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Summary
- The problems we face
-The indicators we use: Lithium, Isochrone fitting

- Examples
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® Age The dependence on mass and the age range

Stromgren
s Interferometry

phot
' Upper MS Molecular
fittin bands

Eclipsing
Binaries

Companions:
WD, [II/IV
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Science 1s also a
historical process. We
build upon knowledge
acquired previously, it
1S not ex novo.
Sometimes, a reshuffle
is needed in order to get
it right.

But we have to keep
intact the whole
structure

= (sometimes we do not
~ haveto)
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Some key issues
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Models:
e Intrinsic problems (A.Boden, B. Chaboyer, D. Terndrup)
» Different sets of models, with different answers

Comparing theory with observational properties

e From (Teff,Lum) to (mag,colors): BC, Temp scales

» Stars are individuals: spots, accretion, disks, the effect of the
initial conditions, rotation/activity (K. Stassun), reddening,
metallicity, individual distances (a cluster has a size and a shape)

* HR uncertainties (L. Hillenbrand)

Other problems
 The star formation: instantaneous or not?
» Can we assume coevality for star clusters and MGs?

From the Cool Stars, Stellar Systems, and the Sun meeting in
2006, CS14
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Stellar Model cocktail: ingredients

R ]
K Basic Equations:
conservation of mass &
i energy, hydrostatic
F equilibrium, energy transport
1 !
4 -
Microphysics * Surface
E (opacity, EOS, Boundary
: nuclear rates) \ | 11 e Conditions
4 Stellar .
Model )
4 / j; } ~\ Convection
4 Composition R Theory
‘ b
P I lefusmn, rotation, 1
I mass loss, I
1 I magnetlc fields, .
1 _. : : : :
Figure 2.  Overview of the important ingredients needed to create a
. 2 gr
4 theoretical stellar model. Chaboyer (2001)
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® The “perfect” cocktail: stellar models

Basic Equations:
conservation of mass &

equiﬁ?lfxgiyr;lf‘z:;?gs;a ttli';nsport 5 Uncertalntles
f - Confronting theory with observations
Microphysics * Surface
(opacity, EOS, Boundary
nuclear rates) \ w e Conditions

/ \ Convection
{ Diffusion, rotation, 1
1 mass loss, I
i magnetlc fields, . :
Chaboyer 2001
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Different age scales:
epistemology

(the study or a theory of the nature and grounds of knowledge
especially with reference to its limits and validity )

POOOOOLOLOOLOLOLOLOLO o
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Absolute anchors

* 13.799+0.021 billion years within the Lambda-CDM

concordance model (Planck Collaboration (2015), arXiv:
1502.01589.

* The Sun and its age of 4.57 Gyr. Specifically the remnants
of the formation of the Solar System. 1) computer models of
stellar evolution and through nucleocosmochronology
(Bonanno et al. (2002), A&A 390, 1115), 11) radiometric
date of the oldest Solar System material, at 4.567 billion
years ago (Amelin et al. (2002), Science 297, 1678; Baker et
al. (2005), Nature 436, 1127).

DOOOOPOOOOLOLOLOLOLO OGO
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Ages from isochrones

Ages: what we know

Model “free” ages

8 * Clusters with distances /\
from Hipparcos e Universe: 13.799 Gyr
@ (Globular) Il([Dy([])((])(ID i
% === Sun: 4.57 Gyr
| % Coma*, Praesepe*, Hyades* E Il' (D@(U) My]-f
@ Valid range LDB ages
05 A - Blanco 1
anco 1* - Pleiades
§ Rocky planets Plotiidess = o APer 100 MW
g Aper* . m— 1C2602
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Age-determination methods for clusters

“Basically age estimations of open clusters are based on:

(1) the turn-off colours or earliest spectral types,

(2) morphological parameters,

(3) isochrone fitting,

(4) synthetic diagrams,

(5) the pre-main sequence stars and turn-on point,

(6) the Lithium transition in substellar objects.

