandpass is reported in Tab.

The recovered sizes of G1 from our model show that
G1 is extended between 2004 and 2006, but is consistent
with a point source from 2009 through 2014 (see Tab. [2)).
The magnitudes and sizes of G1 as a function of time
are shown in Fig. 2] and Fig. [3] respectively, while Fig. [4]
shows the elongation of G1 in the direction of orbital mo-
tion in 2004. The major axis angle of the 2D elliptical
Gaussian is consistent with a tangential line to the or-
bit in 2004 and 2005 (10.444.0 degrees [tangent to orbit
= 12.3+2.8] and 27.4+4.8 degrees [tangent to orbit =
21.0£2.4] west of north, respectively; see Fig. {4)).

In order to be able to infer the blackbody properties of
G1 in a later epoch when the source is compact, we utilize
L’ and Ms data from 2016. As G1 is in a confused region
in this epoch, we adopt a different methodology to re-
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FIG. 2.— Left: L’ photometry on each of our four calibration sources. The solid line denotes the reported magnitude from |Schodel et al.
(2011). Right: L’ photometry of G1 a a function of time. The magnitude of the source has decreased significantly, and varies directly with
the size of the source presented in Fig.
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F1G. 3.— Size of G1 as a function of time since periapse passage (Tp ~ 2001.3) in both the semi-major axis and semi-minor axis directions.
In the epochs when G1 is resolved, we can get an actual measurement of the semi-major axis of the source; the last four epochs are upper
limits on G1’s size obtained by first subtracting out the closest neighboring sources in that epoch (S0-2 and Sgr A*), and then comparing
the 2-dimensional Gaussian profile of G1 to the point spread function. The light blue bar denotes the FWHM of the 1D marginalized
probability distribution function for the periapse passage time.
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Upper Left: G1 in 2004 after subtracting all L’ StarFinder-detected point sources. The angle of the semi-major axis is denoted

by the yellow line. The blue arrow shows a line in the direction of the tangent to the direction of orbital motion in 2004. Upper Right:
Image of 2-D Gaussian fit to the data found using mpfit2dpeak. Lower Left: PSF model from 2004 as extracted from StarFinder. This
panel, the upper left, and the upper right panel are all normalized so their peaks are on the same color table and scale; all panels are also
on the same physical scale. Lower Right: Slice along the semi-major axis for our data (black line), the 2-D Gaussian fit (blue line), and the
PSF (green line). It is evident that the 2-D Gaussian fit is an acceptable model for the L/ extension and it is much larger than the PSF.

DATA AND OBSERVED PROPERTIES OF G1

TABLE 2

Date ARA2 ADec? K’ L’ Ms L’ Semi-Major Axis PA of Gaussian
(arcsec) (arcsec) (mag) (mag) (mag) Intrinsic Size (AU) 2D fit (deg)

2003.44 -0.07740.009 -0.059+0.009 13.6010.54
2004.57 -0.073£0.009 -0.068+0.008 13.51+0.23 460£30 10.4+4.0
2005.58 -0.069£0.007  -0.860+0.006 13.64+0.05 12.71+0.30  270£30 274424
2006.39 -0.06540.006 -0.103+0.006 13.8740.12 160£50 16.0£9.8
2009.56 -0.0354+0.006 -0.131+£0.010 14.384+0.66 <170
2012.56 -0.029£0.006 -0.162+0.007 15.2140.12 <160
2013.55 -0.01240.006  -0.169+0.006 >18.8 15.22+0.19 <180
2014.22  0.002+0.006 -0.18340.009 15.51+0.15 <170
2014.36  0.003%0.006 -0.19640.006 15.2740.21
2014.50 0.00340.006 -0.19340.007 15.53+0.23
2014.59 0.006+0.006 -0.18540.007 15.324+0.19
2016.38  0.017-£0.004> -0.202£0.004> >18.2¢ 15.50+£0.36° 14.8140.23°

2 ARA and ADec are given in a reference frame in which the location of the black hole is not at the origin (see Tab. [4].

b These positions come from our orbital solution derived from our L” data taken from 2003 through 2014. See Section for more
information on our orbital fit.

¢ The photometry in 2016 was derived using deconvolved images rather than StarFinder, as done in previous epochs.

Section [B.1.2] for more information.

See



TABLE 3
RADIAL VELOCITY DATA

Date  Radial Velocity PSF FWHM Orig. Publication
km/sec mas at Br-y

2004.6 -2043+150
2006.2 -1594+163
2006.5 -1558+60 67
2008.3 -1123+159

Pfuhl et al.|2015
Ptuhl et al.|2015
'I'his Paper

Pfuhl et al.|2015

cover its K’ upper limit and L’ and Ms flux densities. The
StarFinder-generated backgrounds are subtracted from
each main map and we subtract all StarFinder identified
point sources in the vicinity of our predicted position for
G1. We then use the StarFinder-generated PSF to do
an iterative Lucy-Richardson deconvolution (with 10,000
iterations). Aperture photometry is then performed af-
ter beam restoring at the predicted position of G1 based
on its derived orbit from the 2003 - 2014 data. The pho-
tometry of the 2016 L’ data matches well with the 2014
epochs.

