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Brief	  reminder	  why	  stellar	  parameters	  
are	  important	  to	  the	  ExEP	  

•  For	  transit	  observa2ons:	  RP	  	  α	  	  RStar	  

•  For	  RV	  observa2ons:	  MP	  sini	  	  α	  	  (Mstar)1/3	  	  

•  TEq	  	  α	  	  (LStar)1/4	  	  α	  	  (RStar)1/2	  Teff	  

•  Want	  Stellar	  Mass,	  Radius	  and	  Luminosity	  for	  
best	  JWST	  targets.	  

	  



A	  Hard	  Truth	  
•  Nearly	  all	  stellar	  parameter	  measurements	  
rely	  on	  a	  stellar	  model	  at	  some	  point.	  

– E.g.	  Metallicity,	  log(g),	  and	  assumed	  limb-‐
darkening	  coefficients	  are	  usually	  based	  on	  
atmospheric	  models.	  

	  

•  Therefore,	  stellar	  parameters	  will	  almost	  
always	  be	  subject	  to	  some	  systema>c	  error.	  
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Fig. 1.— Graphical representation of the analysis flow. Observables in the top row are paral-
lax, apparent visual magnitude, a high-resolution spectrum, and measured radial velocities.

The left side shows the spectroscopic (SME) and isochrone (Y2) analysis, while the right
side shows the orbital analysis (RVLIN). Symbols for derived quantities are as described in
the text, but with Fe for [Fe/H], α for [α/Fe], τ for age, and g′ for giso. The arrow pointing

up to the g′ = giso decision diamond illustrates a new outer loop that enforces consistency
between spectroscopic and isochrone gravities. (A color version of this figure is available in

the online journal.)
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Parallax?	   Dwarf	  or	  Evolved?	  

Proper	  Mo2on?	  

Use	  Mass-‐Luminosity	  ~10%	  
Use	  Mass-‐Radius	  ~10%	  

High-‐res	  spectrum	  to	  get	  
metallicity	  from	  atm	  model	  -‐>	  
Mass	  from	  evol	  model.	  	  
Precision	  debated	  

Dwarf	  or	  Evolved?	  

Yes	  

No	  

Dwarf	  

Evolved	  

Dwarf	  

Evolved	  

Refine	  with	  asteroseismology,	  
interferometry.	  

Spectra,	  transit-‐derived	  
density,	  asteroseismology	  
to	  refine	  below	  10%.	  

Color-‐Color	  
Plot?	   Rota2on?	  

Refine	  with	  spectra,	  asteroseismology,	  
interferometry.	  	  Tough	  spot!	  

Yes	  

No	  

Spectra,	  transit-‐derived	  
density,	  asteroseismology	  
to	  refine.	  ~15-‐20%	  or	  
beger.	  

Spectra	  and/or	  transit-‐derived	  
density	  with	  atm/evol	  models	  to	  
refine	  to	  ~15-‐20%	  or	  beger.	  

START	  



Power	  of	  a	  Parallax:	  D/G	  Discrimina2on	  

•  Put	  a	  star	  on	  an	  
HR	  (or	  Color-‐
Magnitude)	  
Diagram.	  

•  Trivial	  dwarf/giant	  
discrimina2on	  

	  

Hipparcos	  



Power	  of	  a	  Parallax:	  Mass-‐Luminosity	  
Rela2onships	  for	  Dwarfs	  Accurate masses and radii of normal stars 95

Fig. 5 The mass–luminosity relation for the stars in Table 1. Error bars are shown, and stars classified as
giants are identified by open circles. See Sect. 6 for a discussion of the effects of evolution in this diagram

The mass–luminosity diagram Figure 5 shows the mass–luminosity relation, i.e. the
computed log L versus the observed mass, for the stars in Table 1. This relation is
popular in a number of modelling contexts and appears very well-defined here at first
sight. Note, however, that due to the high accuracy of the masses and large range in
log L , the error bars are smaller than the plotted symbols. Thus, the scatter seen is
of astrophysical, not observational origin, and is due to the varying effects of stellar
evolution and chemical abundance from star to star. We elaborate further on these
issues in the following section.

