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1. Abstract!
Aims: With available Virtual Observatory tools, we looked for new objects below the main
sequence in the entire sky. !
Methods: We preformed an all-sky cross-match between the Hipparcos catalog and a
Tycho-2-2MASS cross-match with TOPCAT. We also collected photometry, constructed
spectral energy distributions, and estimated eﬀective temperature from fits to atmospheric
models with VOSA for a sample of targets. !
Results: We got a sample of 17 bright high proper-motion objects that had not been studied
before. We classify them into “Sun-like” stars, possible halo candidates and possible subdwarfs.!

2. Introduction !
The Virtual Observatory (VO) is one of the most useful tools in astrophysics today. The VO
allows astronomers access to a multitude of astronomical archives for sky surveys which enable astronomers to compare their observational data with such power that before was impossible. The power of these tools can be seen in papers such as Kim et al. (2005), Bayo et
al. (2008), Caballero et al. (2009), and Jimenez-Esteban et al. (2011).!
Subdwarfs are dwarf stars that fall below the main sequence on the HR diagram. They are
1.5 to 2 magnitudes dimmer than main sequence stars with the same spectral type and their
spectra’s are mostly featureless. First discovered by Adams and Joy (1922), subdwarfs were
first thought to be stars transitioning to the whitedwarf phase of their lives. Since then, purposeful discoveries of subdwarfs have been linked with high proper-motion studies, like
Eggen et al. (1962) and Sandage and Fouts (1987). All subdwarfs have higher eﬀective temperatures, higher surface gravities, and lower metallicities compared to stars with the same
spectral type. Hot subdwarfs, discussed in papers like Geier et al. (2013), Nemeth et al.
(2013), and Kupfer et al. (2013), have eﬀective temperature greater than 20,000K and have
metallicities close to that of the sun. Cool subdwarfs in Rajpurohit et al. (2013), Jao et al.
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(2009) and Burgasser et al. (2009) have G, K, or M type spectra. These stars are thought to
be “Population II” stars, which means they are the second generation of stars in our universe. Because metals in a star are a mechanism for transferring energy generated in the
core, the low metallicity explains why these object are fainter than they should be for their
spectral class. The reason hot subdwarfs are not “Population II” stars is that they are far too
hot to have been born in the previous population of stellar generation. In this paper we will
focus on the the “Green” objects (stars at the tip of the “Cool” subdwarf spectrum).!

3. The Sample!
The initial sample was obtained from Jiménez-Esteban et al. (2011). The sample takes the
Tycho-2 (Hog et al. 2000) & 2MASS (Skrutskie et al. 2006) catalogs. Tycho-2 has the position and proper-motion of the brightest 2.5 million stars in the sky with typical uncertainties
in position and proper-motion being 60 mas and 2.5 mas yr⁻1, respectively. Photometric data
given catalog are in the Bt and Vt filters at 442 and 540, respectively, has an error in magnitude of of 0.1 mag. 2MASS has photometric data for 471 million sources. The data is in the
J, H, & Ks near-infrared bands at 1.235, 1.662, 2.159 micrometers, respectively. The typical
errors in position and magnitude are less than 100 mas and 0.03 mag. !
The sample obtained by Jimenez-Esteban et al. (2011) was obtained using the following
workflow.!
1. Select all Tycho-2 with proper-motion mu > 50 mas yr-1!
2. Select all 2MASS sources within a radius of 40 arcsec around each selected high proper
motion Tycho-2 source.!
3. Convert 2MASS coordinates into J2000.0 epoch using the proper motion of the related
Tycho-2 source.!
4. Select for the each Tycho-2 source the nearest proper-motion-corrected 2MASS source.!

The final sample size sources fulfilling each of these requirements was 157,184. The sample
was reduced by further crossing-matching it with the van Leeuwen (2007) reduction of the
Hipparcos catalog, which holds the information of position, proper motion and parallax for
all stars brighter than 9 mag, leading to the new sample size being 26,902. !

4. VO Tools!
The three VO tools used to collect and analyze the data were TOPCAT, Aladin (Bonnarel et
al. 2000) and VOSA (Bayo et al. 2008).
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TOPCAT (Figure 1) is a graph and table application with many functions designed specifically for astronomical analysis. It allows the user to download, analyze, and cross-match astronomical databases from a number of online catalogs with either the astronomers own observations or other catalogs.!

!

!

Figure 1. Screenshot of TOPCAT “Control Panel”, where data is selected to be used.

Aladin (Figure 2.) is an interactive visual tool that lets the user locate, view and analyze digital astronomic images from catalogs and the users own data. The user can make measurements of the images such as distance between objects and the flux of the stars as distance
from the center of the star increases.!
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Figure 2. Screenshot of Aladin being used to check if objects have been polluted by surrounding ones.

