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“Are we alone?”

Are there planets around other stars?

Are there other planetary systems?

Are there other Earth-sized planets?

Are there Earth-like planets with life?  With intelligent life?

Is the Sun typical?

Why not?  What does it mean to be typical?

What can other stars tell us about the Sun and its behavior?
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Everything we know about exoplanets comes from 
observing stars, and everything we know about the stars 
starts with the Sun.  But the Sun itself is a story half told.

We study the Sun in glorious detail, better 
than we can for any star, yet to fully know the 
Sun we must go to the stars.
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Today’s program

What do we know about stars like the Sun?

What are the determinant (independent) properties and which 
are dependent?

The problem of stellar ages.

The promise of the next decade.
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Essential properties
What determines what we observe

Mass (Torres)

Temperature (Torres, Giampapa)

Gross composition (i.e., opacities) and its distribution

Fine composition (detailed abundance differences) in 3-D

Rotation (Ω, and its dependence on R and λ)

Companionship, complete and in detail (Torres)

Magnetic field properties (3-D and in time) (Ribas, Giampapa)

Activity, in various forms (Ribas, Giampapa, Fischer)
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Mass

Number one determinant of a star’s state, 
but on evolutionary time-scales (Gyr).

Not now directly measurable for single stars 
but inferred to within ~10% from spectral 
type or color for main sequence stars.

Modest number of measured masses better 
than 1% (well-separated nearby binaries).

Absolutely critical for verifying models.

We need accurate and precise masses for 
PMS and ZAMS stars.  The available models 
are consistent, but do we really know the 
color (temperature) of 1.00 M⦿ on the 
ZAMS?
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An opportunity (and need)

Measure masses for PMS and ZAMS stars.  
Surprises are probably in store.
Difficult job: identify binaries, then follow orbits for years.
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Temperature
Two paths: photometric or spectroscopic; both present problems.

Photometry measures the broad-band SED.

Spectroscopic values reflect line formation conditions through a complex 
atmosphere, as well as ionization and excitation balances.

Spectroscopic methods can be precise, esp. differentially: ~10 K.

Relating the two still leaves scatter of 80–100 K, taken as the true 
uncertainty.

Effective temperature is a measure of total energy output, not the 
surface.  

A single temperature can only approximate the stellar atmosphere, esp. 
for younger, heavily-spotted stars, and the photometry shows this, with 
systematic discrepancies between indices.
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The Sun’s surface (what’s wrong with Teff)
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Another opportunity

Create a means for determining a characteristic temperature 
that takes into account atmospheric physics and all the 
observational data while respecting uncertainty.
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Composition
Gross composition:

He, C, N, O, Ne, and iron peak especially 
important for opacities and CZ depth.

He largely invisible to us.  CNO for Sun 
are controversial (Asplund).

We determine [M/H] and [X/H] to about 
0.03 dex for the nearer stars (Valenti & 
Fischer 2005).  Requires high S/N and 
high resolution, so it’s mostly one star at 
a time.

Abundances are measured relative to the 
Sun.  For solar-type stars various effects 
should be second-order (temperature 
effects, effects of a star’s atmospheric 
structure, etc.).  

Fine composition:
This includes Li as a tracer of convective 
processes or diffusion effects, also rarer 
elements.

Patterns may reveal enrichment history of 
pre-stellar material and/or surface 
enrichment (such as after planet 
formation).

Meléndez et al. (2009) claim accuracy of 
0.01 dex for [X/Fe] for solar twins (ΔTeff < 
75 K, Δlog g < 0.1, Δ[Fe/H] < 0.07) and 
discuss patterns, particularly for 
refractory elements.
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Melendez et al. (2009):
10 analogs and 11 twins

Mean differences vs.
condensation temp.

Does this trend arise from
formation of the terrestrial
planets?

Is the solar composition peculiar?
The peculiar solar composition 7

Fig. 3.— Differences between [X/Fe] of the Sun and the mean values in the solar twins as a function of Tcond. The abundance pattern
shows a break at Tcond ∼ 1200 K. The solid lines are fits to the abundance pattern, while the dashed lines represent the standard deviation
from the fits. The low element-to-element scatter from the fits for the refractory (σ = 0.007 dex) and volatile (σ = 0.011 dex) elements
confirms the high precision of our work. The zero-point for the differences in relative chemical abundances depends on the adopted reference
element, which here is Fe; the volatiles would appear normal while the refractories more depleted had we instead selected to use C. Error
bars as in Fig. 2.
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Opportunity #3

Can a sufficiently precise and detailed study of elemental 
abundances reveal familial traits among nearby stars that 
could point to a common origin (stellar cognates)?
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Companionship
A variation on “Are we alone?”

Close companions can influence the star 
itself, but let’s ignore those cases.  We 
want to know if our family is especially 
weird, or just another interesting case.

For other stars, we are now only 
sampling a very limited portion of the 
parameter space, where a close-in, 
single, massive planet dominates the 
situation.