The latter method is very recent and has been applied so far to only

three open clusters. All methods are essentially based on ages given

by models: evolutionary models for the upper main sequence,
contraction models for pre-main-sequence stars and models of fully

convective objects for very-low-mass stars and brown dwarfs’.
J.-C. Mermilliod (2000)

DOOOOPOOOOLOLOLOLOLO OGO
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Many times only intrinsic errors are taken
in to account. Beware!

3 Methods: classification
k'l
e
9
2 Reference value
I) Fundamental 4
K . Accuracy R
b IT) Semi-fundamental
E
® III) Model dependent
]
® 1V) Empirical - Vel
S Precision
.
e
>
.

Soderblom (2010),; Soderblom et al. (2013)
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#® Some historical perspective: the meter and the size of Earth

PDOOOOOOLOOLOLOLOLOLOOS

» After the French revolution, the directory ask the Academy of Science to
provide a standard distance measurement: the meter.

* P. F. Méchain and J.-B. Delambre measured by triangulation the
meridian from Dunkirk (Dunkerque) to Barcelona during several years

* The computations were tied to the determination of the latitudes of the
extremes. Several stars were used and a very precise new instrument,
the circle of repetition by J.-C. de Borda.

* Unfortunately the methodology itself was not so accurate.

e Mc¢chain knew there was a problem (essentially in his several
measurements of the latitude of Barcelona). but was unable to

understand the origin and to correct it. He struggled for years and tried
not to publish his data.

* The total length of the meridian is 10,002,290 meter.

As a curiosity, France and Spain were at war then, but both governments

agreed to continue with the scientific operations.
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How to estimate the age of star?

My own practical scale:

Primary indicators.-

» Upper Main Sequence Fitting

e [sochrone fitting

 Eclipsing binaries and related methods
 Spectral features (gravity)

e Lithium abundance

Secondary indicators (additional uncertainties).-
» Stellar activity (X-ray, Halpha)
 Rotation

 Physical association to an association, to another star or to
Moving Group

POOOOOOOOLOLOLOLOLO OGS

oooooooo
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Age scales
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Age scales and autoconsistancy

Lithium FGK LDB

y
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Isochrone fitting:
open clusters

POOOLOOOOOLOLOLOLOLOY OGO
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Fig. 1. Composite HR diagram
presenting the sequences de-
duced from 14 pairs of composite
diagrams (Mermilliod, 1980a).
The age groups are designated
by the name of the most repre-
sentative cluster. The darken-
ed areas show the positions of
the red giant concentrations.
Triangles stand for Cepheids
and dots for non-Cepheid stars
in the Hertzsprung gap. The
dashed lines have been adapted
from models by Maeder.

Mermilliod et al. (1981)

Please, read old papers.
Do no re-invent the wheel:
you will save a lot of time
and learn many useful facts
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according to Binks & Jeffries (2014). Finally, the lower continuous line denotes the position for an age of 100 Myr. The squares represent
the “classic” sample of members as defined by Zuckerman & Song (2004) whereas the crosses denote additional members from Malo

et al. (2013). Mamajek et al. (2014)

Beta Pic MG: CMD and age

F- and G-type
isochronal age 22 Myr
(3 Myr statistical,
+1 Myr systematic)
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Y&M 1987
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The HR diagram and isochrone fitting:
Intrinsic spread? Can we assume coevality?
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Barrado v Navascués et al. (2004)

Even if we have the
perfect models, and
the perfect
conversion ...

1-10 Myr for the
same dataset, and
binarity cannot take
care of this.

EES2015, #24



©
—

©O

o
©

o
fus)

®
o))

TRUE DISTANCE MODULUS
© ©
) ~J

©
n

568 62 66 4
LOG10 AGE (MYR)

Figure 2. The 72 grid £ Cap OBIb. The contour is a4 the 63
percend, confidence level,

® Naylor 2009,
@ Naylor et al. 2009

Novel techniques to get optimal values
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Figure 1. The CMDs for a selection of young groups in absolute magnitude and intrinsic colour.
In each case the lower red dotted line is the position of the MS, the upper an appropriate Siess
et al (2000) isochrone.

