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Mass is a well defined quantity (though T
eff

 seems ok to me too):

Mass of the Sun equals to that of some 4.2816 ∙ 1055 28Si atoms. 

Plan of the talk:

I.       Mass of what: interstellar medium, dark matter, stars, …
II.      Binaries in Gaia
III.     Peculiar objects in Gaia and other surveys
IV.     Kepler binaries
V.     Accuracy of binary masses
VI.    Advances in binary models
VII.   Astroseismology
VIII.  From mass to everything else or vice versa?
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Weighing the local dark matter with 
RAVE red clump stars

We determine of the Galactic potential in the solar neigbourhood from RAVE observations. 

We select a sample of 4600 red clump stars within a cylinder of 500 pc radius oriented ∼
in the direction of the South Galactic Pole, in the range of 200 pc to 2000 pc distances. 

We deduce the vertical force and the total mass density distribution up to 2 kpc away from
the Galactic plane. 

Due to the deep extension of our sample, we can determine nearly independently the dark 
matter mass density and the baryonic disk surface mass density. 

We find (i) at 1 kpc: K
z
 /(2πG) = 68.5 ± 1.0 M

⊙
 pc−2 (consistent with the literature), 

and (ii) at 2 kpc:      K
z
 /(2πG) = 96.9 ± 2.2 M

⊙
 pc−2 (an unexpectedly large increase). 

Assuming the solar Galactic radius at R
0
 = 8.5 kpc, we deduce the local dark matter 

density ρ
DM

 (z = 0) = 0.0143 ± 0.0011M
⊙
 pc−3 and the baryonic surface mass density

Σ
bar

 = 44.4 ± 4.1 M
⊙
 pc−2 . 

Bienaymé et al. 2014 



  

Mass + Age + Chemistry ≅ All we need

Stellar evolution for stars with 10, 5, 2.5, 1.25, 0.625 M⊙ and [Fe/H] = 0.0 and -0.5 (Bressan et al. 2012).



  

Binaries: reach of Gaia
Söderhjelm 2004.

Binaries of Gaia at all distances, 
but most at 2-10 kpc

  
correlation between P

orb
 and separation.

Even a hot Jupiter causes a non-linear 
proper motion at ~0.001 of its orbit

many binaries with a huge ∆m of their components.



  

Binary census of Gaia
Adapted from Söderhjelm 2004.

Exquisite accuracy for P ≤ 1 yr Gaia astrometric binaries with ≥2 (ground) SB2 RV measurements.



  

RAVE SB2: fraction of detected objects

Matijevič et al. 2010



  

RV separations of binaries in RAVE

Matijevič et al. 2011



  

 Automated* morphology classification via 
locally linear embedding (LLE)

LLE (Roweis & Saul 2000, Vanderplas & Connolly 2009, Daniel et al. 2011)
makes a projection of data to a low-dimensional space which optimally 
preserves the local similarity of observed spectra: pinpoints special objects, 
systematic problems, wrong RV determinations.

Find neighbors for each spectrum
Compute weights Wij that best reconstruct each spectrum from its neighbors, 
minimizing the cost function E(W)=∑|Xi-∑WijXj|2  
Determine a lower-dimensional analog of the dataset which best preserves 
these local reconstruction weights.
So similar spectra will be close in the lower-dimensional space.
Compute the vectors in the lower dimensional space that are best reconstructed 
by the weights Wij, minimizing the quadratic form Φ(Y)=∑|Yi-∑WijYj|2 . 

* Not enough PhD students around.



  

Detection,         & classification of peculiar stars
Matijevič et al. (2012)

Locally linear embedding (LLE) method.



  

Detection of candidates for 
chromospheric emission

(and so of a young star population)
Žerjal et al. (2013)

RAVE: ~44.000 candidates, ~18.000 have emission detected at a 2σ level.

non-active
stars

candidates for 
chromospheric emission

pre main-sequence
stars

2σ



  

All spectra are not »normal«: 
emission spectra of Hermes-GALAH

➢ »Peculiar« spectra are from stars in brief phases of stellar evolution, 
➢ not considered in grids of stellar atmosphere models (Kurucz, Marcs, etc),
➢ not in focus of even 3-D stellar models,
➢ examples are extensive optically thin envelopes, disks, in/outflows,
➢ include binaries and multiple systems.



  

All spectra not »normal«: 
emission spectra of Gaia-ESO

Traven et al., in prep.                                          



  

Kepler binaries Slawson et al. 2011



  

Kepler binaries: an increased fraction of 
detached systems close to the Galactic plane

Slawson et al. 2011



  

How accurate are binary masses?

Torres, Andersen & Giménez 2010.

Torres, Andersen & Giménez (2010) were able to identify only 95 detached systems
with the mass and radius of both stars known to ±3% or better. Their components 
can be expected to have evolved as if they were single stars.

In addition there are 23 interferometric binaries with masses known to better than 3%, 
but without fundamental radius determinations.

Their analysis supersedes the classical paper of Andersen (1991).
 



  

R vs. M vs. T
eff

 for the best binaries 

Note effects of stellar evolution.

Torres, Andersen & Giménez 2010.



  

Open symbols: giants.

Scatter is real, not observational errors.

Effects of different metallicities and stellar evolution are apparent.

Polynomial main-sequence fits to M and R as a function of T
eff

, log g, and [Fe/H].