3.2. Spectroscopic Analysis

The radial velocity for G1 was obtained using a similar
approach to that developed by |Phifer et al.| (2013]) for G2:
Aa spectrum of G1 was extracted from our 2006 OSIRIS
data at a location that was determined by transforming
the high quality 2005 L’ star list to the OSIRIS coor-
dinate system using a second-order polynomial transfor-
mation. The spectrum was extracted using an aperture
radius of 1 pixel (corresponding to 35 mas) and applying
a local sky subtraction in an area clear of known contam-
inating stars (e.g., Do et al|[2013)). The extracted spec-
trum was calibrated using the standard techniques (Do
et al.[[2009b), and the peak in the resulting spectrum was
fit with a Gaussian model to derive an observed radial
velocity and its full-width at half-maximum. The result-
ing heliocentric radial velocity was corrected by 3.64 km
sec™! to correspond to an LSR velocity of -1568 4+ 60 km
sec™! on the date of the observation (see Tab. . The
FWHM of the spectral line is 185 + 41 km sec™'. The
spectrum and the corresponding point source in the line
emission map are shown in Fig.

We compute the Br-v line luminosity similarly to
Phifer et al.| (2013) by comparing S0-2’s flux density to
G1’s flux density. We estimate S0-2’s dereddened flux
density to be 14.1 £ 0.2 mJy (assuming the extinction
prescription outlined in [Schodel et al.|[2010] and the flux
density from |Ghez et al.[|2008) and compute an expected
luminosity of SO-2 over the 2.15 - 2.159 pum bandpass to
be 0.16Lg. We then integrate over the same bandpass on
the S0-2 and G1 spectra to get a final Br-y luminosity of
G1 of (1.48+0.17)-1073 L. To check for consistency, we
followed this same procedure to integrate over the same
bandwidth for G2 (2.17 - 2.179 pm), which yields a Br-y
luminosity of (1.36 £ 0.25) - 1073 L, consistent within
1o of the 2006 G2 luminosity reported in [Phifer et al.
(2013).

Using this dereddened Br-v line luminosity from 2006
(in an epoch where G1 is resolved), we can estimate
the Lyman-« emission luminosity. We used the relation-
ship between the Br-+ emission and the free-free emission
given in [Wynn-Williams et al.| (1978)) and solved for the
Lyman-a luminosity using the formulae summarized in

Genzel et al.| (1982) and Becklin| (1994). We estimate
that the Lyman-a luminosity is ~2 Lg.

3.3. The Orbital Determination of G1

To derive the orbital properties of G1, we jointly fit for
the Keplerian orbital parameters of S0-2, S0-38, and G1
(period, epoch of periapse passage, eccentricity, position
angle of the ascending node, argument of periapse, and
inclination for each source) and the black hole parame-
ters (the two-dimensional position, the three-dimensional
velocity, and the mass of and distance to Sgr A*; see
Tab. 4). S0-2 and S0-38 have complete orbital phase
coverage and drive the black hole parameter fit. We use
the same astrometry and radial velocities of S0-2 and
S0-38 as reported in [Boehle et al.| (2016). Jointly fitting
the three sources enables us to find an orbital solution
for G1 and for the black hole parameters. G1 alone does
not have enough kinematic information to independently
fit for the black hole parameters due to the lack of or-
bital phase coverage. We impose uniform, flat priors on
each of the orbital parameters for G1 as follows: [0, 360]
degrees for the argument of periapse (w); [0, 180] de-
grees for the position angle of the ascending node (Q);
[0, 180] degrees for the inclination; [0, 1] for the eccen-
tricity; [0, 6000] years for the period; and [1990, 2010]
for the time of periapse passage. The G1 astrometry
consists of 11 data points (see Section, including our
newest astrometric measurements. For this orbital fit,
we also used the three radial velocity measurements re-
ported in [Pfuhl et al.| (2015)) and our new measurement
(Section Tab. [3)).

In this study, we include three sources of hypothetical
systematics uncertainties: (i) source confusion, (ii) the
presence of outliers and (iii) uncertainty arising in the
construction of the absolute reference frame.

Source confusion is a significant source of systematic
error in our orbital fits and the formal uncertainties are
therefore underestimated. In order to account for this,
we fit a second-order polynomial to our astrometric data
points and add a single additive value in quadrature to
the formal errors until the final reduced chi-squared of
the second-order fit (that includes position, velocity, and
acceleration) is equal to 1.0. The resulting additive value
is 5.5 mas which is roughly comparable to the formal
uncertainties.

In order to assess the impact of hypothetical outliers,
we use a Jackknife resampling method where we fit for
G1’s orbital parameters by dropping one epoch of ob-
servations at a time. This analysis, presented in Ap-
pendix[B] shows results that are consistent with the ones
reported in Tab. [4] and we conclude that no outlier im-
pacts significantly our results.

Following the procedure described in the Appendix of
Boehle et al.| (2016), the systematic uncertainties due
to the construction of the absolute reference frame have
been assessed by using a Jackknife resampling method.
In this Jackknife analysis, one of the seven masers used
to construct the reference frame is dropped at a time.
Boehle et al.| (2016) showed that this systematic uncer-
tainty is important for the SMBH position and velocity
relative to the origin of the constructed reference frame,
but is negligible for all the other fitted parameters such
as the SMBH mass and distance Ry and the orbital pa-
rameters. We conclude that systematic effects arising
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F1G. 5.— Left: Continuum-subtracted spectrum of G1. The emission line at 2.154 um corresponds to a radial velocity of -1568 4+ 60
km/sec. This spectrum was extracted using an aperture of 1 pixel (35 mas) radius from our 2006 OSIRIS data cube. The overplotted red
line shows the 1-dimensional Gaussian fit. Center: Continuum-subtracted OSIRIS data cube collapsed over a Av of 267 km/sec centered
on -1568 km/sec (LSR-corrected) and smoothed over 2 spatial pixels. Right: Br-v point spread function extracted from our 2006 OSIRIS
data cube. Both the PSF and the collapsed cube are displayed on the same physical scale and same logarithmic color scale where we

normalize each figure to its respective peak.