Table 1. The Empirical Isochrone Age Ladder.

| Age | Groups |
1Myr 1C 5146

2Myr ONC, NGC 6530

3Myr A Ori, o Ori, NGC 2264
4-5Myr | IC 348, Cep OB3b!, NGC 2362
5-10Myt ~ Vel?

10Myr NGC 7160

13Myr h and & x Per

40Myr NGC 2547

Notes: From Mayne & Naylor (2008), except for: MLittlefair (in prep); 2 Jeffries et al (2008)



Isochrone fitting:
Globular clusters
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do EES2015, #26



Globular clusters: the CMD of M5

“A schematic color-magnitude diagram

l P ' for a typical globular cluster showing the
. : a;:’ location of the principal stellar
15- Horizontal X z evolutionary sequences. This diagram
branch s, . plots the visible luminosity of the star
; f ; Red giant (measured in magnitudes) as a function
: 1 :" branch of the surface color of the star (measured
. - K<, in B-V magnitude). Hydrogen-burning
> - stars on the main sequence eventually
g - Malntl'lsr;llc::;fenee exhaust the hydrogen in their cores (main
g sequence turnoff ). After this, stars
° generate energy through hydrogen fusion
g . in a shell surrounding an inert hydrogen

core. The surface of the star expands and
cools (red giant branch). Eventually the
helium core becomes so hot and dense
that the star ignites helium fusion in its
core (horizontal branch). A subclass is
unstable to radial pulsations (RR Lyrae).
When a typical globular cluster star
exhausts its supply of helium, and fusion
o dwarls processes cease, it evolves to become a
30 I I | I I I [ | I I I I | I I I I | White dwa':f”

00 1.0 20 3.0 Krauss & Chaboyer (2003)

s ; N — EES2015, #27




GC: summary of age determination techniques

Isochrone Fitting

Relative MS-fitting Method.- version of first, using age-insensitive
regions (MG and RGB).

AColor.- The color of the MSTO 1is a strong function of age, while the
color of the RGB is relatively insensitive to age. Thus, AColor (MSTO -

RGB) i1s sensitive to the age of a globular cluster (Sarajedini &
Demarque 1990; VandenBerg, Bolte, & Stetson 1990).

AMagnitude.- It uses the difference in magnitude between the MSTO
(or the SGB) and the HB as an age diagnostic (e.g., Renzini 1991).

Comparison of the Spectral Energy Distribution with theoretical
synthesis models (extragalactic method, starburst, etc).

DOOOOPOOOOLOLOLOLOLO OGO

Vandenberg et al. (1990); Chaboyer (2001); Bruzual & Charlot 2003;
Marin-Franch et al. (2009); Wang et al. (2010)
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CMD of M5: three dlfferent 1sochr0nes |

10, 12, 14 Gyr

| | | 1 L1 l

T l T T I I T T T l T T T ] T T T | T T T l

® “The CMD of M5 and three different isochrones. Notice that a vertzcal Shzft in
PN of the non-fitting isochrones (10 and 14 Gyr) will make them fit the
observed CMD perfectly well. This is equivalent to a change in the distance

modulus”. Jimenez (1998)
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"

RGs (normalization)

RGs-subGs (m-M)

subGs (age)

\ MS (completeness check)

\ MS (IMF)

Teft

The bins used in the LF method to determine age and distance of a GC.

Jimenez & Padoan (1998)
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The limits of the precision

Age ulniverse
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Fig. 3. Histogram representing results of Monte Carlo presenting 10,000 fits ~ Bono talk
of predicted isochrones for differing input parameters to observed iso-
chrones to determine the age of the oldest globular clusters.