6 Testing stellar models

Comparison with stellar evolution models is one of the most prominent uses of accurate
binary data (see, e.g. Pols et al. 1997; Lastennet and Valls-Gabaud 2002; Hillenbrand
and White 2004) and features in most modern articles on binary system parameters.
An extensive discussion on the subject was given in Andersen (1991), with a focus on
what information can be obtained from data of increasing degrees of completeness.
Only a few main points will be repeated here, with a summary of recent developments.

The key point of the Andersen (1991) discussion was that, while even the best data
can never prove a set of models right, sufficiently accurate and complete data can
reveal significant deficiencies in the physical descriptions in stellar models: When the
(preferably unequal) masses and identical composition of two binary components are
known, and the age of the model of one star is fixed from its radius, requiring the
model to match the observed radius of the other star at the same age is a non-triv-
ial test. Matching the observed temperatures as well provides additional constraints,
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Dwarfs	  with	  accurate	  masses	  &	  luminosi2es	  
Torres,	  Anderson	  &	  Gliminéz	  (2010)	  
	  

Requires	  an	  atm	  
model	  for	  bolometric	  
correc>on!	  



Accurate masses and radii of normal stars 97

Fig. 6 Close-up of the 1–2.5 M⊙ range of the mass–luminosity relation in Fig. 5. The very significant scatter
in log L at each mass value is due to the combined effects of stellar evolution and abundance differences
(see text). Open circles: stars classified as giants

show—not surprisingly—that the stars classified as giants are more luminous than
main-sequence stars of the same mass, but the more subtle effects of evolution through
the main-sequence phase are also clearly seen.

However, evolution is not all, as seen by comparing either star in VV Pyx with the
primary of KW Hya (nos. 42 and 46 in Table 1). The stars are virtually identical in
mass and radius (or log g), hence in very similar stages of evolution, but their temper-
atures are quite different and the luminosities differ by nearly a factor of two. Clearly,
the two systems are expected to have different compositions, with KW Hya likely
more metal-rich than VV Pyx. Unfortunately, no actual determination of [Fe/H] is yet
available for either system to test this prediction.

6.2 Fitting individual systems

The most informative comparison of stellar models with real stars is obtained when
the mass, radius, temperature, and [Fe/H] are accurately known for both stars in a
binary system. If the stars differ significantly in mass and degree of evolution, fitting
both stars simultaneously for a single age provides a very stringent test of the models.
We have calculated individual evolutionary tracks for the observed masses and metal-
licities of the systems in Table 1, setting [Fe/H] = 0.00 if the metallicity is unknown.
In most cases, a respectable fit is achieved, and any modest deviations can usually be
explained in terms of uncertain temperatures, reddening and/or metallicity. Resolving
the exceptional cases of large unexplained discrepancies will require detailed studies,
perhaps involving additional observations, which are beyond the scope of this article.

In nearly equal-mass binaries, the requirement for consistency between the two
components is only a weak constraint on the models, at best. However, the rare
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Power	  of	  a	  Parallax:	  Mass-‐Luminosity	  
Rela2onships	  for	  FG	  Dwarfs	  

Dwarfs	  with	  accurate	  masses	  &	  luminosi2es	  
Torres,	  Anderson	  &	  Gliminéz	  (2010)	  
	  

~15	  %	  Uncertainty	  on	  Mass	  
when	  using	  L	  alone	  



Power	  of	  a	  Parallax:	  Mass-‐Luminosity	  
Rela2onships	  for	  KM	  Dwarfs	  

Delfosse	  et	  al.	  (2000)	  

Carter	  et	  al.	  (2011)	  

Empirical	  Mass-‐Magnitude	  
Rela2onships,	  ~10%	  
uncertainty	  

Model	  or	  empirical	  mass-‐radius	  
rela2onships,	  ~5%	  uncertainty	  



Parallax?	   Dwarf	  or	  Evolved?	  

Proper	  Mo2on?	  

Use	  Mass-‐Luminosity	  ~10%	  
Use	  Mass-‐Radius	  ~10%	  

High-‐res	  spectrum	  to	  get	  
metallicity	  from	  atm	  model	  -‐>	  
Mass	  from	  evol	  Model.	  
Precision	  debated	  

Dwarf	  or	  Evolved?	  

Yes	  

No	  

Dwarf	  

Evolved	  

Dwarf	  

Evolved	  

Refine	  with	  asteroseismology,	  
interferometry.	  