TABLE 4
S0-2 + S0-38 BLACK HOLE PARAMETER VALUES

Orbital Parameter Peak Fit?
X-Position of Sgr A* (xo, mas) 2,1J_r8'_gi1.90
Y-Position of Sgr A* (yo, mas) -4.440.441.23
ARA Velocity of Sgr A* (V, mas/yr) —0,12f8:83i0.13
ADec Velocity of Sgr A* (V,, mas/yr) 0.68+0.05+0.22
Radial Velocity of Sgr A*(V>, km/sec) -20.446.3+4.28
Distance to Sgr A* (Ro, kpc) 7.87+0.11
Mass of Sgr A* (M, Millions of M) 3.937:8:(1);
S0-2 Parameters:
Time of closest approach (T, years) 2002.34640.003
Eccentricity (e) 0.892;"8:88%
Period (P, years) 15.931’8:8?
Angle to periapse (w, degrees) 66.8f8:g
Inclination (¢, degrees) 134.3+0.3

Position angle of the ascending node (€2, degrees) 228.0f8‘_§

S0-38 Parameters:

Time of closest approach (T, years) 2003.1911’8:8?573
Eccentricity (e) 0.811+0.003
Period (P, years) 19.2275-2
Angle to periapse (w, degrees) 13f%‘;’
Inclination (%, degrees) 16942
Position angle of the ascending node (£2, degrees) 94f}i

2 The peak and corresponding 1o errors are from the marginalized one-
dimensional distributions for the respective parameters. The first error
term corresponds to the error determined by the orbital fit itself, while the
second error term on the black hole parameters refers to uncertainty in the

reference frame and was determined by |Boehle et al.| (2016)).

from the construction of our absolute reference frame do
not impact significantly the posterior probability distri-
bution for stellar orbital parameters.

4. RESULTS

Our analysis of both photometric and spectroscopic in-
formation and our Keplerian orbital fit have led to three
key results: G1 follows a highly eccentric Keplerian orbit
that differs from G2’s orbit; shortly after periapse, G1’s
L’ emission is extended along the direction of orbital mo-

tion; and G1’s I/ emission is much larger than the tidal
radius of even a 100Mg source shortly after periapse, in-
dicating that this emission comes from material that is
not gravitationally bound to G1.

4.1. Keplerian Orbital Fit Results

The orbit of G1 is consistent with Keplerian motion
(see Figures El and . Based on our precise astrometry
and radial velocity points, G1 lies on a highly eccentric
orbit (e = 0.99709") and has recently passed through
periapse (Tp = 2001.3 £ 0.4). The three orbital an-

gles (position angle of the ascending node Q = 87.1:51:8,
argument of periapse w = 117.3735  and inclination

i = 109.070-9) are well-constrained, but the orbital pe-
riod is very poorly constrained due to lack of orbital
phase coverage. The 1D and 2D joint posterior distri-
bution function are shown in Figures [J] and The
best-fit orbit is shown in Fig. [8] and the peak of the 1-
dimensional marginalized probability distribution func-
tions along with the maximum likelihood best fit are pre-
sented in Table [} We only fit bound, closed orbits; G1
could be on a hyperbolic orbit since the eccentricity dis-
tribution is artificially truncated. The period restriction
of P <6000 years also constrains our orbital fits.

Fig. [7] shows our orbital plots, our extracted G1 as-
trometry and radial velocity measurements. Fig.
presents our projection of the orbit onto the sky and com-
pares it to the orbital solution from [Pfuhl et al.| (2015
while assuming the black hole parameters from |Gillessen
. The left of Fig. |8 shows clearly that our
optimal G1 solution is significantly different from the pre-
viously published solution from [Pfuhl et al.| (2015). As a
consequence, the best-fit G1 orbit is no longer in agree-
ment with G2’s optimal solution (right panel of Fig. |8
G2’s orbit is thoroughly discussed in|Gillessen et al.[2012
2013b; [Phifer et al. 2013, and Meyer et al|[2013). This
can be understood because our data covers almost twice
the time baseline presented in [Pfuhl et al| (2015).
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F1c. 6.— Top: Source-subtracted images centered on G1 that are 0.4 arcseconds on a side. Each image is photometrically normalized to
a constant flux. Bottom: Point spread functions corresponding to the epochs in the top row. The contours show intensity levels on the
same levels as those in the top row. G1 is extended in 2004 - 2006, whereas G1 is compact after 2009.
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Fic. 7.— G1’s kinematic measurements and best fit orbital motion models. Our 11 astrometric and 1 radial velocity measurements are
shown as filled points. The three RV measurements from |Pfuhl et al.| (2015) are plotted as unfilled points. The 1o uncertainty envelopes
are shown as broken lines.