EES2015, #33



Isochrone fitting:
White Dwarts

POOOOOOOOOLOLOLOLOY OGO
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The triple system HIP 96515: a low-mass eclipsing binary

with a DB white dwarf companion
HIP 96515 B
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log (L/Le)

1 “Stellar luminosity ( top panel)

1 and surface gravity ( bottom
panel) versus effective
temperature. HIP 96515 Aa

and Ab are represented by filled
1 circles. The grey and black solid
lines represent evolutionary

| tracks by Baraffe et al. (1998)
and Landin et al. (2006),

.| respectively, for 0.6 and 0.5

I I T T I
I 1 1 1 I

log g (cgs)

S HE 1 stellar masses. The dotted lines
sorafte | represent the uncertainties in the
| atonze | stellar masses for the
| 1 ATON models. The comparison
| of HIP 96515 A with the two sets
| of evolutionary tracks provides
N TS 1 an age of 60 Myr, that is, places
‘n-*{ =y the eclipsing binary members on

500Myr &0 \\: i ‘ $ - 1 the pre-main sequence, although
- g 2N 1 with large uncertainties.”
= . | Huélamo et al. (2009)
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3 4 Gyr

.7k [Fe/H]=~0.04-}

(V-M,)=9.59

% . B(V-1)=0.06

{

DA WD 0.7M, Cooling Curve

|III|III|1II|III|

10

12

14

Problem: by definition, it cannot be absolute

WD ages
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Asterosismology
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Models of HR8799, no seismological constraints used
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frequency [uHz]

“Power spectrum of the light curve, in a region centred on the maximum of
the oscillations. The upper part of the figure shows the various modes
identified for increasing value of n: in red the modes with [ = 0, green | = 2,
blue | = 1. The black dotted line represents the heavy smoothed power

spectrum.”, Lillo-Box et al. (2014)
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Fig. 5. Left: FEchelle diagram of the power spectrum of the data with the fitted modes overplotted. Circles for [ = 0, triangles for / = 1 and squares
for / = 2. The power spectrum is fitted using Maximum Likelihood Estimation (see section § 3.5.2). Right: Comparison between observational
(black solid dots and white symbols in the left panel) and theoretical (open symbols) frequencies in the échelle diagram for a typical good fitting
of radial and non-radial modes. Circles correspond to radial modes, squares to dipole modes and triangles to quadrupole ones. The size of the
theoretical symbols is an indication of the expected amplitude based on the value of the inertia mode (Houdek et al. 1999). The asymptotic period

spacing for this model is 76s. Lillo-Box et al. (2014)

EES2015, #43



9 Kepler 91

Table 2. Summary of the results for the host star properties from the different methods explained in Sect. 3.

Method (section) M,.(My) R.(Ry) logg p (kg/m?) [Fe/H]? Test Age (Gyr) L, (L)
KIC10 (Sect. 3.1) 1.45 7.488 2852+05 4.86 0.509 + 0.5 4712 + 200 N/A N/A
TCE (Sect. 3.1) 1.49 7.59 2.85 4.80 (-0.2) 4837 2.66 +0.83 N/A
Huber13 (Sect. 3.1) | 1.344 £ 0.169 6.528 +0.352 2.94 +0.17 6.80 0.29 + 0.16 4605 + 97 N/A N/A
SED (Sect. 3.3) N/A N/A <3.5 N/A 04+02 4790 + 110 N/A N/A
Spec. (Sect. 3.4) N/A N/A 30+£03 N/A 0.11 + 0.07 4550 + 75 N/A N/A
Sc.Rel. (Sect. 3.5.1) 1.19fg:§§ 6.20jg:§¥ 293+0.17 7.0+04 N/A (4550 = 75)° N/A 14.8j§:§
Freq. (Sect. 3.5.3) 1.31 £ 0.10 630+0.16 2953+0007 73+01 (0.11+0.07)* (4550+75)* 4.86+213 168+1.7

Notes. Parameters in bold represent primary values (i.e. a directly determined parameter by this method). Values in neither bold nor brackets have
been calculated based on other previously determined or assumed parameters. The expression N/A reflects parameters that cannot be determined
by the corresponding method. ® Assumed (input) parameter, also in parenthesis. ¥’ Note that [M/H] =~ log(Z/Zo).