Spectra,	  transit-‐derived	  
density,	  asteroseismology	  
to	  refine	  below	  10%.	  

Color-‐Color	  
Plot?	   Rota2on?	  

Refine	  with	  spectra,	  asteroseismology,	  
interferometry.	  	  Tough	  spot!	  

Yes	  

No	  

Spectra,	  transit-‐derived	  
density,	  asteroseismology	  
to	  refine.	  ~15-‐20%	  or	  beger	  

Spectra	  and/or	  transit-‐derived	  
density	  with	  atm/evol	  models	  to	  
refine	  to	  ~15-‐20%	  or	  beger.	  

START	  

Good	  Shape!	  
Gaia	  +	  Spectra	  for	  	  
TESS,	  Plato	  



Parallax?	   Dwarf	  or	  Evolved?	  

Proper	  Mo2on?	  

Use	  Mass-‐Luminosity	  ~10%	  
Use	  Mass-‐Radius	  ~10%	  

High-‐res	  spectrum	  to	  get	  
metallicity	  from	  atm	  model	  -‐>	  
Mass	  from	  evol	  Model.	  
Precision	  debated	  

Dwarf	  or	  Evolved?	  

Yes	  

No	  

Dwarf	  

Evolved	  

Dwarf	  

Evolved	  

Refine	  with	  asteroseismology,	  
interferometry.	  

Spectra,	  transit-‐derived	  
density,	  asteroseismology	  
to	  refine	  below	  10%.	  

Color-‐Color	  
Plot?	   Rota2on?	  

Refine	  with	  spectra,	  asteroseismology,	  
interferometry.	  	  Tough	  spot!	  

Yes	  

No	  

Spectra,	  transit-‐derived	  
density,	  asteroseismology	  to	  
refine.	  ~15-‐20%	  or	  beger.	  

Spectra	  and/or	  transit-‐derived	  
density	  with	  atm/evol	  models	  to	  
refine	  to	  ~15-‐20%	  or	  beger.	  

START	  



Proper	  Mo2on:	  A	  Cheap	  Parallax	  

brighter stars, from their Tycho-2/ASCC-2.5 catalog counter-
parts. While the B and V magnitudes are very accurate, much
room for improvement remains with the optical photometry of
fainter stars. The infrared photometry, on the other hand, was
extracted from the 2MASS All-Sky Point Source catalog and is
accurate down to about 15th magnitude in each band (J, H, and
Ks). The probability of our stars having been mismatched in the
2MASS catalog is almost zero.

To compare all stars in the same color/magnitude system, we
provide an estimate of the apparent Vmagnitude and the V ! J
color index for all but 814 LSPM stars. These estimates are
most reliable for the brighter (V < 12) stars but should be used
with caution for fainter stars, for which V is estimated from the
USNO-B1.0 photographic magnitudes.

The LSPM catalog is a work in progress. An extension to the
southern sky is currently underway. We are also working on an
expansion to lower proper motions, down to 0B10 yr!1. Future
plans include an improvement of the magnitudes, especially in
the optical bands, by using magnitude estimates from a variety

of other sources (SDSS, USNO-A2 catalog, GSC-2.2 catalogs,
and future versions of the UCAC catalog).
At this point, the LSPM catalog is ideally suited for follow-up

observations of selected targets of interest. Indeed, we are cur-
rently working on a massive spectroscopic survey of selected
LSPM objects, including all stars with proper motions ! >
0B45 yr!1, for which spectroscopic observations are now in hand
(Lépine et al. 2005, in preparation).
The LSPM catalog will be updated as new discoveries are

made. We invite investigators who discover new high proper
motion objects in the northern sky to contact the authors so that
their discovery can be included in the catalog. Likewise, in-
vestigators who notice that a known high proper motion star is
missing from the LSPM or who find errors in our data are
invited to communicate with us.

We would like to thank the referee, A. Gould, for invaluable
comments and suggestions.

Fig. 30.—Reduced proper-motion diagram of the LSPM stars. Stars are distributed in four major groups: brighter stars, cool disk dwarfs, cool halo subdwarfs, and
white dwarfs.
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Parallax?	   Dwarf	  or	  Evolved?	  

Proper	  Mo2on?	  