VOSA (Figure 3), an initialism for Virtual Observatory Spectral Energy Distribution Analyzer, is a tool from the Spanish Virtual Observatory team that lets the user upload physical parameters (RA, Dec, Distance) of a star and photometric data about the star in magnitudes
or fluxes (magnitudes in our case) and returns all available photometric data from infrared,
optical and ultraviolet online catalogs available through the VO. Once the catalog data has
been downloaded, VOSA constructs a Spectral Energy Distribution (SED) and models a fit
to the SED to get the star's eﬀective temperature, surface gravity and metallicity for a number of models depending on the type of star. When fitting the theoretical spectrum of the
SED, VOSA allows the user to set upper and lower limits on the three variables to be deter-
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mined to prevent erroneous data points from influencing the fits.

!

!

Figure 3. Screen shot from VOSA after the user has queried online photometric databases

5. Analysis!

!

Taking the original same from Jiménez-Esteban et al. (2011) with a size of 155,384 stars, we
cross-referenced the table with the Hipparcos catalog using the “Mulitple Cone Search” tool
in TOPCAT. This gave us a new sample size of 26,902. The next was to construct a
Hertzsprung–Russell diagram. This was done by using the parallax from the Hipparcos catalog to find the distance, and the apparent magnitude to find the absolute magnitude of each
object. We had preselected possible green subdwarfs using a diagram of Vt-Ks color and the
stars’ proper-motions. There were 126 objects eliminated for the sample at this point because we noticed the unrealistic brightness. This was because of an error in the Hipparcos
catalog which returned negative parallaxes, which tainted the absolute magnitude calculations. Once we had the HR diagram, we identified all the stars in the sample that had been
studied in Jiménez-Esteban et al. (2011) and Jiménez-Esteban et al. (2012) so that well-studied stars were studied as part of our new study. We then identified our green subdwarf candidates.!
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Figure 4. HR Diagram after cross-referencing the original sample with Hipparcos Catalog. Green Objects
are the sample of 17 studied in depth in this paper. Blue and Red objects were studied in Jimenez-Esteban
et al. (2011) and Jimenez-Esteban et al. (2012). Blue triangles are white dwarfs, blue diamonds are subdwarfs, and blue circles are young main sequence. red diamonds are red giants and red circles are red
dwarfs.

We selected a triangular area just below the main sequence between 0 and 3 magnitudes on
the Vt-Ks scale and 3 and 9 on the absolute magnitude scale. The size of this sample was 59.
We then cross-referenced these sources with SIMBAD to see how many of them had not
been previously studied using the number of references (“BIBLIST”) to each star. No stars
with 2 references or fewer were part of papers that were not catalogs, ensuring that it would
be the first time that any object in this paper would be studied in depth, which left us with a
sample of 25 objects. The sample was then reduced to 23 because of the separation between
two of the sources and their SIMBAD cross-match identifications was too large to be the
stars in the table. To make sure that each star correctly identified in the cross-match, we
loaded the Tycho-2 and 2MASS catalogs into Aladin with their proper motions to make sure
they were the right star and not an error in the catalogs. 4 objects were eliminated because
they were too close to other stars and the fluxes of the other stars were measured instead of
the stars we were interested in. While double checking the number of references manually,
we noticed that 2 sources had 5 references and not the number reported in the cross-match.
This was unexpected because the point of cross-matching our table with SIMABD was to
get rid of sources with more than 2 references. Our final sample sized to be fitted for spectra
contained 17 objects. !
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Finally, we uploaded the table of new objects to VOSA to get the spectra and temperature of
the stars using the “Kurucz” model fit. The Kurucz models were chosen because they provide a wide range of possible metallicities needed to identify subdwarfs. In our sample,
VOSA used on average, more than 10 data points to fit the models to the SEDs. Our first
result (no limits set manually) results in unrealistic surface gravities for stars in this section
of the HR diagram (9 stars with the log of gravity to the order of 2, with 5 stars with orders
of 0). Because subdwarfs are known to have relatively high surface gravities, we decided to
set a lower limit of 4 orders of magnitude on the surface gravities of the stars for the models. !

!
6.Results!

Table 1. Table with stars names, references, and VOSA results

!
The 17 stars in the final sample were grouped according to eﬀective temperature, surface
gravity and metallicity. This formula produced the results seen in Table 1.!
Group I consists of “Sun-like” stars with eﬀective temperatures between 5500K and 6250K,
the log of the surface gravity between 4 and 4.5 and metallicities between -.5 and .5. Group
II were put together because their surface gravities make them candidates to be subdwarfs,
especially the HIP 100748 because it has low metallicity. Group III are stars with extremely
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low metallicity. These stars are very good candidates to be subdwarfs, and are possibly in the
halo of the Galaxy.!
All graphs of the Models fitted to the SEDs can be found in Appendix 1. For objects 14137,
47839, 50385, and 95652 had saturation in some passbands, so those points were excluded
from the models. Several objects had excess in the WISE passbands which observed stars in
the infared can be explained but dust surrounding the star.!

!
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9. Appendix 1!

!

Astrophysics Senior Project"

14

!

!
!

Astrophysics Senior Project"

15