Compare the different results with several techniques. Even 3.5.1 and
3.5.3, both based on asterosismology, produce different values. From
Lillo-Box et al. (2014)

Lillo-Box et al. (2014)
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The cornerstone:
The Pleiades

I.- Eclipsing binaries
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Figure 3. Best-fit JKTEBOP model to the K2 photometry (top
panels) and the Mermilliod et al. (1992) radial velocities (bottom
panel). For each panel the residuals of the best fit model are plotted
below. Measurement uncertainties in the top left and bottom pan-
els are smaller than the points themselves. The horizontal dashed
line indicates the best-fit systemic radial velocity.

David et al. 2015

Light curve

RV curve
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I x Torres etal. (2010) EBs ;}»
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| == 200 Myr i

== 1Gyr
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Siess et al. (2000) BHAC15 PARSEC
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Figure 4. Isochrones in the mass-radius plane with the components of HII 2407 and benchmark EBs from Torres et al. (2010) overplotted.
From left to right, the evolutionary models depicted are from Siess et al. (2000), Baraffe et al. (2015), and Bressan et al. (2012). All models

plotted are for solar metallicity (Z=0.02). David et al. 2015

Masses and radi1 do not fit in the 1sochrones,
even for objects with known ages
(such as eclipsing binaries in clusters)

EXERE X

do EES2015, #48



Lithium (I)
LDB in mid M
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Lithium evolution: dependence on mass and age
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LBD in the Pleiades
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Fi1G. 1.—Sample spectra of Pleiades brown dwarf candidates obtained with
the Keck II LRIS. The displayed wavelength region is only a small portion
of the full spectrum, selected in order to highlight the lithium 6708 A region.
The y-axis is correct for CFHT PL 10, while the spectra of the other two stars
are offset relative to CFHT PL 10 to avoid having the spectra overlap. The
dashed line is a spectrum of GL 65AB, a field M6-M6.5 binary, assumed to

have entirely depleted its initial lithium. Stauffer et al. (1998)
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DANCE: LBD in the Pleiades
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Cluster Iipe LDB Ref. Mol Homogeneous Mermilliod MS Overshoot MS Ref.
(mag) Age (Myr) (mag) LDB Age Myr)  Age Myr)  Age Myrn)
B Pic MG 21+4 a  828+054 20.3+34+17 b
NGC 1960 18.954+0.30 22+4 ¢  857+033 232+83+1.9 < 20 26.31 22 k
IC 4665 16.64+0.10 2845 d 8784034 25.44+3.8+1.9 36+ 5 41412 1
NGC?2547 17.544+0.14 85+3 e  958+020 354+83+22 48127 m
IC 2602 15.64 & 0.08 4678 f  9.884+0.17 400437425 36+5 ddr m
IC 2391 16.21+£0.07 50+5 g 10.31+0.16 48.6+4.3+3.0 36+ 5 4545 n
a Per 17.70£0.15 904+10 h  11.27+0.21 80+114+4 5147 80 0
Pleiades 17.86+0.10 12548 i 12.01+0.16 126+16+4 7849 120 0
Blancol  18.78+0.24 132+24 j 1201+029 126+23+4 115 + 16 i