Also, stellar and planetary systems are 
surely dynamic, and change with time.  
Stellar companions can come and go.  
Companionship has a history.
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From M. B. Davies et al., 2008, Nobel 
Symp. 135; “Is the Sun a singleton?”
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Rotation and convection

Bulk motions
Full, three-dimensional knowledge of the distribution of angular 
momentum, convective motions, meridional flows, core convection, etc. 
is needed to understand fully the stellar physics.  The Sun is not a solid-
body rotator!
Other motions classified as “turbulence” can be added.
Note that these effects, fully accounted for, may significantly influence 
other measurements (cf. Asplund). Or not.
What we can measure are globally-averaged quantities: v sin i, Ω(t), 
“microturbulence,” “macroturbulence,” convective blueshifts.
A full three-dimensional treatment of the stellar atmosphere may obviate 
“turbulence.”
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Magnetic fields and activity

A full three-dimensional description of 
magnetic fields is desired, including 
their variation with time.
What is available is much, much less, 
but improving (spectropolarimetry 
ofτBoo ➜➜➜).
We’ll add here information on the outer 
atmospheres of stars; everything 
above the photosphere:

Chromospheric emission
Transition region emission
Coronal emission
Winds
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18 J.-F. Donati and J.D. Landstreet: Magnetic fields of non-degenerate stars

Fig. 4. Large-scale magnetic topology of the F7 planet-hosting star τ Boo derived with Zeeman-

Doppler imaging in 2006 June (left panel, from Catala et al. 2007b), 2007 June (middle panel, from

Donati et al. 2008d) and 2008 June (right panel, from Donati et al. 2008b, Farès et al, in prepara-

tion). Plotting conventions are as in Fig. 2. Both poloidal and toroidal fields globally switched

polarities between successive epochs.

that ended at least tens of Myr before. Magnetic field measurements on cool stars thus bring, at first

order, strong and independent support to generic dynamo models.

Dynamo models have undergone considerable progress in recent years; mean-field models are

now implementing more physics (e.g., the presence of an interface layer or the effect of meridional

circulation, Parker 1993; Dikpati & Charbonneau 1999) while direct numerical simulations are now

able to reach strongly turbulent regimes capable of producing intense mean magnetic fields (e.g.,

Brun et al. 2004; Browning 2008). However, despite such progress, there is still a large number

of open questions, some of them concerning the very basic physics of dynamo processes, e.g.,

the identification of the primary mechanism through which the large-scale poloidal component

is regenerated (Charbonneau 2005). Above all, dynamo models are almost completely tailored

for the Sun, with all model parameters finely tuned to reproduce solar observations as well as

possible; checking them against observations of other stars with different masses and rotation rates

in particular is a mandatory validation test that they yet have to undergo. The growing body of

published results on large-scale magnetic topologies of cool stars should provide the opportunity

Donati & Landstreet ARAA
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Essential properties II

Independent variables:
Mass
Gross composition (i.e., 
opacities) and its distribution
Age
Other initial conditions:

angular momentum
companionship

Plus assumptions:
dM/dt ≈ 0
Accretion history of PMS Sun 

Dependent variables:
Rotation (Ω, and its 
dependence on R and λ)

Convection
Magnetic field properties 
(3-D and in time)
Activity, in various forms

Other properties:
Temperature
Fine composition (detailed 
abundance differences)
Companionship, complete 
and in detail
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Evolutionary assumptions

High early mass loss? 

Sackmann & Boothroyd (2003) have 
suggested the Sun reached the ZAMS 
with up to ~5% more mass.
This solves the faint-early-Sun problem 
w.r.t liquid water on the early Earth (and 
Mars).
This relatively high mass is consistent 
with the Wood et al. mass loss rates.
Possibly testable via helioseismology 
(Pinsonneault).

18

between 0.755 and 0.551 Gyr, with initial mass-loss rates
from 1:33! 10"11 to 1:27! 10"10 M# yr"1, for initial
masses from 1.01 to 1.07 M#, respectively. The exponential
decline as a function of time of these mass-loss rates means
that they are generally consistent with the observations of
!01 UMa, "1 Cet, and # Com presented by Gaidos et al.
(2000), who obtained upper limits of 5! 10"11, 4! 10"11,
and 4! 10"11 M# yr"1, respectively, for the mass-loss rates
of these three young Sun-like stars (note that the Mi ¼ 1:07
M# case is only marginally consistent, lying very slightly
above the !01 UMa limit; see Fig. 1). Our results demon-
strate that, for the exponential mass-loss cases, the
Mi ¼ 1:07M# case (and only this case) is marginally consis-
tent with the Kasting (1991) Mars flux requirement Se0:86
at an age of %3.8 Gyr ago; if the Martian surface CO2 pres-
sure 3.8 Gyr ago was either much lower or much higher than
5 bars, even the Mi ¼ 1:07 M# case would be ruled out. (If
the unlikely extreme Kasting flux limit of Se0:80 is used,
initial masses 1:03 M#dMid1:07 M# would be permissi-
ble for a CO2 pressure of 5 bars, and theMi ¼ 1:07M# case
would be marginally compatible with pressures between %3
and%12 bars.)