Use	  Mass-‐Luminosity	  ~10%	  
Use	  Mass-‐Radius	  ~10%	  

High-‐res	  spectrum	  to	  get	  
metallicity	  from	  atm	  model	  -‐>	  
Mass	  from	  evol	  Model.	  

Dwarf	  or	  Evolved?	  

Yes	  

No	  

Dwarf	  

Evolved	  

Dwarf	  

Evolved	  

Refine	  with	  asteroseismology,	  
interferometry.	  

Spectra,	  transit-‐derived	  
density,	  asteroseismology	  
to	  refine	  below	  10%.	  

Color-‐Color	  
Plot?	   Rota2on?	  

Refine	  with	  spectra,	  asteroseismology,	  
interferometry.	  	  Tough	  spot!	  

Yes	  

No	  

Spectra,	  transit-‐derived	  
density,	  asteroseismology	  
to	  refine.	  ~15-‐20%	  or	  beger	  

Spectra	  and/or	  transit-‐derived	  
density	  with	  atm/evol	  models	  to	  
refine	  to	  ~15-‐20%	  or	  beger	  

START	  

Muirhead	  et	  al.	  (2012,	  2015)	  
Ballard	  et	  al.	  (2014)	  



Without	  L,	  need	  TEff	  and	  [Fe/H]	  
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Caveats	  

•  [Fe/H]	  and	  [α/Fe]	  independently	  affect	  inferred	  stellar	  radius.	  	  	  
•  Currently	  no	  accurate	  method	  to	  measure	  [α/Fe]	  in	  M	  dwarfs.	  	  	  
•  But	  see	  Veye`e,	  Muirhead	  &	  Mann	  poster	  138.11	  on	  Monday	  

for	  a	  roadmap	  to	  [α/Fe].	  

Muirhead,	  Hall,	  Veyege	  (2014)	  



Parallax?	   Dwarf	  or	  Evolved?	  

Proper	  Mo2on?	  

Use	  Mass-‐Luminosity	  ~10%	  
Use	  Mass-‐Radius	  ~10%	  

High-‐res	  spectrum	  to	  get	  
metallicity	  from	  atm	  model	  -‐>	  
Mass	  from	  evol	  Model.	  

Dwarf	  or	  Evolved?	  

Yes	  

No	  

Dwarf	  

Evolved	  

Dwarf	  

Evolved	  

Refine	  with	  asteroseismology,	  
interferometry.	  

Spectra,	  transit-‐derived	  
density,	  asteroseismology	  
to	  refine	  below	  10%.	  

Color-‐Color	  
Plot?	   Rota2on?	  

Refine	  with	  spectra,	  asteroseismology,	  
interferometry.	  	  Tough	  spot!	  

Yes	  

No	  

Spectra,	  transit-‐derived	  
density,	  asteroseismology	  
to	  refine.	  ~15-‐20%	  or	  beger	  

Spectra	  and/or	  transit-‐derived	  
density	  with	  atm/evol	  models	  to	  
refine	  to	  ~15-‐20%	  or	  beger.	  

START	  



Be	  Careful	  with	  Color-‐Color	  Plots	  

Muirhead,	  Mann	  et	  al.	  (2015)	  

Giants?	  

Dwarfs?	  



Be	  Careful	  with	  Color-‐Color	  Plots	  

Not	  a	  good	  
dwarf/giant	  
discriminator!	  

Muirhead,	  Mann	  et	  al.	  (2015)	  



Be	  Careful	  with	  Color-‐Color	  Plots	  

Much	  
Be`er!	  

Muirhead,	  Mann	  et	  al.	  (2015)	  



Parallax?	   Dwarf	  or	  Evolved?	  

Proper	  Mo2on?	  

Use	  Mass-‐Luminosity	  ~10%	  
Use	  Mass-‐Radius	  ~10%	  

High-‐res	  spectrum	  to	  get	  
metallicity	  from	  atm	  model	  -‐>	  
Mass	  from	  evol	  Model.	  

Dwarf	  or	  Evolved?	  

Yes	  

No	  

Dwarf	  

Evolved	  

Dwarf	  

Evolved	  

Refine	  with	  asteroseismology,	  
interferometry.	  

Spectra,	  transit-‐derived	  
density,	  asteroseismology	  
to	  refine	  below	  10%.	  