Table 1: LDB ages compared with ages determined from upper main sequence fitting using models both with and without
convective overshoot. Columns 2-4 list the apparent [ magnitude of the LDB, the published LDB age and the source paper.
Columns 5 and 6 give a bolometric magnitude and LDB age that have been homogeneously reevaluated using the locations
of the LDB from the original papers, the evolutionary models of Chabrier and Baraffe (1997) and bolometric corrections
used in Jeffries and Oliveira (2005). The error estimates include uncertainty in the LDB location, distance modulus, a
calibration error of 0.1 mag and then separately, a physical absolute uncertainty estimated from Burke et al. (2004). The
last three columns give an upper main sequence age from Mermilliod (1981) using models with no convective overshoot,
followed by literature age estimate using models with moderate convective overshoot. References: (a) Binks and Jeffries
(2013); I mag. not available; My, calculated from Kppp. (b) most massive member is A6V, hence no UMS age. (c)
Jeffries et al. (2013), (d) Manzi et al. (2008), (e) Jeffries and Oliveira (2005), (f) Dobbie et al. (2010), (g) Barrado y
Navascués et al. (2004), (h) Stauffer et al. (1999), (i) Stauffer et al. (1998), (j) Cargile et al. (2010), (k) Bell et al. (2013),
(1) Cargile and James (2010), (m) Naylor et al. (2009), (n) derived by E. Mamajek using data from Hauck and Mermilliod
(1998) and isochrones from Bertelli et al. (2009), (o) Ventura et al. (1998). Soderblom et al. (2013)

-»
Measured LDB ages from 20 to 130 Myr
Valid range: 15 < age <450 Myr approx
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Gravity
via alkali spectral features
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Lithium (II)
FGK(M)
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Lithium depletion: clusters
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# Standard models predict that the depletion happens during the Pre-Main Sequence
evolution. However, the observations shows that it continues beyond the arrival to the
9 ZAMS, so additional, non-standard mixing has to take place.

9

Moreover, for clusters older than the Pleiades there 1s a narrow effective temperature
range (6400-6900 K) which shows a large depletion of lithium abundance due to non-
standard mixing, the so called lithium gap, dip or chasm (Boesgaard & Tripicco

@ (1986a); Michaud & Charbonneau (1991); Balachandran (1995)). Pilachowski et al.
(1984), Pilachowski (1986), Pilachowski et al. (1987), Pilachowski et al. (1988), for
NGC7789, the Pleiades, NGC752, and M67; Boesgaard & Tripicco (1986b),

® Boesgaard (1987b), Boesgaard (1987a), Boesgaard et al. (1988), Boesgaard & Budge
’(1988), Boesgaard & Budge (1989), Barrado y Navascués et al. (1996) for the Hyades,
Coma, the Pleiades and Alpha Per, and Praesepe; Soderblom et al. (1993a),

® Soderblom et al. (1993b), Soderblom et al. (1993¢) for Praesepe, the Pleiades and
® Ursa Majoris moving group.

More recently, additional observations for clusters, generally younger, have been
® studied. Again, just to provide some references: NGC2516 and M35, almost Pleiades
@ twins (Jeffries et al. (1998); Barrado y Navascués et al. (2001a)), IC2602 and 1C2391
(Barrado y Navascues et al. (1999); Randich (2001); Randich et al. (2001); Barrado y
Navascués et al. (2004)), NGC2547 (Jeffries et al. (2003)), IC4665 (Jeftries et al.
#(2009)), and Collinder 69 (Dolan & Mathieu (1999), Bayo et al. (2012)).
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Real change in abundance:

Bouvier et al.(2008) & Eggenberger et al. (2012).- disk life-time,
rotation evolution and extramixing at the bottom of the convective
envelope.

Sommers & Pinsonneault (2014).- radius dispersion for a fixed

mass and age (this is against the possibility of using isochrone
fitting to derive ages).

Jackson & Jeffries (2013, 2014).- active Pre-Main Sequence stars
have an expanded radius due to the presence of spot.

Apparent effect:

A number of works dealing with the effect of activity: Stuik et al.
(1997), Jeftries (1999), King et al. (2000), Barrado y Navascug¢s et
al. (2001b), King & Schuler (2004), King et al. (2010).