Since the semiempirical mass-loss law _MM / t"2:00&0:52

recently presented by Wood et al. (2002) is strongly peaked
at early times (as discussed in x 1.1.2), it tends to yield a
relatively small solar mass %3.8 Gyr ago. A t"2 mass-loss
relation, normalized by the present solar mass-loss rate,
would yieldMð"3:8 GyrÞ % 1:001M#; by tweaking param-
eters to their extreme limits, one might obtain
Mð"3:8 GyrÞ % 1:02 M#. Comparing the flux relations in
Figure 4 with the solar mass as a function of time in
Figure 2, one can estimate that a solar mass of
Mð"3:8 GyrÞe1:018 M# is needed in order to satisfy the
Kasting (1991) Mars flux requirement Sð"3:8 GyrÞe0:86.
Thus, the mass-loss formula of Wood et al. (2002) might
possibly be capable of satisfying the Mars flux requirement.
This possibility will be tested in a future paper (A. I.
Boothroyd & I.-J. Sackmann 2003, in preparation).

Figure 4b presents the extreme step function mass-loss
case. This case has a constant mass-loss rate for the first 1.6
Gyr ( _MM ¼ 5:69! 10"12 to 4:32! 10"11 M# yr"1, for initial
solar masses of 1.01–1.07M#, respectively) and a low mass-
loss rate thereafter. These mass-loss rates are all consistent
with the stellar mass-loss observations of Gaidos et al.
(2000) for !01 UMa, "1 Cet, and # Com quoted above. These
step function cases have a longer mass-loss timescale than
the exponential one and thus yield a higher solar flux for the
first 1.6 Gyr. (As a result of the way the step function cases
were defined, after the first 1.6 Gyr their solar flux is very
close to that of the SSM.) Our results demonstrate that, for
this extreme step function mass-loss case, initial masses
1:04 M#dMid1:07 M# are capable of yielding liquid
water onMars until 3.8 Gyr ago.

Figure 4c similarly presents the radical linear mass-loss
case. This case has a high initial mass-loss rate
( _MM ¼ 4:35! 10"12 to 3:04! 10"11 M# yr"1, for initial solar
masses of 1.01–1.07 M#, respectively), which remains rela-
tively high throughout much of the Sun’s lifetime (since it
declines linearly with time to reach the present solar mass-
loss rate at the present time). These mass-loss cases are con-
sistent with the stellar mass-loss observations of Gaidos et
al. (2000) for !01 UMa, "1 Cet, and # Com quoted above.
However, they are not consistent with the lunar rock obser-
vations of the solar wind over the past 3 Gyr, violating the

latter constraint by an order of magnitude. Our results dem-
onstrate that, for this radical linear mass-loss case, initial
masses 1:03 M#dMid1:07 M# are capable of yielding
liquid water on Mars until 3.8 Gyr ago. The lower end of
this range is mildly (but not significantly) favored by the
helioseismology; note that such cases with Mi % 1:04 M#
have remarkably constant solar flux over the first 3 Gyr.

3.5. The Favored Cases of a Bright Young Sun

Amass-losing solar model will always be brighter at birth
than the SSM, since the luminosity LZAMS at the ZAMS is
roughly proportional to the mass to the fourth power
(LZAMS / M4

i ). For a mass-losing Sun, the orbital radii of
the planets vary inversely with the solar mass (ri / 1=Mi, as
a result of conservation of angular momentum); the initial
flux at the planets is thus proportional to the sixth power of
the initial solar mass (FZAMS / LZAMS=r2i / M6

i ). Figure 4
illustrates the solar flux at the planets as a function of time,
demonstrating how much higher the early solar flux at the
planets is in the mass-losing cases than in the standard
(non–mass-losing) model.
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Fig. 5.—Solar flux at the planets (relative to the present flux) as a func-
tion of time for our preferred initial masses, for each type of mass loss that
we considered. Thick double arrows give the lower flux limit of Kasting
(1991) for the presence of water on early Mars; thin single arrows give his
extreme lower flux limit (for a model with an unrealistically low Martian
surface albedo).

No. 2, 2003 OUR SUN. V. BRIGHT YOUNG SUN 1037

Monday, July 26, 2010



Sagan Workshop, 2010-07-26                                  D. Soderblom                                  

Evolutionary assumptions

Early accretion history: does it matter? 
Standard models (e.g., D’Antona & Mazzitelli) predict a fully convective 
– or at least highly convective – Sun in the PMS phase.

Other models take into account accretion histories and claim early Sun 
was more similar to today’s (Wuchterl & Klessen 2001; Wuchterl & 
Tscharnuter 2003).  This  matters only for first ~1 Myr.

Nordlund (2009 preprint) claims lock-up of heavy elements into solar 
CZ helps explain the Asplund discrepancy and also Jupiter’s low H.
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Opportunities

#4: Can we infer the early accretion history of stars 
observationally?