TABLE 5
ORBITAL PARAMETERS FOR G1 AND G2
Parameter Best Fit, G1  Peak, G1° Best Fit, G2¢  Peak, G2° G1 Fit
Pfuhl et al| (2015
Time of closest approach (Tp, years) 2001.0 2001.3705  2014.1 201427308 2001.6+0.1
Eccentricity (e) 0.981 0.99273:092  0.962 0.96410525  0.860£0.050
Periapse Distance (Apin, AU) 277 298132 193 201 + 13 417 + 239
Argument of periapse (w, degrees) 118 11743 95 96+2 109+8
Inclination (¢, degrees) 109 10941 112 11342 10842
Position angle of the ascending node (£, degrees) 89 881 83 8242 69+5

# The parameters of Sgr A*are extracted as described above.
b The errors reported here are the 1o errors taken from the marginalized one-dimensional distributions for the respective parameters.
© G2 parameters are from performing an orbital fit on our available astrometric and spectroscopic points (those outlined in
in the same fashion described in Section [3.3]
The clockwise disk parameters are i=130%15 deg and Q2=96+15 deg, where 15 deg reflects the half-width at half-maximum from the peak

density of the clockwise disk as reported in 2014
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Left: Comparison of G1’s orbital solution between this work and |Pfuhl et al.| (2015)). Our Keplerian orbital fit is shown in red,

while the orbital fit and data from [Pfuhl et al.| (2015)) are shown in blue. The black lines connect the observed point to the same point in
time on the model orbit. There is an astrometric bias in 2009 and 2010 from confusion or a background dust emission feature that may
skew the astrometry in those epochs. We do not use the astrometry from [Pfuhl et al.| (2015) due to differing reference frames. Right:

Orbits of G1 and G2 (as described by Table [5)) projected into their common average orbital plane (g1 = +2.5 deg; Qg2

2.5 deg; iq1

= -2 deg; ige = 2 deg; wg1 = 117 deg; wge = 96 deg). It is evident that despite having similar orbital planes, the orbital trajectories are
different. The solid (dotted) lines show times when we have (have not) observed G1 and G2.
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different orbits (center, right). The clockwise disk’s orientation and width are overplotted on the © vs. 4 plot to show the orientation of
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4.2. Size Variation

In the epochs closest to periapse, G1 is extended along
the direction of orbital motion (the semi-major axis).
Fig. |3 shows the intrinsic extent of G1 corrected for the
size of the PSF along both the semi-major and semi-
minor axes. The source shape is approximately elliptic
and the semi-major axis of an elliptical 2D Gaussian fit
is aligned with the direction of linear motion (Fig. .
However, in the more recent epochs, G1 becomes more
compact. Additionally, there is significant brightness
variation of G1 at L/ post-periapse passage, which cor-

responds to its size evolution: when G1 is at its largest
size, it is also brightest; when G1 is compact, it is ~2
magnitudes dimmer. The arrows in Fig. 3] show the in-
trinsic (PSF-size corrected) upper limits on the source
size along the semi-major and semi-minor axes, which is
on average ~170 AU along the semi-major axis assuming
Ry = 8 kpc.

Fig. [6] shows images of G1 with all neighboring point
sources identified by StarFinder subtracted. The con-
tours illustrate the size development of G1. The full-
width at half-maximum of the semi-major axis of G1 is as
high as 463 + 16 AU in 2004.567 after correcting for the



PSF contribution (see Fig. [3), but decreases to the size of
a point source after 2006. Fig.[I1]also shows azimuthally-
averaged radial profiles of G1 from 2009 through 2014,
showing that the size of G1 is indeed consistent with a
point source.

Our 2006 Br-vy detection is quite shallow and we are
unable to determine whether G1 is resolved at Br-y. Due
to the shallowness of the Br-v detection, we are unable
to conclude if G1 is spatially resolved or has a velocity
gradient.

4.3. Photometry and Temperature of G1

There is a large photometric difference (~2 magni-
tudes) between the epochs when G1 is extended (2004,
2005, and 2006) and when it is point-like. The brightness
develops with size, as epochs when G1 is extended are
brightest, and epochs when G1 is point-like are dimmer
and remain at a constant magnitude from 2012 through
2016.

G1 is identified at L' and Ms (I’ = 13.65 in 2005; Ms
= 12.71 in 2005), but not at K’ (K’ > 18.8 in 2013).
Assuming zero-point fluxes for L’ from [Tokunaga) (2000)
and the extinction law outlined in |Schodel et al.| (2010)),
we infer a dereddened L' flux of 2.7 + 0.5 mJy in 2005.

In order to infer a temperature for G1 at a moment in
time (2005) when G1 is extended enough to be resolved,
we expect it to be optically thin, and therefore use a
modified blackbody:

I, o Qo (;)B By (Taust) (1)

where vy is the frequency at which the temperature is
calculated, where Qq/ ug is a constant, and where B,
is the Planck function. We take the power-law index [
equal to 2, as in [Lau et al.| (2013) and consistent with
extinction curves from [Draine| (2003). We separately do
the same calculation assuming 8 = 0 (blackbody). The
temperature is therefore calculated following the equa-
tion:

v )ﬂ B/ (Tqust) (2)

BMS (Tdust)

From our L’ and Ms measurements, we are able to
obtain a dereddened color (L - Ms) of 0.706. Fitting a
modified blackbody following equation 2 with # = 2, the
color temperature we obtain from our 2005 data is equal
to 568 + 44 K; assuming a blackbody (8 = 0), we obtain
a 2005 temperature of 426 + 44 K where our error bars
are computed via a Monte Carlo simulation.

Using our L’ and Ms photometric data in 2016 when
G1 is observed to be point-like and assuming that G1
behaves as a blackbody in this epoch (8=0), we infer a
blackbody temperature of 684 + 75 K (where our error
bars are again computed via a Monte Carlo simulation).
Therefore, our inferred blackbody temperature has in-
creased from 2005 to 2016.