Color-‐Color	  
Plot?	   Rota2on?	  

Refine	  with	  spectra,	  asteroseismology,	  
interferometry.	  	  Tough	  spot!	  

Yes	  

No	  

Spectra,	  transit-‐derived	  
density,	  asteroseismology	  
to	  refine.	  ~15-‐20%	  

Spectra	  and/or	  transit-‐derived	  
density	  with	  atm/evol	  models	  to	  
refine	  to	  ~15-‐20%.	  

START	  

No	  parallax,	  no	  
proper	  mo>on?	  
Not	  as	  good	  shape	  



My	  thoughts	  on	  ExEP	  priori2es	  

•  Parallaxes	  for	  all	  stars	  searched	  (~10%	  M/R/L).	  
– Gaia	  for	  g	  <	  20.	  	  
	  

•  Develop	  best	  possible	  mass-‐luminosity	  calibra>ons.	  
	  
•  Ground-‐based	  spectroscopy	  for	  metallici2es/
gravi2es	  where	  needed	  (<10%	  M/R/L)	  
– NASA	  Keck	  Share	  
	  

•  Support	  atmospheric/evolu>onary	  modeling	  
efforts.	  
– Nearly	  all	  stellar	  measurements	  depend	  on	  models	  at	  
some	  point.	  



Backup	  Slides	  



How	  about	  TEff?	  

94 G. Torres et al.

Fig. 3 M vs. Teff for the stars in Table 1

Fig. 4 R vs. Teff for the stars in Table 1

again that only the errors in Teff are large enough to be visible, while main-sequence
masses for a given Teff may vary by 40% or more.

The evolutionary changes are seen even more clearly in Fig. 4, equivalent to a plot
of radius versus spectral type. Here, however, as both temperature and radius change
during the evolution, the stars will move roughly diagonally towards the upper right.
The range in R for a given Teff is much larger than for M , up to a factor of ∼3—again
far more than the tiny errors in the individual values of R.

123

Torres,	  Anderson	  &	  Gliminéz	  (2010)	  

Factor	  of	  2	  Spread	  
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may produce spurious results for an object with a different
composition than the objects used to develop the MLRs. To
alleviate this concern, we used the K-band form of the MLR,
which is thought to be insensitive to metallicity: a fortunate
by-product to a proper balancing act of equalizing luminosities
and flux redistributions in the infrared with changing metal-
licity (see Delfosse et al. 2000 for their discussion and em-
pirical verification). However, unlike luminosity–temperature,
luminosity–radius, and temperature–radius planes, we are not
able to confirm or deny any metallicity dependence on the
mass–radius plane with our data because the mass errors are
too large for the single stars in our sample (Section 5.5,
Figure 15).

Within Sections 4.1–4.3, we use a multi-variable function
to relate the observed colors and metallicities to the global
properties of temperature, radius, and luminosity. We found
that inclusion of metallicity as a variable was essential to
properly relate the astrophysical quantities (TEFF, R, and L) to
the observed colors of our stars. Contrary to the color solutions,
we find that linking the global properties (temperature, radius,
luminosity, mass) of a star (Sections 5.1–5.4) do not appear
to be sensitive to the stellar metallicity within the observational
errors used in this work.22 In other words, our data show that the
metallicity only affects the observed color index of a star, and
thus using the metallicity-dependent transformations in order
to convert colors into the stellar properties of temperatures,
radii, and luminosities is essential. However, the analysis clearly
shows that for the range of stars that we observe, the metallicity
does not impact the physical properties of a star in a way that
we are able to measure: throwing a bucketful of metals in a star
does not make it expand in size or cool its surface temperature,
it simply morphs the observed color index.

6. A NEED TO VALIDATE BINARY STAR
TEMPERATURES

Typically, when making comparisons of single and binary
star properties, the community has viewed the data on the
mass–radius plane, as we present in Section 5.5. While it is true
that EBs represent the highest precision in, and largest volume
of, the available data for stellar masses and radii, it is still not
as fundamental when adding single stars to the analysis because
single stars must rely on MLRs to derive their masses. However,
the data set we introduce here turns the table to the single stars
as the most voluminous data set of precise measurements to
K- and M-dwarf properties. Because of this, we compare the
fundamental parameters of both the single and binary stars
on the temperature–radius plane, as they are the most directly
determined measurements for single stars.