#5: Can we determine the early (ZAMS) rate of mass 
loss observationally?

20
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The problem of age

Time is of the essence in stellar 
evolution:

star = f(M, Z, t)   (Vogt-Russell theorem)
(and there’s rotation, companionship, 
etc.)

Or is it?  Time is not a direct agent of 
change, and age cannot be measured, 
not like mass and composition.

A challenge: WMAP got an age of the 
Universe of 13.7±0.13 Gyr; i.e., to within 
1%!
We cannot do as well as 10% for stars.

But one day we will hear of evidence for 
signs of life – a biomarker – on an Earth-like 
planet around another star, and the critical 
question will be: How old is that star?

This star of interest will most likely be nearby 
and by itself in the field, not part of a cluster.  
It will probably be fairly old.  
How well can we estimate its age?

What information can we use to estimate the 
age of a low-mass star (i.e., one that is 
convective, from birth through the main 
sequence) and how can we use it?
How precisely and accurately can we 
determine an age?  How does that depend 
on mass and composition?
How can we do better?

21

Monday, July 26, 2010



Sagan Workshop, 2010-07-26                                  D. Soderblom                                  

Some problems looking for ages

Galactic processes such as chemical enrichment, star formation, and “disk 
heating.”

Planet formation and the evolution of proto-planetary disks around young stars 
(time-scale ~ 10 Myr).

The dynamical evolution of gas giant planets around solar-type stars (~1 Gyr?).

The physics of brown dwarfs (find them as companions to FGK stars so you can 
get an age; ~100 Myr).

Creating a bona fide comparison sample for the Sun based on mass and age.  
What is the future of our Sun?

Almost anything having to do with stellar evolution.

22
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Age indicators

The ideal (Barnes 2007):
Measurable for single stars

Sensitive to age and insensitive 
otherwise

Variation with age exceeds inherent 
scatter or noise

Can be calibrated with quantifiable 
errors

Underlying physics understood (or at 
least rationalized)

Establishing the calibration involves a 
minimum of assumptions

We’d settle for:
Limiting the age by setting bounds.

Classifying or grouping stars properly 
(e.g., strong Li in T Tauris)

Sorting stars to get the order of age 
correct, even if the scale is uncertain

Quantifying an age for a single star or 
a group

23
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Fundamental ages

An age is fundamental if the measurements and analysis are completely 
understood, with no real ambiguities.

There is one fundamental age, that for the Sun:
4,567±1±5 Myr, with the systematic uncertainty having to do with the sequence 
of events in the early solar system.

This situation for the Sun underscores why the problem for stars is so difficult.

This independent age determination for the Sun is fundamental to all of stellar 
astrophysics.

N.B. Radionuclide age-dating has its start in a paper by Ernest Rutherford in Nature, 
1929: (Origin of Actinium and Age of the Earth).  “If we suppose that production of 
uranium in the earth ceased as soon as the earth separated from the sun, it follows that 
the earth cannot be older than 3.4 (Gyr)...”  He goes on to compare this to the Jeans 
age for the Sun (7000 Gyr!) and notes that U must have been forming in the Sun only 4 
Gyr ago.

24
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Semi-fundamental ages
1. Nucleocosmochronology

Ages from radionuclide decay are almost 
fundamental: the physics of the process 
is completely understood (and it is 
simple).  Species used is 232Th (τ½ ≈14 
Gyr) with a feature at 4019 Å.

An assumption must be made about the 
starting abundance, generally based on 
scaling other r-process abundances.

Radionuclide ages offer a means to get 
ages for some very old stars in the 
Galaxy, but these stars are very faint and 
spectra of very high quality are needed.

This works only for low-metal stars, due 
to line blending.

25
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Semi-fundamental ages
Nucleocosmochronology

A case study: CS 22892–052, with 
[Fe/H] ≈ –3.1 (Sneden et al. 1996, 2003):

Comprehensive look at heavy elements, 
many exotic (Mo, Lu, Au, Pt, Pb, etc.).
Measured Th II feature at 4019Å, 
compared to stable elements.  Ages 
derived: 

Th/Eu = 12.8
Th/Ir   = 19.2
Th/Pt  = 10.5
Th/U   > 10.4 Gyr
Average is 14±3 Gyr.

Note that Fowler & Hoyle (1960) got a 
Galaxy age of 15±4 Gyr using this 
method.

26
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Semi-fundamental ages
2. Kinematic traceback (dynamical ages)

Over time stars in the Galaxy experience gravitational interactions with 
massive objects, leading to “disk heating.”  Time scale is ~200 Myr.

For very young ensembles (age < 20 Myr) a dynamical age can be 
determined by tracing space motions back in time to a minimum size.
• Depends on the quality of kinematic data (π, proper motions, RV).
• Model dependence comes from the Galactic potential used.
• Independent of other techniques and is essentially astrometric.

Works only for groups, not individual stars.

Used in concert with empirical indicators such as activity.

