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non-­‐zero	
  eccentricity	
  

Can	
  also	
  use	
  stellar	
  params	
  to	
  
constrain	
  transit	
  fit!	
  	
  Useful	
  for	
  
mul\ple/low	
  SNR	
  transit	
  light	
  
curves	
  (J.	
  Carter	
  w/	
  KOI	
  961)	
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Messy	
  combina\on	
  of:	
  
•  Empirical	
  Measurements	
  

•  Luminosi\es	
  from	
  Parallaxes	
  and	
  Photometry	
  
•  Masses	
  from	
  SB2	
  Binaries	
  
•  Masses	
  and	
  Radii	
  from	
  Eclipsing	
  SB2	
  Binaries	
  
•  Metallici\es	
  from	
  FGK	
  +	
  M	
  Wide	
  Binaries	
  
•  Radii	
  from	
  Interferometry	
  
•  Stellar	
  densi\es	
  from	
  planet	
  transits?	
  

•  Evolu\onary	
  Models	
  
•  Predict	
  M,	
  R	
  and	
  L	
  at	
  a	
  given	
  age,	
  metallicity	
  

•  Atmospheric	
  Models	
  
•  Predict	
  spectra	
  (and	
  colors)	
  at	
  a	
  given	
  TEff,	
  metallicity	
  and	
  

logg	
  



The	
  Canonical	
  Method	
  

•  Mass-­‐Luminosity	
  Rela\on	
  
–  Calibrated	
  on	
  SB2s	
  with	
  

parallaxes	
  M
K	
  

Mass	
  [MSun]	
  

•  Mass-­‐Radius	
  Rela\on	
  
–  Empirical	
  from	
  Eclipsing	
  SB2s	
  

•  e.g.	
  Torres	
  et	
  al.	
  (2010)	
  

–  Or	
  predic\ons	
  from	
  
Evolu\onary	
  Models	
  
•  e.g.	
  Baraffe	
  et	
  al.	
  (1998),	
  	
  Feiden	
  

et	
  al.	
  (2011)	
  

Delfosse	
  et	
  al.	
  (2000)	
  

Carter	
  et	
  al.	
  (2011)	
  



The	
  Canonical	
  Method	
  

•  Mass-­‐Luminosity	
  Rela\on	
  
–  Calibrated	
  on	
  SB2s	
  with	
  

parallaxes	
  M
K	
  

Mass	
  [MSun]	
  

•  Mass-­‐Radius	
  Rela\on	
  
–  Empirical	
  from	
  Eclipsing	
  SB2s	
  

•  e.g.	
  Torres	
  et	
  al.	
  (2010)	
  

–  Or	
  predic\ons	
  from	
  
Evolu\onary	
  Models	
  
•  e.g.	
  Baraffe	
  et	
  al.	
  (1998),	
  	
  Feiden	
  

et	
  al.	
  (2011)	
  

Delfosse	
  et	
  al.	
  (2000)	
  

Carter	
  et	
  al.	
  (2011)	
  



Hipparcos M DwarfsHipparcos M Dwarfs

1.4 1.5 1.6 1.7 1.8 1.9 2.0
B - V

0

100

200

300

400

500
# 

of
 S

ta
rs

M0	
   M2	
   M4	
   M6	
  

V	
  <	
  12	
  mag	
  limit	
  
	
  
V	
  <	
  7.3	
  whole	
  sky	
  



M	
  Dwarf	
  Mass	
  and	
  Radius	
  w/o	
  Parallax	
  

Burden	
  falls	
  on	
  colors	
  and	
  spectra,	
  	
  
which	
  trace	
  effec\ve	
  temperature	
  and	
  metallicity.	
  

Dartmouth	
  Tracks	
  



Kepler	
  Input	
  Catalog	
  

“Untrustworthy”	
  

Stellar	
  Parameters	
  from	
  
griz	
  +	
  JHK	
  Photometry	
  
	
  
Batalha	
  et	
  al.	
  (2010	
  )	
  
Brown	
  et	
  al.	
  (2011)	
  



1.5 2.0 2.5 3.0 3.5 4.0
r - J

0.0

0.2

0.4

0.6
St

el
la

r M
as

s 
[S

ol
ar

]

-0.5 -0.2 +0.2 +0.5

[Fe/H]

Dartmouth	
  Isochrones	
  (Domer	
  et	
  al.	
  2007,	
  Feiden	
  et	
  al.	
  2011,2012)	
  