Torres, Andersen & Giménez 2010.

L vs. M  for the best binaries 



  

More accurate masses? Triples!

Carter et al. 2011.

An eclipsing stellar hierarchical triple KOI-126 (A, (B, C)) discovered by Kepler.

A low-mass binary (masses M
B
 = 0.2413±0.0030 M

⊙
 , M

C
 = 0.2127 ± 0.0026 M

⊙
; 

R
B
 = 0.2543 ± 0.0014 R

⊙
, R

C
 = 0.2318±0.0013 R

⊙
; orbital period P

1
 = 1.767day).

On an eccentric orbit about a third star (M
A
 = 1.347 ± 0.032 M

⊙
; R

A
 = 2.0254 ±

0.0098 R
⊙
; period of orbit around the low-mass binary P

2
 = 33.921 days; e

2
 = 0.3043). 

The low-mass pair probe the poorly sampled fully-convective stellar domain 
offering a crucial benchmark for theoretical stellar models.



  

More accurate masses? Triples!

Carter et al. 2011.



  

More accurate masses? Triples!

Triples seem to be always composed of one large and two small stars.

System is dynamically rich (non-periodic eclipses, time delays): after seeing 
just two eclipses of the smaller pair the solution is already pinned down.

Photometry can determine masses to 1%, with some RV information to 0.1%.

Quintuple system to be published later this year will have masses to 0.08%.

Convective blocking may cause the observed increase of size of low mass stars.

Future of photometric triples: extreme accuracy needed: in future data from
TESS and Plato, but not from LSST or Gaia. 

The strength of Gaia is its astrometry, combined with other techniques.



  

Need for better binary models

The most important effects implemented in the models are:
an analytic description of binary star orbits, including apsidal motion;
an iterative solution to Kepler’s orbital dynamics equation;
stellar shape distortion due to eccentricity, tides and asynchronous rotation;
radiative properties of binary star components, including gravity brightening, 

limb darkening and reflection effects;
spots, circumbinary attenuation clouds and third light.

Furthermore, the programs provide minimization algorithms that fit the model
curves to the data. This is a highly non-linear problem that suffers from degenerate
solutions: the right combination of the wrong parameters can fit the observed data.

In current data (e.g. Kepler) we are seeing phenomena that have been up until 
now only theorized. 

The approach of detrending the EB baseline, while assuming 
that all neglected physical factors are buried deep in the noise, is no longer applicable. 

The residuals are nowhere near Gaussian, and we cannot assume that these effects 
are only perturbations; rather, we need to account for their signatures in the observed 
data rigorously and introduce these concepts into the modeling process.

Prša et al. 2013



  

Better physics in PHOEBE 2.0:
Markov Chain Monte Carlo Heuristics and 

Bayesian Error Estimates

Non-linearity of the parameter space and thus a high degree of solution degeneracy.

Coupled with that is a classical approach to data fitting by least squares and estimating 
errors from the covariance matrix.

This is wrong!

 fitting is done on a data curve level rather than on the parameter level. 

Any deviation between the model and the data will penalize all parameters marked for 
adjustment. This is problematic: e.g. a light curve of a well detached binary contains no 
information on the mass ratio, so if a simultaneous LC+RV least squares fit is employed, 
the minimizer will fit numerical noise in the EB light curve (which can have lots of 
measurements, so much weight).

Solution: MCMC provides a best-fit solution and the corresponding error estimates 
by assessing them on a parameter level rather than on a data-set level. 

Prša et al. (2013).



  

Better physics in PHOEBE 2.0:
dynamics of triples 

At least 20% of EBs have tertiary components.
Majority of short-period third bodies are found in 8- to 20-fold resonances with P

orb
.

So integration of dynamical equations is necessary.

Prša et al. (2013)



  

Better physics in PHOEBE 2.0:
adaptive sampling

Degroote et al. (2013)



  

Better physics in PHOEBE 2.0: 
Spin-orbit misalignement

Prša et al. (2013), adapted 
From Albrecht et al. (2011).



  

Kepler observations of KOI-74 (top) 
and KOI-81 (bottom). The model fit 
consists of two sine waves, at the 
orbital and half-orbital period, 
corresponding to Doppler boosting
and ellipsoidal variations, respectively. 

Adapted from van Kerkwijk et al. 
(2010) and Prša et al. (2013).

Better physics in PHOEBE 2.0: 
Doppler boosting and micro-lensing



  

Better physics: 
gravitational and convective shifts 

von Hippel (1996): concept

Reid (1996): white dwarfs

Pasquini et al. (2011): comparison 
of giants and dwarfs in M67

Pure gravitational redshift rejected 
at a 3.3  level.

Convective blueshifts: spectral lines 
in dwarfs are weaker than in giants, 
and weak lines formed at large depths 
in the atmosphere show convective 
blueshifts which may cancel grav. redshifts.

Implication for the absolute RV zero point:
use asteroids instead of standard stars 

V
GR

 = GM/Rc = 636.486 m/s (M/M
⊙
) (R

⊙
/R)

Pasquini et al. (2011)



  

Astroseismology

~500 Kepler Solar type stars, Chaplin et al. (2014)



  

From mass to everything else, or vice versa?

It depends, but physics of binaries is 
making a big leap forward recently

and we are about to take a leap for a 

Conclusion
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