27
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Model-dependent ages
1. Lithium depletion boundary (LDB)

Relatively new: first suggested by 
Rebolo et al. (1992) to tell very-
low-mass stars from brown 
dwarfs.  Both are fully convective, 
but BDs do not reach a core 
temperature high enough (~3 MK) 
to destroy Li.

Effect first seen in Pleiades (Basri 
et l. 1996): implied age of >125 
Myr, versus ~80 Myr from MSTO.

The HRD region where the LDB is 
seen is very faint.

28

No. 2, 1998 PLEIADES BROWN DWARF CANDIDATES L201

Fig. 2.—Color-magnitude diagram showing only those very low mass Ple-
iades members for which a good assessment of their lithium abundance can
be made. The dashed line is an empirical ZAMS shifted to Pleiades distance.
The x-axis colors are inferred from our spectroscopy (and so are reddening
free); the y-axis has been corrected for an assumed reddening of A ! 0.06.I

The two “low signal-to-noise detections” are MHObd3 (see Table 1) and
MHObd1 (see Stauffer et al. 1998a).

the CFHT survey will indeed be a Pleiades member, as esti-
mated simply from the expected field star contamination given
the area and depth surveyed, is fairly good: ∼70% or better. If
in addition the object has a spectral type that agrees with the
photometric color, has Ha emission strength that matches what
is expected for very low mass Pleiades members (Stauffer,
Liebert, & Giampapa 1995), and has detected lith-
ium—indicating an age less than 1 Gyr for stars in this spectral
type range—then we believe that the object is almost certainly
a Pleiades member. Nondetection of lithium fainter than the
I magnitude where other Pleiades members have detected lith-C

ium would suggest that the object is a nonmember. For brighter
candidate Pleiades members, lithium is not useful but radial
velocities can provide further evidence in support of Pleiades
membership. In fact, all of the stars in Table 1 except CFHT
PL 14 have radial velocities compatible with Pleiades mem-
bership within the expected accuracy of our measurements (∼4
km s , 1 j, for the velocities derived from Ha, ∼8 km s , 1"1 "1

j, for the cross-correlation velocities). CFHT PL 14 also lacks
Ha emission and has no measurable lithium feature. We there-
fore assume that all of the stars in Table 1 are Pleiades members
except for CFHT PL 14, which we assume is a nonmember.

3. DISCUSSION

The goal of this project was to precisely determine the lo-
cation of the lithium depletion edge in the Pleiades, and hence
to determine an accurate age for the cluster. Figure 2 shows a
color-magnitude diagram for very low mass Pleiades members
for which lithium data are available. The lithium data are from
Oppenheimer et al. (1997, hereafter Opp97), MBG94, BMG96,
Rebolo et al. (1996, hereafter Reb96), and this paper. The (R
" I) colors for the Opp97 stars are from Stauffer et al. (1995),C

where we have converted these spectroscopic (V " I) colorsC

to (R " I) via a relation derived from the Gliese catalog MC

dwarfs in Leggett (1992). The (R " I) colors for some starsC

in Reb96 and BMG96 are from PC2 indices provided byMartı́n
et al. (1996) and our calibration of PC2 versus (R " I) . TwoC

points for CFHT PL 15 are shown: (R " I) ! 2.24 as derivedC

from its PC2 index, and (R " I) ! 2.41 as derived from itsC

VO index. Using either color, CFHT PL 15 lies below the main
sequence defined by the other stars, possibly indicating that it
is a nonmember. Because it has detected lithium and a radial
velocity compatible with Pleiades membership, we prefer to
believe it is a member and that the inferred color is anomalous
(either intrinsically or because of measurement error). Our pri-
mary conclusions are unaffected by how we interpret this star.
Finally, the dashed line in Figure 2 is a field star ZAMS derived
from the M dwarf photometry provided by Leggett (1992).
The location of the stars in Figure 2 show a well-defined

correlation with the measured lithium equivalent widths. Bluer
than (R " I) ! 2.2, none of the stars have detected lithium,C

while redder than that color, all of the measured stars have
lithium. Similarly, fainter than I ! 17.8, all the stars haveC0

detected lithium, whereas brighter than that limit, all but one
of the stars are without lithium. Finally, there is a trend for
lithium equivalent width to increase going to lower inferred
mass (i.e., fainter and redder). We further believe that the dis-
persion in I magnitude at a given color is to a large extent real
and is primarily an indication that some of the observed stars
are photometric binaries. In particular, we suggest that HHJ 6
(I ! 16.93, R " I ! 2.18), Lick PL 1, PPL 1, and CFHTC0 C