0.40 0.45 0.50 0.55 0.60 0.65 0.70
J - H

0.0

0.2

0.4

0.6
St

el
la

r M
as

s 
[S

ol
ar

]

-0.5 -0.2 +0.2 +0.5

[Fe/H]

Dartmouth	
  Isochrones	
  (Domer	
  et	
  al.	
  2007,	
  Feiden	
  et	
  al.	
  2011,2012)	
  



0.10 0.15 0.20 0.25 0.30
H - K

0.0

0.2

0.4

0.6
St

el
la

r M
as

s 
[S

ol
ar

]

-0.5 -0.2 +0.2 +0.5

[Fe/H]

Dartmouth	
  Isochrones	
  (Domer	
  et	
  al.	
  2007,	
  Feiden	
  et	
  al.	
  2011,2012)	
  



0.70 0.75 0.80 0.85
J - K

0.0

0.2

0.4

0.6
St

el
la

r M
as

s 
[S

ol
ar

]

-0.5 -0.2 +0.2 +0.5

[Fe/H]

Dartmouth	
  Isochrones	
  (Domer	
  et	
  al.	
  2007,	
  Feiden	
  et	
  al.	
  2011,2012)	
  

Typical	
  2mass	
  errors	
  



-4 -2 0 2 4 6
J - [3.6]

0.0

0.2

0.4

0.6
St

el
la

r M
as

s 
[S

ol
ar

]

-0.5 -0.2 +0.2 +0.5

[Fe/H]

Dartmouth	
  Isochrones	
  (Domer	
  et	
  al.	
  2007,	
  Feiden	
  et	
  al.	
  2011,2012)	
  

Spitzer/WISE	
  



1.1 1.2 1.3 1.4 1.5 1.6
g - r

0.0

0.2

0.4

0.6
St

el
la

r M
as

s 
[S

ol
ar

]

-0.5 -0.2 +0.2 +0.5

[Fe/H]

Dartmouth	
  Isochrones	
  (Domer	
  et	
  al.	
  2007,	
  Feiden	
  et	
  al.	
  2011,2012)	
  

Can	
  be	
  severely	
  reddened…	
  



M	
  Dwarf	
  Parameters	
  from	
  
Photometric	
  Colors	
  Alone	
  

•  Extremely	
  important	
  for	
  planet	
  
occurrence	
  sta\s\cs	
  
–  C.	
  Dressing	
  (CfA)	
  

•  Bayesian	
  approach	
  
–  Take	
  everything	
  you	
  know,	
  find	
  the	
  

most	
  likely	
  values	
  given	
  the	
  data	
  
–  Johnson	
  et	
  al.	
  2011,	
  2012	
  

•  Need	
  more	
  empirical	
  
measurements!	
  
–  More	
  SB2s,	
  EBs	
  
–  Interferometric	
  Radii	
  

•  Boyajian	
  et	
  al.	
  (2012)	
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Fig. 8.— Empirical color-metallicity-radius relations presented in Section 4.2. The color
of the data point reflects the metallicity of the star. The colored lines are solutions to
the metallicity dependent fits, where the line color (red, orange, green, teal) represents

our solution for an iso-metallicity line to [Fe/H] = +0.25, 0.0,−0.25,−0.5. The panels
displaying the (V − J), (V − H), and (V − K) relations also include Dartmouth

5 Gyr isochrones as dash-dotted ([Fe/H] = 0.0) and dotted lines ([Fe/H] = −0.5).
See Equation 4 for the form of the equation and Table 10 for the coefficients and statistical

overview for each color-metallicity-radius solution.



Spectroscopy	
  



Op\cal	
  Spectroscopy	
  

•  PMSU	
  Survey	
  
–  Reid,	
  Hawley	
  and	
  Gizis	
  

•  Spectral	
  Indices	
  
–  TiO,	
  CaH,	
  CaOH	
  
– Useful	
  for	
  spectral	
  
typing,	
  determining	
  
luminosity	
  class	
  

– Not	
  well	
  calibrated	
  to	
  
physical	
  TEff	
  or	
  [M/H]	
  
•  and	
  therefore	
  stellar	
  mass	
  
and	
  radius	
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Reid	
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  al.	
  (1995)	
  



Op\cal	
  Spectroscopy	
  

•  New	
  effort	
  by	
  J.	
  S.	
  