DOOOOPOOOOLOLOLOLOLO OGO
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The cornerstone:
The Pleiades (11)
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Binaries and rotation

Data from Hartman et aI (2010)
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Only single stars
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Interferometry
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Ursa Majoris Group
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Defined in 1949 by Roman. The assumed age og UMaG is 300 Myr
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Figure 4. Top Left - Visibility measurements (red circles) for Phecda (HD 103287) are compared to the best fit model visibilities (blue
squares) assuming the ELR prescription for gravity darkening. Dashed lines connect individual model and measured values and solid
lines are the error bars. Top Right - Photometric measurements (red circles) for Phecda (HD 103287) are compared to the best fit model
photometry (blue squares) assuming the ELR prescription for gravity darkening. The spectral energy distribution from which the PED is
calculated is plotted in grey for comparison. Bottom Left - Same as Top Left, but for the vZ gravity darkening law. Bottom Right - Same
as Top Right, but for the vZ gravity darkening law. Jones et al. 2015

® “MESA evolutionary code for rapidly rotating stars. ...combine these age
® cstimates and determine the age of the moving group to be 414+28 Myr”
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Ursa Majoris Group

Final errors
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Figure 10. Distribution of stellar masses versus age for 7 stars in the Ursa Major moving group as determined using the vZ gravity
darkening law (10a), ELR law (10b), and both (10c) with the model described in Section 4.1. The circles are slowly rotating stars (Ve < 170
km s~ 1) and the diamonds are rapidly rotating (V; > 170 km s—1!). The black points are nucleus members and the white points are stream
members. The red point shows the mass and age of the nucleus member, Merak, that was previously observed by Boyajian et al. (2012)
and is discussed here in Section 4.3. In some cases, the size of the statistical error bar is smaller than the size of the symbol. The dark
vertical lines represent the median in the ages, the shaded regions represent the gapper scale (the standard deviation equivalent discussed
in Section 5.4). The dotted lines in 10c connect the age and mass estimates from the two different laws.

Jones et al. 2015
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Kinematics
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Figure 2. 1o dispersions in X, Y, Z coordinates (ox, oy, 0z) as
a function of time in the past, assuming linear trajectories. The
quadrature sums of the X- and Y- dispersions (oxy) and X-, Y-
and Z- dispersions (oyota]) are also plotted. Linear trajectories in
Z are obviously the poorest approximation (contrast with disper-
sion measured for epicyclic orbit in Fig. 4). The oxy dispersion
may be the most useful overall metric of the group’s size using
the linear trajectory technique.

David Barrado

Kinematics and age: Beta Pic MG
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Figure 3. Distribution of BPMG members in the XY plane now
(filled triangles) and 12 Myr ago (open circles) using epicycle
orbit approximation. The dispersion in the X and Y directions
are plotted now and 12 Myr ago. The trajectory for the star 2
Pic itself is plotted as a solid arc, and labelled with a “8”. The
reference frame has its origin at the Sun’s current position, but
is co-moving with the LSR of Schénrich et al. (2010).

Mamajek et al. (2014)
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Gyrochronology
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“Gyrochronology” .

Using rotation to determine age e
Overall decline of rotation with oo 1
age for solar-type stars studied 100} .'._',' e 1
for 40+ years (Kraft 1967). of e i o B
Note >20x scatter at ZAMS but ~ /sun i *
almost none in Hyades; the M
convergence takes place in B RS S
~300 Myr, but then AM loss - I
slows down. 1002)5_ = e = ; —

: Hyades 625 Myr E

Recent work by Barnes (2007) s
and Mamajek & Hillenbrand L
(2008). o
D. Soderblom (V-I1,)

'David Barrado EES2015, #82



Seems to work for old stars
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Figure 8. The components of the wide binaries £ Boo, 61 Cyg, and « Cen appear to give the
same gyro ages. (Figure from Barnes, 2007) D. Soderblom
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.
(B-V),

Fig. A.2. Fourth-order polynomial fit to the combined data of
M44 (Praesepe, gray points) and the Hyades (black points). The
1 fit (red dots) is sampled at the same (B — V) values as the data.
4 All data are plotted, including the 13 outliers mentioned in the
4 text.

4 D. Soderblom
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Kovacs (2015)
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Stellar activity
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Stellar activity: H(alpha) emission

Do we really understand stellar activity and other properties we use?
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