PL 12 are good candidates to be photometric binaries. CFHT
PL 12 also has considerably stronger Ha emission than the

other Pleiades stars observed, possibly indicating it is a short-
period binary or that we have observed it during a flare. The
attribution of PPL 1 as a nearly equal-mass binary would ex-
plain why it has strong lithium absorption despite an I mag-C

nitude equal to or brighter than two other cluster members with
no detected lithium. An alternative explanation would be that
there is a significant age spread in the Pleiades and these four
overluminous stars are the youngest in our sample. By com-
parison to theoretical models (e.g., F. D’Antona & I. Mazzitelli
1997, private communication), their displacement about 0.5
mag above other stars of the same color would require them
to be more than 50 Myr younger than the other stars, which
we believe is unlikely (see, for example, discussions of this
issue by Soderblom et al. 1993 and Steele & Jameson 1995).
Based on the above interpretation of Figure 2, we determine

that the single-star lithium depletion edge in the Pleiades is at
I ! 17.8 ! 0.1 or (R " I) ! 2.20 ! 0.05. The uncertaintyC0 C0

estimates are not rigorous, and arise mostly from the uncer-
tainties in the absolute calibration of the photometry in Bouvier
et al. (1998). For theoretical evolutionary models which in-
corporate realistic model atmospheres as their outer boundary
condition, and hence which can predict observational colors
and magnitudes for brown dwarfs, it is possible to convert
directly the empirical lithium depletion edge to an age estimate
for the Pleiades. In Figure 3 we plot the absolute I magnitudeC

of the lithium depletion boundary (defined here as the point
where lithium has been depleted by a factor of 100) for the
most recent models of I. Baraffe et al. (1998, private com-
munication) as a function of age. To place our empirically
measured point into this diagram, we assume that the cluster
has (m " M) ! 5.60 (r ∼ 130 pc), and A ! 0.06 (see Pin-0 I

sonneault et al. 1998), leading to M(I ) ! 12.2 ! 0.15 for theC

lithium depletion boundary, where we have assumed plausible
but again unrigorous 1 j uncertainties of 0.1 mag for the dis-
tance modulus and 0.03 mag for the extinction and that the
uncertainties add in quadrature. The age derived in this way is
then 125 ! 8 Myr, where the uncertainty estimate only comes
from propagating the 0.15 mag uncertainty of the boundary
through the model shown in Figure 3.

LDB in α Persei
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Model-dependent ages
Lithium depletion boundary (LDB)

There are now LDB ages for 5 clusters, and systematically
τ(LDB) ≈ 1.5 τ(MSTO).

Physics of LDB is simple because stars are fully convective, whereas 
MSTO may be affected by various processes.

LDB only works for clusters or groups; it is an ensemble property.

Or is it simple?  Jensen has argued that radii of young stars are larger 
than assumed, retarding Li depletion and so leading to mis-estimated 
ages.

29
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Opportunity #6

Model the LDB more fully.  Understand cluster ages.

30
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Model-dependent ages
2. Isochrone placement

Deriving Teff, MV, and [M/H] (and uncertainties), then placing a star on calculated 
evolutionary tracks.

Very different from isochrone fitting to a cluster, where one has not just more stars, 
but a distribution.

Isochrones are not invertible, their distribution in
the HRD is non-uniform, so results and errors 
can be biased.

There is degeneracy; note three curves 
through one point.

Bayesian analysis with PDFs attempts to 
overcome this and move away from the usual 
direct placement (nearest isochrone).
Pont & Eyer (2004)
Jørgensen & Lindegren (2005)
Takeda et al. (2007)
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and the observational quantity is much more complicated be-
cause the relative abundances of elements in Z may vary (in
particular the α elements versus other elements). These com-
plications are however beyond the scope of this paper and we
simply assume

[Me/H] ! ζ. (2)

This is a reasonable approximation for the present purpose of
exploring the methodology of age determination by isochrones.
In real applications, considering that typical observational un-
certainties in [Me/H] are (at least) of order ±0.1 dex, this rela-
tion is still useful for stars of about solar metallicity, but should
not be used for metal-poor stars.

2.5. Assumed observational errors

In simulations and for illustration purposes we usually assume
the following standard errors, which are fairly representative of
what can be achieved for F and G dwarfs in the solar neighbour-
hood (Nordström et al. 2004): ±0.1 dex in [Me/H], ±0.01 dex
in log Teff , and ±0.1 mag in MV . We call these nominal er-
rors. However, we shall sometimes consider observational er-
rors that are half or twice the nominal ones.

3. Bayesian estimation of stellar ages

3.1. The posterior probability density function

In Bayesian estimation the parameters to be determined (in this
case τ, ζ and m) are regarded as random variables and their
(posterior) joint probability density function is given by

f (τ, ζ,m) ∝ f0(τ, ζ,m) L(τ, ζ,m) (3)

where f0 is the prior probability density of the parame-
ters (Sect. 3.3) and L the likelihood function (Sect. 3.2).
The probability density function (pdf) f is defined such that
f (τ, ζ,m)dτdζdm is the fraction of stars with ages between τ
and τ + dτ, metallicities between ζ and ζ + dζ, and initial
masses between m and m+ dm. The constant of proportionality
in Eq. (3) must be chosen to make

∫ ∫ ∫
f (τ, ζ,m)dτdζdm = 1.