Pineda	
  and	
  M.	
  Bomom	
  
(Caltech)	
  

•  Archival	
  HIRES	
  M	
  dwarf	
  
spectra	
  from	
  the	
  
California	
  Planet	
  Search	
  

•  Calibrate	
  EWs	
  to	
  
Delfosse	
  et	
  al.	
  Stellar	
  	
  
Mass	
  



Op\cal	
  Spectroscopy	
  

•  New	
  effort	
  by	
  
A.	
  Mann	
  (IfA)	
  

•  Calibrate	
  mod-­‐
res	
  op\cal	
  
spectra	
  to	
  
physical	
  
parameters	
  	
  



K-­‐Band	
  Infrared	
  Spectroscopy	
  

Johnson	
  &	
  Apps	
  2009	
  

Na	
  and	
  Ca	
  EW	
  trace	
  	
  
[Fe/H],	
  [M/H]	
  

Deforma\on	
  from	
  H2O	
  
traces	
  TEff	
  (H2O-­‐K	
  index)	
  

Rojas-­‐Ayala	
  et	
  al.	
  
(2010,	
  2012)	
  

CO	
  EW	
  determines	
  
luminosity	
  class	
  (V	
  vs.	
  III)	
  



Palomar-­‐TripleSpec	
  

Herter	
  et	
  al.	
  2008	
  



Interpolate	
  Teff	
  and	
  [M/H]	
  onto	
  Dartmouth	
  
Isochrones	
  for	
  Mass	
  and	
  Radius	
  

Domer	
  et	
  al.	
  (2008)	
  
M,	
  R,	
  L,	
  MK,	
  distance	
  

Cool	
  KOIs	
  

Rojas-­‐Ayala	
  et	
  al.	
  (2010,	
  2012)	
  
TEff	
  and	
  [M/H]	
  



Compare	
  to	
  Delfosse	
  Masses	
  
•  Rojas-­‐Ayala	
  (2012)	
  contains	
  
K-­‐band	
  spectra	
  of	
  122	
  
nearby	
  M	
  dwarfs.	
  

•  Compare	
  interpolated	
  mass	
  
to	
  Delfosse	
  et	
  al.	
  (2000)	
  
masses	
  for	
  stars	
  with	
  
Hipparcos	
  parallaxes.	
  

•  No	
  systema\c	
  difference	
  in	
  
mass	
  es\mates!	
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  Barnard’s	
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Fig. 6.— Comparison of HIRES spectra of KOI 961 (red) and Barnard’s Star (black) for select molecular bands identified in Reid et al.
(1995) and H-α. The spectra are continuum normalized within each spectral region. The spectra are remarkably similar, and neither shows
appreciable rotational broadening. The discrepancy in TiO3 (top right) is attributed to errors in the normalization of the spectra, as the
TiO3 region is close to the edge of a HIRES order. Neither spectrum shows Hα emission, which has been shown to correlate with galactic
disk height and age for M dwarfs (West et al. 2004, 2008); however, Barnard’s Star is known for occasional Hα flaring (e.g. Paulson et al.
2006).
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Fig. 7.— Cross-correlation full-width-at-half-maximum (XCF
FWHM) vs. V sin(i). Solid blue lines: XCF FWHM for Barnard’s
Star cross-correlated with a rotationally-broadened version of itself
for each of the six spectral regions in Figure 6. Dashed red lines:
XCF FWHM for KOI 961 cross-correlated with Barnard’s Star,
interpolated onto the the blue lines to measure V sin(i).

constrain the age as well as the lack of H-α (> 4.5 Gyr),
or the kinematic properties (see Section 3).

2.4.2. Absolute Radial Velocity

Without the iodine cell, the wavelength-solution of
HIRES can be accurately calibrated to 0.1 km s−1 us-

ing the telluric A and B bands (Chubak et al. 2012).
Using the telluric calibration, we measured the radial
velocity difference between KOI 961 and Barnard’s Star
by cross-correlating the wavelength-calibrated spectrum
of KOI 961 with an iodine-free “template” HIRES spec-
trum of Barnard’s Star taken as part of the California
Planet Search. Applying the difference to a previously
measured absolute radial velocity of Barnard’s Star (Vr

= -110.85 ± 0.23 km s−1, Marcy & Benitz 1989), we
measured the absolute radial velocity of KOI 961 to be
-84.48 ± 0.2 km s−1.

3. ESTIMATION OF STELLAR PARAMETERS FOR KOI 961

The qualitative similarities between KOI 961 and
Barnard’s Star are striking. However, to accurately es-
timate the stellar parameters of KOI 961–in particular
mass, radius and luminosity–we must use quantitative,
calibrated measurements. For this purpose, we used the
K-band metallicity and effective temperature measure-
ments of the two stars from RA11 and Paper 1, which
are consistent with the qualitative observations of Sec-
tion 2. Table 3 summarizes the K-band measurements.

