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Materials and Methods 
Image construction 

Images are constructed from the speckle data sets by both shift-and-add (SAA), 
which has been our approach in the past (37, 38, 7), and Speckle holography, which is a 
new and more effective approach for this data set (39). In SAA, the images are registered 
based on the positions of the brightest speckle in the PSF of the short-exposure images 
(40). We implemented this approach similarly to past analyses of these data sets (7, 37), 
except for our use of a new distortion solution for NIRC (35).  While the advantage of 
this approach is its computational efficiency as well as its robust treatment of edge-
effects, the disadvantage is that information in all but the brightest speckle is not only lost 
but becomes a source of noise in a large, so-called “seeing-halo”. To reduce the size of 
the seeing-halo, only frames with the minimum number of speckles are used. In spite of 
discarding photons, frame selection increases the overall dynamic range of the images 
because it is limited mainly by stellar crowding and the halos around the brighter stars. 
The images that went into the determination of S0-2’s orbit have been constructed using 
SSA. 

Speckle holography, on the other hand, is an image reconstruction method that 
makes use of the entire instantaneous PSF, or speckle cloud, of each speckle frame (41, 
42). It constructs a best estimate of the object in the least squares sense and leads to 
images with higher dynamic range than SAA because it makes use of the entire speckle 
clouds. The main difficulty is an accurate extraction of the instantaneous PSF in the 
extremely crowded Galactic center star field. This is achieved via an iterative procedure 
and the use of multiple reference stars, as described by Schödel et al. (39). The images 
that went into the determination of S0-102’s and S0-104’s orbit have been constructed 
using Speckle holography. 

The adaptive optics (AO) image reconstruction procedure for this study is similar to 
that used in the past for these data sets (7, 14).  It differs only in that it corrects for 
differential atmospheric refraction and makes use of the new NIRC2 geometric optical 
distortion as reported by Yelda et al. (35).   

 
Source extraction and astrometry 

Sources are identified and characterized using the StarFinder software package (18), 
which iteratively carries out point spread function (PSF) fitting in crowded stellar fields 
and PSF modeling from the images being analyzed. Stars are identified by requiring that 
both their flux and their cross-correlation with the PSF lie above chosen thresholds that 
are user defined and that affect the number and reliability of sources identified in each 
image. In order to avoid false detections, we have taken a fairly conservative approach, 
which is similar to our previous work with a few exceptions that we describe here. In 
each image, we set the threshold for flux to be considered significant to 3σ above the 
noise, which is empirically estimated from comparing three sub-sets of the data. This 
empirical approach to noise estimation differs from our previous procedure and 
significantly reduces false detections associated with mismatches in the PSF. The 
treatment of the correlation threshold, which is a measure of how well a flux excess is in 
agreement with the PSF, is also different and is key to identifying S0-102, which is a 
faint source (with a K magnitude of ~17.3) in a very crowded region of the images.  
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Previously, the correlation threshold has been set independently of the type or 
quality of the data set at hand, i.e. it was not differentiated between Speckle, NGS-AO, 
and LGS-AO. Here, we treat different types of data sets separately. Data taken in LGS-
AO mode are generally of the highest quality, and we therefore chose a correlation value 
of 0.5 for the average image (“deep image”), and a value of 0.3 for the three images 
consisting of a third of the data (“sub-set images”). For NGS-AO data as well as Speckle 
SSA data, we use a correlation value of 0.8 for the deep image and 0.6 for the sub-set 
images. Lastly, for Speckle holography a value of 0.7 for both the deep image and the 
sub-set images were chosen. Speckle holography leads to a structured background, which 
might be turned into apparent sources by StarFinder, and we therefore do not lower the 
correlation threshold in the sub-set images as we do in the other techniques to account for 
the lower signal-to-noise in the sub-set images. 

The three sub-set images are used to grade the robustness of a source's detection in a 
given epoch. For the AO data sets, we consider a star to be a definite detection, if it gets 
also detected in at least two out of the three subset-images. The Speckle data have 
different noise properties so that a more conservative approach is advisable. We therefore 
only consider a source to be real if it gets detected in all three sub-set images. If a source 
detected in the epoch's complete data set does not pass these stringent sub-set image 
criteria, we discard it completely.  

This approach along with the quality of the data set leads to average detection limits 
of 15.9, 17.0, 19.7 magnitudes for the Speckle shift-and-add, Speckle holography, and 
AO images. The limits for each epoch are provided in Table S2 and S3 for the Speckle 
and AO observations, respectively. 

Three subset-images are also used to determine the error in the astrometry and 
photometry on the sources for each epoch. All epochs are aligned into a common 
reference frame following the description of Yelda et al.~(35). An additional alignment 
error is found by using a half sample bootstrap applied to the coordinate reference stars. 