Integrating f with respect to m gives f (τ, ζ), which is the
posterior joint pdf of τ and ζ. This function is of interest when
studying the age–metallicity relation, since it summarizes the
available information concerning these two parameters, given
the observational data. Integrating once more with respect to ζ
gives f (τ), the posterior pdf of τ, which similarly summarizes
the available information concerning the age of the star.

In the next sections we discuss in some detail the two func-
tions L and f0 that together define the posterior probability
density.

3.2. The likelihood function

The likelihood function L equals the probability of getting the
observed data q for given parameters p. Regarded as a function
of p it is not a pdf – for instance, its integral may be infinite.
We assume independent Gaussian observational errors in each
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τ [Gyr] =
2.18

2.85

3.27
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Fig. 1. HR diagram showing the location of two hypothetical obser-
vations at (log Teff ,MV ) = (3.825, 3.0) and (3.800, 3.0), with nomi-
nal uncertainties as in Sect. 2.5 (error bars show ±1σ). The zero-age
main sequence (ZAMS) and selected isochrones for log(Z/Z#) = −0.2
(![Me/H]) are also shown. The symbols along the isochrones show
where the initial mass is a multiple of 0.01M#. See text for further
explanation.

of the n = dim(q) observed quantities, with standard errors σi.
The likelihood function is then

L(τ, ζ,m) =




n∏

i=1

1
(2π)1/2σi


 × exp(−χ2/2) (4)

where

χ2 =

n∑

i=1




qobs
i − qi(τ, ζ,m)

σi




2

· (5)

A maximum-likelihood (ML) estimate of the stellar parame-
ters (τ, ζ,m) may be obtained by finding the maximum of this
function, which (in the case of Gaussian errors) is equivalent to
minimizing χ2. ML estimators are in general good estimators
and in many cases nearly optimal (Casella & Berger 1990), so
why not simply adopt the ML age estimate?

The difficulty with the ML estimate in the present case has
to do with the complex morphology of the isochrones, i.e., of
the highly non-linear mapping from p to q. Effectively, it means
that more information is needed to make a good estimate of the
age than provided by the likelihood function alone. An illus-
tration is given in Fig. 1, where we consider the hypothetical
observation of two isolated field stars. The observed data are
depicted together with a selection of isochrones. All isochrones
and data are for [Me/H] ! ζ = −0.2.

For the left data point (log Teff = 3.825, MV = 3.0) there is
only one isochrone going exactly through the observed point,
namely τ = 2.18 Gyr. This is then the best-fitting age in
terms of the χ2 in Eq. (5) and consequently also the ML es-
timate of the age based on the given data. For the second
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Jørgensen & Lindeman (2005)

Large sample of synthetic stars, 
applied several methods to recover 
ages.

Bayesian was consistently most 
accurate and with smallest errors, 
but:

Errors were 0.20 dex (50%).
Sample was relatively massive and 
old; i.e., evolved.
Stars shown have “well-defined” 
ages (no limits); large dots have 
σ < 20%.  They avoid ZAMS region
and solar mass.
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Fig. 6. Same as Fig. 5 but showing only the data for the 937 stars with
well-defined ages according to the criterion in Sect. 3.6. Large dots
show the subset having a relative precision (ε) in age better than 20%.

considered. A relative precision better than 20% (large dots in
Fig. 6) is mainly achieved in a band some 1−2 mag above the
zero-age main sequence.

3.8. Influence of undetected binaries

Thus far we have always assumed that we are dealing with
single stars. Binary (and multiple) stars are however the norm
rather than the exception, and it is important to quantify how
this affects the age determinations. Known binary systems can
be removed from a sample or dealt with in other manners, but
a certain fraction of undetected binary systems is unavoidable
in most samples and could pose a problem.

An unresolved secondary affects the observed parameters
of a star in different ways depending on the mass ratio (q =
m2/m1 ≤ 1) of the components and their evolutionary sta-
tus. On or near the main sequence, a small q means that the
primary completely dominates the light and there will be no
perceptible change in the observational data. For systems with
comparable masses the effects may be quite large, and in the
worst case, when q = 1, the MV of a binary system is 0.75 mag
brighter than the corresponding single star. This usually leads
to a (sometimes considerable) overestimation of the age.

To examine the overall statistical effect of unrecognized bi-
naries on the age determination of a stellar sample we used
the synthetic sample from Sect. 3.7 and added a random sec-
ondary to each of the stars. Two cases were considered for
the mass-ratio distribution: in the first case we assumed a de-
creasing pdf f (q) = 1.5 − q, somewhat similar to the empirical
mass-ratio distribution found by Duquennoy & Mayor (1991)
for field F, G and K dwarfs. In the second (worst-case) sce-
nario every star was given an equal-mass companion. For each

system we calculated the total MV and obtained an effective Teff

from the luminosity-weighted mean of T−4
eff for the two compo-

nents. New age estimates were then computed for each system
as for a single star.