In Paper 1, we interpolated the K-band measurements
of effective temperature and metallicity onto evolution-
ary isochrones to estimate the stellar parameters of low-
mass KOIs, including KOI 961. However, empirical mea-
surements of low-mass stellar parameters and predictions
from evolutionary isochrones show significant discrepan-



Barnard’s	
  Star	
  
A	
  Small	
  Star	
  with	
  Large	
  Proper	
  Mo;on	
  (Barnard	
  1916)	
  

•  Good	
  Hipparcos	
  parallax	
  (d	
  =	
  1.8	
  pc)	
  
–  Absolute	
  magnitude	
  -­‐>	
  Mass	
  

•  Old	
  (>	
  7.5	
  Gyr)	
  
–  Slow	
  rotator,	
  no	
  quiescent	
  H-­‐alpha	
  emission,	
  “Thick	
  Disk”	
  kinema\cs	
  

(Leggem	
  1992)	
  
	
  
•  Interferometric	
  Radius!	
  (Lane	
  et	
  al	
  2001,	
  Boyajian	
  et	
  al.	
  2012)	
  

•  Carefully	
  s\tched	
  spectra	
  for	
  bolometric	
  luminosity	
  (Dawson	
  &	
  de	
  
Rober\s	
  2004)	
  
–  With	
  radius	
  gives	
  empirical	
  Teff	
  



Interpolated	
  
Empirical	
  

•  Also	
  used	
  bootstrap	
  method	
  on	
  GJ	
  1214	
  to	
  double-­‐check.	
  
•  Recovered	
  parameters	
  based	
  on	
  transit	
  a/R*	
  not	
  models!!!	
  
•  Method	
  A	
  from	
  Carter	
  et	
  al.	
  2011	
  

KOI	
  961/Kepler	
  42	
  –	
  Bootstrap	
  off	
  Barnard’s	
  Star	
  



Orbital	
  Scale	
  =	
  5	
  x	
  Size	
  Scale	
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Preliminary:	
  
More	
  small	
  stars	
  with	
  
sub-­‐Earth	
  planet	
  
candidates	
  in	
  <	
  2	
  day	
  
periods	
  



Caveats/Research	
  Problems	
  

•  How	
  does	
  ac\vity	
  change	
  the	
  
connec\on	
  between	
  
(Mass,Radius)	
  and	
  (Teff,[M/H])?	
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Fig. 2.— Effective Temperature vs. Mass (left) and Radius vs. Mass (right) for M-dwarfs with trigonometric
distances and Hα measurements from the PMSU catalog. Active objects (i.e., those with Hα in emission)
are represented by filled symbols. For reference, the 3 Gyr theoretical isochrone of Baraffe et al. (1998) is
represented in both figures as a solid curve. A polynomial fit to the non-active objects is represented by a
dashed curve. The Hα-active dwarfs are found to be significantly displaced to lower Teff and larger radii as
compared to both the theoretical isochrone and the non-active dwarfs.
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Fig. 17.— Stellar radius versus 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 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.

Boyajian	
  et	
  al.	
  (2012)	
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  •  AKA:	
  What	
  about	
  

magne\c	
  fields!	
  
	
  



More	
  Research	
  Problems	
  
•  Characterizing	
  individual	
  M	
  dwarfs	
  with	
  exci\ng	
  planets	
  is	
  fun…	
  

•  BUT	
  we	
  need	
  physical	
  parameters	
  of	
  ALL	
  Kepler	
  M	
  dwarf	
  targets	
  for	
  
accurate	
  sta\s\cs.	
  	
  Some	
  possible	
  approaches:	
  

–  Spectra	
  of	
  all	
  3500	
  M	
  dwarf	
  targets?	
  
•  Or	
  a	
  sub-­‐sample,	
  but	
  how	
  do	
  you	
  define	
  it?	
  	
  Colors?	
  

–  Bemer	
  KIC	
  color	
  calibra\on	
  to	
  stellar	
  mass	
  and	
  radius?	
  

–  Parallaxes	
  directly	
  from	
  Kepler	
  data?	
  
•  Few	
  are	
  willing	
  to	
  try.	
  	
  Crowd-­‐source	
  this	
  for	
  prize	
  money?	
  

–  Wait	
  for	
  Gaia…	
  	
  Launch	
  next	
  year!	
  