L' —Ms = —2.5 log l(

UMs

5. DISCUSSION

G1 is a cold, extended source that has tidally inter-
acted with Sgr A* and survived at least 13 years past
periapse passage. It has observable parameters that seem
to be consistent with other examples of infrared excess

13

sources at the Galactic Center, the most prominent of
which is G2. Many of its orbital and observable proper-
ties are comparable with those of G2: its cold temper-
ature (426 K if 8 = 0, or 568 K if 8 = 2 in 2005; 684
+ 75 K if 8 = 0 in 2016), its highly eccentric orbit (e
= 0.9975:09"), and the orientation of the orbital plane

(see Table [5). There is a measurable size change post-
periapse passage, and the L/ flux density also changes
dramatically after periapse. In the following, we discuss
the similarities and differences between G1 and G2.

5.1. Is G1 part of a gas streamer common with G2¢

Pfuhl et al.| (2015)) have recently proposed that G1 and
G2 are not only lying in the same orbital plane, but fol-
low the same trajectory. They speculate that the Kep-
lerian orbits of G1 and G2 are closely related and they
postulate the small deviations between the orbits of the
two objects are due to the drag force from the ambi-
ent Galactic Center medium. This additional drag force
leads to an evolution of G2’s orbit into G1’s orbit over
time. Similarly, [McCourt & Madigan| (2016) and Madi-
gan et al.| (2016) use G1 and G2 as probes to constrain
the properties of the accretion flow surrounding Sgr A*.
They model the orbital differences (as found by |Pfuhl
et al|[2015) between G1 and G2 in terms of an inter-
action with the background flow (McCourt & Madigan
2016) and in the accretion flow onto Sgr A* (Madigan
et al. [2016). Based on their orbital analysis, they con-
clude that both sources could have originated from the
clockwise young stellar disk (Paumard et al. 2006} |Lu
et al.[2009; [Yelda et al.|[2014).

However, the study we present here, which includes
data taken several years beyond the last data point used
in [Pfubl et al.| (2015) (2014.6 vs. 2010.5; true anomalies
of 10.5 and 8.7 degrees, respectively), shows that despite
the common orbital plane, G1 and G2 have distinct Ke-
plerian orbits with a significant (>30) difference of their
arguments of periapse, ~3 times larger than the differ-
ence reported in|Pfuhl et al.| (2015). This is demonstrated
in Fig. [§ showing both the data and the best-fit orbits
projected into the plane of the sky as well as both best-fit
orbits projected into the average orbital plane.

Our findings do not firmly exclude the models pro-
posed by [McCourt & Madigan| (2016) and [Madigan et al.
(2016). However, while both models might be able to ac-
commodate such a large change of the Keplerian orbit in
the case of a compact gas cloud, the drag force scenario
and a resulting common trajectory of G1 and G2 become
increasingly unlikely in the context of a central star and
thus larger object masses, as indicated by the compact-
ness and brightness of both sources. The masses derived
in the following sections and in [Witzel et al.[2014 are 10°
- 108 times larger than the originally proposed 3 Earth
masses. The interpretation in|[Pfubl et al|(2015) that G1
and G2 are two dense regions within the same extended
gas streamer that fills one trajectory around the black
hole and have an identical origin, but are offset by ~13
years, therefore seems unlikely.

The orbital planes of G1 and G2 are very similar and
they are fairly close to the plane defined by the clockwise
disk (Yelda et al.[2014] and see Fig. of [Pfuhl et al.
2015). G1 and G2 may have therefore originated the
clockwise disk. We note, however, that there are other
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Fic. 11.— Azimuthally-averaged radial profiles for G1 from 2009 through 2014. It is evident that the size of G1 becomes consistent with

our StarFinder-extracted model of our point spread function.

G2-like sources that do not lie on their common orbital
plane (Sitarski et al.||2015]).

5.2. Fvolution of G1’s Dust Envelope

Independently of whether G1 and G2 are related by
a gas streamer, the physical natures of G1 and G2 are
still not yet known. Recent results (e.g., [Witzel et al.
2014, |Valencia-S. et al.|[2015l in contrast to |Ptuhl et al.
2015) support the hypothesis that that G2 has a stellar
component due to its periapse passage survival. This
raises the question of whether there is similar evidence
that G1 is stellar in nature.

In contrast to observation that G2 is unresolved at L/,
for G1 we are able to measure its size in 2005 and we
can therefore put constraints on the optical depth, 7, of
the dust envelope at this point in time. Based on several
parameters calculated in Section (Th=2 =568 K; Tp—o
= 426 K; rq1.2005 = 137 AU), we find that the optical
depth of G1 is small in the epochs when it is resolved, and
we can therefore conclude that the origin of the extended
continuum emission is an optically thin medium in 2005.
As calculated in Section [3:2] the ambient radiation field
in the Galactic Center is strong enough (with Lyman-a
alone) to externally heat this optically thin shell. The
profile of G1 in the epochs where it is extended is well
constrained by a PSF convolved with a 2D Gaussian (see
Section and shows no evidence of two components
(as could be modeled by a PSF + a 2D Gaussian). This
indicates that we do not see a central, optically-thick
point source in 2005.

From 2009 onwards, G1 is unresolved at L’ and shows a
significantly lower, roughly constant flux density of ~0.6

mJy. Blackbody modeling of G1’s L’ - Ms color yields
a temperature of 684 K, implying a blackbody radius of
~1 AU and a luminosity of ~4.5 solar luminosities. This
high luminosity and the fact that the object become more
compact with time point to a substantially larger mass
than 3 Earth masses. As indicated by the evolutionary
tracks of main sequence stars, this mass can be of the or-
der of a solar mass (Fig. [12)). However, the large derived
blackbody size for the unresolved G1 show that it is not
a main sequence star nor is G1 luminous enough to be a
Red Giant.