While individual component masses and radii can be deter-
mined for double-lined EB systems, only the ratio of effective
temperatures (and thus luminosities) may be calculated. Solu-
tions for estimating EB temperatures are generally constrained
by photometric calibrations, where the results often vary due to
differences within analyses (Torres et al. 2010). Furthermore,
the empirical data to calibrate the temperature scales of late-type
stars have only recently become available, making any absolute
zero point in temperature scales subject to uncertainties. The
basic technique of EB star temperatures relies on an assumed
temperature of the primary star that is then translated to the

22 Since there is a physical coupling of the temperature, radius, and luminosity
through the Stephan–Boltzmann equation, we expect this connection to their
properties to exhibit similar attributes.

Figure 17. Stellar radius vs. temperature for single stars (red circles) and EBs
(blue squares). The solid line is the polynomial fit to the empirically determined
single star data presented in Equation (9). The solar metallicity solution from
the Dartmouth models is shown as the dash-dot line. The tabulated values
for temperatures and radii for main-sequence stars in Allen’s AQ (Cox 2000) is
plotted as a dashed line, predicting a decreased temperature of ∼200 to 300 K for
a star of given radius. Note that the correlations to binary star temperatures and
radii show to be much more suited for the Allen’s AQ Cox (2000) temperature
scale. See Section 6 for details.
(A color version of this figure is available in the online journal.)

properties of the secondary component. The calculation of the
EB stellar luminosities is then based on the Stephan–Boltzmann
equation and interstellar extinction (if present). Additionally, a
measure of the accurate stellar abundances of the EB system is
typically unreachable due to the complex blending of spectral
features, which are dependent on the (unconstrained) individual
temperature of each component in the system. Comprehensive
reviews of binary star properties can be found in, e.g., Andersen
(1991) and Torres et al. (2010).

Using the same collection of data for binary stars as de-
scribed in Section 5.5, we regard the differences on the
temperature–radius plane for single stars and binary stars in
Figure 17.23 Although there is considerable scatter, the binary
star data are clearly separated from the single stars on the
temperature–radius plane. It appears that either the EB compo-
nents tend to have larger radii (up to ∼50% for radii <0.6 M⊙)
compared to a single star of the same temperature or the EB
components have cooler surface temperatures (up to ∼500 K)
compared to single stars of the same radius. A combination of
the two effects could also explain the observed disagreement.

Since our conclusions in the previous section show that
mass–radius relationship shows minimal differences between
single and binary radii (Section 5.4, Figure 15), we may infer
that the systematic differences in Figure 17 arise from an offset
in temperature, not radius, between single stars and binary
stars. Given an approximate 1:1 relation between mass and
radius, the observed offset is also present for the data if viewed
on the temperature–mass plane, where for a given mass, the
temperatures of EBs are lower than those of single stars by
several hundred Kelvin.

The interpretation of the discrepancy between single and bi-
nary star temperatures to be a consequence of the diverse phys-
ical nature of the two different sets of stars is premature, as
we must first demonstrate that the observed effect is genuine.

23 Note that not all binary stars used in Section 5.5 have published values for
the temperatures.
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Spectra	  and/or	  transit-‐derived	  
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Fig. 3.— Observational Hertzsprung-Russell diagram (B�V color vs absolute V magnitude)

of host stars with planets as of May 2011. Stars identified as > 1.5 M� and < 1.5 M� are

shown as filled circles and open circles respectively. The dotted line outlines the parameter

space (0.5 < MV < 3.5; 0.5 < B � V < 1.0) of the sample of 159 evolved stars defined by

Johnson et al. (2006). Shaded is the region bounded by 0.0 < MV < 2.8; 0.85 < B�V < 1.05,

inside of which 28 (of 35 total) planet hosts with mass > 1.5 M� and only 3 with mass

< 1.5 M� reside. The properties of this subsample and region are further described in

Figure 4 and Section 3.2. In red, green and blue are evolutionary tracks derived from

Yonsei-Yale isochrones (Yi et al. 2003) for 1.2, 1.5 and 1.8 M�. Line style indicates stpdf of

metallicity from [Fe/H]=-0.4 to [Fe/H]=0.2.
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