In order to search for stars with orbital periods that could be shorter than S0-2, who 
has a period of 16 years, we searched for stars whose detections are (1) all within a radius 
of ~0."25 (twice the semi-major axis of S0-2) of Sgr A*, the emissive source associated 
with the central black hole, and (2) describing a change of angle with respect to Sgr A* of 
more than 180 degrees. Three stars besides S0-2 satisfy these criteria. One of them (S0-
103, named S19 in Gillessen et al.~(8)) is known to have a much longer period (~300 
yrs), while the other two (S0-102 and S0-104) have no reported kinematic information 
beyond linear motion in the literature and are explored in this study. 

The two stars are not detected in all epochs owing to the limited sensitivity of the 
Speckle and two early AO images -- S0-102 has a K magnitude of 17.3, S0-104 of 16.8 -- 
in addition to confusion with brighter sources. For S0-102, detection is prevented by 
overlap with S0-17 (S17 in (8)) between 2001 - 2003. The same happened in late 2008, 
and in 2011 with S0-103 (S19), and in early 2009 with Sgr A*/S0-104. S0-38 (S38) may 
have interfered with the 1998 - 1999 measurements. S0-104, which owing to the 
geometry of its orbit spends the years from 2002 - 2009 apparently close to Sgr A*, gets 
obstructed by S0-2, S0-17, Sgr A*, and possibly S0-38. Table S1 summarizes the 
resulting 13 measurements of the newly identified star S0-102. 
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Supplementary Text 
The orbit of S0-2 

Our current knowledge of the central gravitational potential is dominated by S0-2. 
Since we determine the orbital elements of S0-102 with fixed potential, we describe here 
S0-2's orbit and the parameter values of the central potential inferred from it.  

We analyze S0-2's orbit within our standard astrometry approach (7, 35), which 
means using a high-correlation data set throughout (correlation thresholds set uniquely in 
StarFinder to 0.8 and 0.6 for the main image and the sub-set images), and shift-and-add 
Speckle data only. In addition to the radial velocities observed with Keck, we use all 
published values (9). Since the alignment of each epoch into a reference frame can be 
slightly different for different data sets, the inferred X0, Y0, X velocity, and Y velocity 
values (that describe the 2-dimensional position of the central mass at time 2000.0 and its 
velocity) can differ in different analyses. (In general, all inferred values can be different, 
however, the difference is statistically insignificant. In our case, the largest statistical 
difference is for X0, which differs by only 1σ.) We therefore used X0, Y0, X velocity, and 
Y velocity from the low-correlation, Speckle holography analysis, and the other 
parameters of the central potential from the standard approach. We list the best-fit values 
in Table S4, and Fig. 2 and Fig. S2 depicts S0-2’s orbit.  

 
The orbit of S0-104 

We present here the orbit of the newly detected star S0-104. This analysis uses the 
same data set and as the analysis for S0-102, i.e. low-correlation thresholds and Speckle 
holography. The latter is key in identifying S0-104's orbit. The orbital fit fixes the 
parameters of the central potential and infers the orbital elements with their uncertainties 
in the same way it was done for S0-102. Table S5 shows the values for S0-104's orbital 
elements, Fig. S2 depicts its orbit, which has a period of 80 years. S0-102 is therefore the 
only new star with an orbital period shorter than S0-2 (its orbital solution is described in 
the main body of this report). 
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Fig. S1. 

 
All detections of S0-102 (the detection in 2010.342 is shown in Fig. 1). The images are 
cleaned (pixel corrected, flat fielded, background subtracted) AO images with the 
exception of 2000.381, which is a Speckle holography reconstructed image. Each time 
the deep image of the epoch is shown. The blue circle marks Sgr A* in the AO images. 
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Fig. S2 

 
The orbits of S0-2 (black) and S0-104 (blue). The data points and the best fits are shown. 
S0-2 orbits clockwise, S0-104 orbits counterclockwise. The dashed lines represent the 
part of the orbits that have been observed with Speckle data, the solid lines indicate AO 
observations. S0-104's detections range from 1999 to 2012, with astrometric data points 
in 1999-2001 and 2010-2012. The connecting lines to the best fit visualize the residuals. 
Note that while the best-fit orbits are not closing, the statistically allowed sets of orbital 
trajectories are consistent with a closed orbit. S0-104 has an orbital period of around 80 
years. 
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Table S1. 
Summary of S0-102 Measurements 
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Table S2. 
Summary of Galactic-Center Keck Speckle Observations & Imaging Analysis 
 

 
 



 
 

9 
 

Table S3. 
Summary of Galactic Center Keck Adaptive Optics Observations & Imaging Analysis 
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Table S4. 
S0-2’s orbita 
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Table S5. 
Orbital elements for S0-104a 
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