The material at the enormous radial distance from the
center of G1 of r ~ 230 AU of the outer halo seen in
the extended epochs certainly remains unbound from G1
for even much higher G1 masses than 1 Mg; in fact,
this holds true for a central mass that is two orders of
magnitude higher due to the weak M'/3 dependence of
the tidal radius (Fig. shows the tidal radius (black
lines) of a 2Mg, source (solid line) and a 100Mg source
(dashed line; see [Witzel et al|[2014) plotted with the
measured HWHMs of G1). Therefore this material is
stripped and its emission falls below the detection limit
as its density decreases or grains are destroyed by X-rays
and high-energy particles generated in the accretion flow
(e.g.,|[Lau et al.|2015/and references therein; Tielens et al.
1994). It is interesting to note that the minimal radius of
material that remained bound throughout periapse for a
G1 mass of 1 Mg and the periapse passage distance of
~300 AU is 1 AU (see Fig. which plots the tidal radius
as a function of time since periapse passage for G1 and
G2). This corresponds nicely to the derived blackbody
radius in 2016.
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The question remains how G1 has reached the enor-
mous extent of d = 460 AU in 2004. This likely requires
that G1 was already large at periapse passage. From an
energy argument, we can determine the size of G1 at pe-
riapse passage from the maximum shearing velocity, vgy
of the object in the potential of the black hole according

to the following equation:
Tob T 2
2 obs = ! per
() = —_— =
sh ( At >

2
1 1
[\/vf — 2GMBH |:d - d—’[":| — Uk
* * per

where rops is the observed size in 2004, rper is the half-
width along the Sgr A*-G1 line, v, is velocity of G1 at
periapse passage, m is the mass of G1, Mpy is the mass
of the supermassive black hole from Table [5] At is the
difference between our observation date (2004.6) and pe-
riapse passage time, the first epoch where we see a re-
solved G1, and d, is the distance of the center of G1 to
the Sgr A*. Simultaneously solving for m and rper, we
find that rper is larger than 21 AU at the time of clos-
est approach and that the solution is not strongly mass
dependent.

Therefore, for G1 to have its measured size be so large
in 2004, rpe; must be >21.3 AU at periapse passage and
G1 was likely a large object even before it started in-
teracting with the SMBH. If G1 began with a radius of
4, 3, or 2 AU, it would have started interacting tidally
with the SMBH 1.3, 0.9, and 0.4 years before periapse
passage, respectively, giving it plenty of time to grow to
be the large source we infer for periapse passage.

While it is possible that G1 appears extended at L’
because of confusion with background sources, we judge

2Gm

Tper
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this to be unlikely. We have traced the orbits of all known
stars close to G1 and Sgr A*, and G1 is certainly not
confused with a bright (magr, < 16) source. But it is
not fully excluded that, during the early epochs, there
could be several dim stars whose images are overlapping
that of nearby G1 for multiple epochs before separating
and moving below the detection limit again. However,
the symmetry in the extended residual after subtracting
a point source makes this seem rather unlikely.

5.3. The ’bloated star’ model

Our suggested model for G1’s dust shell is as follows:
G1 started tidally interacting with the SMBH with a
rather large size several years prior to periapse passage.
The tidal radius penetrated deep into the dust shell (r ~
1 AU) and the outer part of the optically thick shell
became unbound from the source. This unbound shell
became optically thin and externally heated by the sur-
rounding radiation field in the Galactic Center, which is
what we observe starting in 2004. Over time, the tidally
stripped dust expanded away and fell below the detection
limit against the local background emission, and by 2009,
we see the optically thick surface of a massive, internally-
heated object as a point source that is 2 magnitudes
fainter than what is observed in 2004. Throughout all
epochs, the source is also surrounded by an externally-
heated gas envelope that we observe as Br-y emission. As
we discuss below in Section[5.5] a possible physical expla-
nation for G1’s large size is that it could be an example of
a black-hole-driven binary merger product (Phifer et al.
2013; |Witzel et al.|2014; [Prodan et al.|2015]).

5.4. Comparison to G2: Gas Cloud or Star?

Several predictions have been made for the post-
periapse development of G2 in the case of a pure gas
cloud. G1 and G2 have similar periapse passage dis-
tances and blackbody sizes (as inferred in Section
for G1), and we expect them to tidally interact with the
black hole in a comparable manner. Thus, in the follow-
ing, we compare G1’s post-periapse observables to some
of these predictions for G2.

Various models for G2 predict that if it were a pure
gas cloud, it should undergo tidal shearing within 1 to 7
years after periapse. The Br-v flux of G2 was predicted
to rapidly decrease over time (Anninos et al.|[2012; Mor-
sony et al.[|2015]), both due to the break-up of G2 and the
heating of its gas. Observationally, the latest Br-v line
detection of G1 occurred in 2008, 7 years after periapse
passage (Pfuhl et al. 2015)|Z], not showing any indication
of a strong decay or complete depletion. In fact, the
post-periapse luminosity of G1 is consistent with the pre-
periapse luminosity of G2 (see Section. We also note
that G1’s FWHM in 2006, 5 years after periapse passage,
was 185 km sec ™!, comparable to the line width of G2 five
years before its periapse passage in 2014. (Phifer et al.
2013) This provides strong constraints on future hydro-
dynamic modeling of the post-periapse development of
these objects.

Unlike G2’s flux density staying constant before and
during periapse (Witzel et al.[2014), G1’s L' flux sig-
nificantly decreased post-periapse (Fig. . The size of

7 In epochs later than 2008, the Br-v line is extremely difficult
to extract due to lack of sufficient data quality.
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F1G. 13.— Plot of the tidal radii of G1 (red) and G2 (black). The
tidal radius for G1 is computed assuming a mass of 1.0 M, consis-
tent with our luminosity calculation described in Section The
first blue asterisk denotes the inferred size of G1 at periapse pas-
sage calculated with our dynamical model; the second blue asterisk
shows the inferred size assuming that G1 is a blackbody in 2016.
The latter is consistent with 1.0 AU, the deepest point of direct
tidal interaction of G1 with Sgr A*. GI1 has a longer interaction
with Sgr A* than G2 does.

G1 at L’ shows a similar development over time from a
clearly resolved, optically thin source two years after pe-
riapse to an unresolved, compact source five years post-
periapse passage. Our calculation in the previous section
indicates that G1 went through periapse passage with a
radius > 21 AU. These findings are indicative of G1’s
dust envelope interacting more strongly with Sgr A* than
that of G2 due to its smaller mass and larger size. While
they have similar tidal radii close to periapse passage,
G1 interacts with the SMBH for a longer period of time
than G2.

Several studies (e.g., |Schartmann et al.[ 2012} |Anninos

2012} [PTuhl et al|2015).

5.5. Comparison to Observed Merged Binary Systems

G1 shares some observed characteristics with known
merged binaries. Our inferred dust temperature of 426-
568 K is within the ranges reported for other observed bi-
nary mergers, including V1309 Sco (Nicholls et al.[2013)
and BLG-360 (Tylenda et al.|2013]). Also, the large size
and luminosity inferred for G1 are similar to BLG-360.
We do suggest that G1 and G2, if they are indeed binary
mergers, crossed their individual Roche limits sometime
between 1 x 10% - 1 x 106 years after the last star forma-
tion episode (Stephan et al.|2016). The high eccentricity
of G1 and G2 in their respective orbits around Sgr A*
is what we would expect from binary systems that have
been affected by the Kozai mechanism
. That is, we do not assume that these mergers
stem from random stellar collisions, but rather that the
binaries merge as a result of secular interactions similar
to what is described by |[Prodan et al.| (2015) and [Stephan|
(2016)). The end result of the eccentric Kozai mech-
anism yielding a merger product has been discussed in
detail in the literature (see the review by [Naoz|2016)); bi-
nary systems are most likely to merge on highly eccentric
orbits (Naoz & Fabrycky|2014; [Stephan et al.|[2016)).

Merged binary systems undergo many physical changes
as the merger occurs. For example, there is usually an op-
tical outburst immediately following the physical merg-
ing of the stars, along with an evolution of spectral type
(e.g.,|Tylenda et al. 2011} |[Nicholls et al.|2013). The very
few examples that have been published thus far have been
inferred to be merged binaries because of optical periodic
variability from the binary system before the outburst,
and the absence of any periodicity from the system fol-
lowing the outburst (e.g., |Tylenda et al.[2011).

The high infrared flux density of G1 (2.7 mJy at L’)
shortly after periapse passage (2005) is consistent with
the high fluxes from other binary merger products after
the merger has taken place. As the majority of stars
in the field and in dense stellar clusters like the nu-
clear star cluster exist as multiple-component systems
(e.g., |Prodan et al.|2015; [Sana & Evans|2011; Ducheéne|
& Kraus|2013), it is not unreasonable that many of these

et al.|[2012} [Gillessen et al.|2012] [2013a} [Morsony et al.
2015)) find that if G1 or G2 were a gas cloud, there should
be a significant increase in the steady-state X-ray flux
several months before and after periapse passage due to
shocks. The Chandra X-ray Observatory was launched
in 1999, and the earliest observations of Sgr A* were
conducted in late 1999 and 2000. Baganoff et al.| (2001)
and [Ponti et al.| (2015)) show no indication of an increase
in the the steady-state X-ray flux in the time around G1’s

periapse passage (2001.3 £+ 0.4; Fig. 3 in |Ponti et al.

could merge in the Galactic Center and form extended
envelopes of gas and dust.

While the binary merger hypothesis provides many
similarities to the observed characteristics of G1, several
things remain unclear. The timescale over which such
mergers occur is not yet known (but is under study by
\Stephan et al.||2016)); the length of the dusty phase de-
pends on the mass of the progenitors and the relaxation

timescale. For instance, V1309 Sco was originally discov-
ered in September 2008 as a “red nova” (Nakano et al.

2015)), although they raise the possibility that there was
an increase in the rate of bright flares.

The size evolution of G1 in L/, along with the distinct
Keplerian orbits described in Section 5.1} the intact Br-y
emission after 7 years, the survival of G1 at L', and the
lack of an increased X-ray flux, all provide evidence that
G1 has a massive (~1 Mg) central (stellar) component
surrounded by an envelope of gas and dust, similar to our
hypothesis for G2 (Witzel et al.|[2014). Even if the mass
of G1 is smaller than 1 Mg, it is still ~ 10° times larger

than the masses suggested for a gas cloud (Gillessen et al.

2008; Rudy et al.|2008alb} Tylenda et al.|[2011)) that had
an evolving spectral type from F to M. |Nicholls et al.
showed that V1309 Sco was undetected in the
near-infrared regime prior to its outburst; ~23 months
afterward, there was a clear near- and mid-infrared ex-
cess. They further model the infrared excess as a dust
envelope surrounding V1309 Sco that formed after the
merging. Two years after merging, a near-infrared ex-
cess was still present (Nicholls et al.|2013). This im-
plies that the duration of the dusty phase for G1 was at
least 13 years so that our observation window is shorter
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F1G. 14.— Tidal radius as a function of time since periapse passage for G1. The solid line shows the tidal radius of a 2M main-sequence
star (as found for G2 in |Witzel et al.||2014); the dashed line shows the tidal radius of a 100M¢ star. The intrinsic size of the semi-major
axes of G1 from Fig. @ are over-plotted as well. It is evident that in the epochs where G1 is large, it lies well outside the tidal radius and
therefore can interact gravitationally with Sgr A*. Therefore, some of the dust evolution could have become unbound, but the remainder
survives as a compact object in later epochs (and when the tidal radius is outside the size of the source).

than the duration of the dust phase. However, if G1
and G2 are more massive sources, winds and radiation
stemming from the star could affect the dust envelope
lifetime. Several other hypotheses exist that could de-
scribe the observables of G1, such as edge-on, protoplan-
etary disks around young, low-mass stars (Murray-Clay
& Loeb|[2012), disks around older stars (Miralda-Escudé
2012)), or some other tidal disruption phenomenon in-
volving a stellar object.

Nonetheless, the probability of finding two merger
products on similar orbits is not negligible. The ar-
gument is twofold: The first considers the probability
to find mergers that take place now, and the other the
orbital parameters of such mergers: (1) [Stephan et al.
(2016) calculated the percentage of expected mergers to
be rather high at about 10% of all binary star systems
within the first few million years after the latest star
formation event. (2) While the two orbits have similar
eccentricities, [Stephan et al.| (2016) has shown that there
is reason to believe that it is more probable to encounter
merger products at high eccentricities which is consis-
tent with the underlying physics of the eccentric Kozai-
Lidov mechanism (Naoz[[2016). It is additionally likely
to discover G-like objects on high eccentricities within
our observational constraints, given that they closely ap-
proach the black hole and are fast-moving objects. Fur-
thermore, the similarity of the orbital orientations could
be explained with a common origin, for example in the

clockwise disk. In summary, the binary merger scenario
appears to be a plausible interpretation of our observa-
tions.

6. CONCLUSIONS

G1 has several observable properties similar to those
of the mysterious G2 object—it is a cold source in the
Galactic Center that has hydrogen recombination emis-
sion (at Br-y) and has recently passed very close to Sgr
A*. Our orbital fits indicate that G1 and G2 lie on sim-
ilar orbital planes, but have different arguments of pe-
riapse, indicating that these objects are not part of the
same gas streamer. In contrast to G2, G1 was originally
well-resolved at L (3.8 pm). This additional information
strongly supports the idea that there is a central, stellar
object embedded in a gas- and dust-filled envelope.

We hypothesize that G1 may be a binary merger prod-
uct due to the similarities to observed merger systems
(see Section : notably, it has a large inferred size,
and high infrared luminosity. This would be a natural
explanation for many unsolved questions regarding other
populations in the Galactic Center, including the young
stars in the S-star cluster, which may have resulted from
the mergers of binaries interacting with Sgr A*, followed
by relaxation back to the main sequence. G1 and G2 are
also not the only objects with these observed properties
in the Galactic Center, as at least 4 others exist close in
proximity to Sgr A* (Sitarski et al|2014). Further stud-
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the arrows, so using the K’ data derived distortion solution is completely adequate. Right: Histogram of the difference between the K’ and
L/-transformed positions. The FWHMSs of the distributions are less than the astrometric errors of the data.

ies of these additional sources will indicate whether all
these sources have common characteristics such as Br-y
emission, and whether they share a common origin or a
common production mechanism.
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APPENDIX
K’-DERIVED DISTORTION SOLUTION ON L/ DATA

As stated in Section [2| we resample all data (K’, L/, and Ms) with the geometric optical distortion solution from
Yelda et al| (2010). This distortion solution was derived with K’ data only, so we tested whether this distortion
solution was inappropriately applied to the I’ and Ms data sets. We therefore took one of our epochs of data (we
chose 2005.580) and transformed the L’ positions as detected by StarFinder (see Section into the K’ coordinate
system. We allowed for first-order translation, rotation, and pixel scale adjustments between the two frames that
were independent in x and y. The results from this alignment are shown in the left panel of Fig. [I§] where each
arrow represents the difference in position for stars identified both at K’ and L’. As there is no noticeable rotation or
structure indicated by arrows, we conclude that applying the distortion correction for L’ data is therefore adequate.
The right panel of Fig. [L5| shows a histogram of the difference between the K’ and L/-transformed coordinates in both
x and y. The FWHMs of these histograms are less than the positional errors as found in Tab.

JACKKNIFE-DERIVED ESTIMATES OF THE VARIANCE OF G1’S ORBITAL PARAMETERS AND THE BLACK HOLE
PARAMETERS

To determine whether our errors for the orbit of G1 and the black hole parameters capture at least part of the
systematic errors due to potential outliers, we used a jackknife resampling technique to determine the variance of each
of G1’s orbital parameters while simultaneously fitting S0-2, S0-38, and G1. In each of our orbital fits, we dropped one
epoch of observations and determined the jackknife variance over all orbital fits. Our recovered jackknife parameters
are listed in Tab. [} The values and associated error bars calculated from this jackknife analysis are consistent with
what is reported in Tab. [
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