The middle and right panels in Figs. 8–9 show the results of
the age determinations (using the mode) for the two cases of a
decreasing mass-ratio distribution and equal-mass components.
Figure 10 is a histogram of the shift in the estimated age caused
by the presence of the secondary. As expected, the addition of
secondary components usually causes the ages to be overesti-
mated, but the overall statistical effect is surprisingly small, in
particular for the decreasing mass-ratio distribution (note the
logarithmic scale of Fig. 10!). This can perhaps be attributed to
the fact that most of the stars for which useful ages can be de-
termined are located near the main-sequence turn-off point (cf.
Fig. 6), where the age estimate is relatively insensitive to a shift
in MV . In fact, for the high-precision sample (ε ≤ 0.2, Fig. 9,
right panel, and the big dots in Fig. 6) the binarity even tends
to make the ages seem a bit too small. The bisector slope in the
middle and right panels of Fig. 9 is 0.97 and 1.13, respectively.

We conclude that the overall effect of (undetected) bina-
ries in a large stellar sample is rather modest, compared with
the typical statistical uncertainties of isochrone ages, unless
there is a high fraction of equal-mass binaries in the sam-
ple. However, any one single age determination may be very
strongly affected by the duplicity of that star.

4. Comparison with age estimates
from conventional isochrone fitting

In this section we compare the Bayesian method of Sect. 3
with more “conventional” methods, which are based on a direct
comparison of the observed data with theoretical isochrones.
A range of techniques may be used for the isochrone fitting,
from simple visual inspection to highly elaborated automatic
procedures, and we therefore start by describing a typical such
procedure and then discuss how the errors are estimated.

For relevant sections of the HR diagram, stellar ages are
conventionally estimated by some variant of the following pro-
cedure. From the set of isochrones for the ζ most closely
matching the observed [Me/H] (or two isochrone sets bracket-
ing the observed value), the isochrone passing through the ob-
served point (T logeff ,MV ) is found by visual or numerical in-
terpolation, and the corresponding age is assigned to the star. If
two isochrone sets are used to bracket the metallicity, a further
interpolation to the observed [Me/H] is required. The procedure
is a simple practical recipe for computing τ(q). As discussed in
Sect. 3.2, the procedure is formally equivalent to minimizing
the χ2 in Eq. (5) or (under the assumption of Gaussian errors)
to ML estimation. If the fitting is made visually it is sometimes
called “chi-by-eye”.

The age ambiguity resulting from overlapping isochrones
can be resolved on the grounds discussed in Sect. 3.2, viz.,
by selecting the younger isochrone. For stars with solar-
metallicity this occurs roughly for log Teff > 3.8 in a band some
1.5−2 mag above the ZAMS; for low-metallicity stars it occurs
at higher temperatures. (We do not consider here evolutionary
stages on and beyond the giant branch, where the overlapping
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Isochrone placement (cont.)

Bayesian methods may offer 
advantages for more objective 
isochrone fitting in sparse clusters, 
such as IC 4651.

Solid line is best fit at 
1.56±0.03 Gyr.

Determine 4.05±0.05 Gyr for M67.

Quoted uncertainties are precisions, 
not accuracies.  Unknown binaries at 
turn-off can be a problem.
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Fig. 12. HR diagram for 23 stars in IC 4651, together with isochrones
at [Me/H] = +0.1 for the best-fitting age 1.56 Gyr (solid line), and
for 1.3 and 1.9 Gyr (dashed). The symbols are: filled circles – well-
defined ages with ε ≤ 0.2 (as in panel c of Fig. 13); open circles –
well-defined ages with ε > 0.2 (panel b); crosses – not well-defined
ages (panel a).

of log Teff and [Me/H] can be obtained, as well as diagnos-
tics for duplicity [P(χ2)] and membership [P(RV)] based on
multi-epoch radial velocities. From Table 1 in Meibom et al.
(2002) we found 33 stars with P(χ2) ≥ 0.1 and P(RV) ≥ 0.1,
which sample should therefore be relatively clean from (spec-
troscopic) binaries and non-members. Using the calibrations in
Nordström et al. (2004), estimates of log Teff and [Me/H] could
be obtained for 23 of these stars (Holmberg, private comm.), as-
suming a reddening of Eb−y = 0.071 mag (Meibom et al. 2002).
The mean metallicity was found to be [Me/H] = 0.11 ± 0.05,
in good agreement with previous determinations, e.g., Meibom
et al. (2002) who find [Fe/H] = 0.13 ± 0.05.

Meibom et al. (2002) also found a true distance modulus
of 10.03 mag to IC 4651 based on a direct fit to the Hyades
main sequence. In comparison with theoretical isochrones they
found however a better fit for an assumed distance modulus of
9.72−9.80 mag. For calculating MV we assume a true distance
modulus of 9.80 (corresponding to an apparent distance mod-
ulus of 10.105 mag), which we find gives more consistent age
estimates than using 10.03 mag. Figure 12 shows the resulting
HR diagram for the final sample of 23 stars.

Figure 13 shows the G functions for the 23 probable sin-
gle members of IC 4651. The dashed line shows the threshold
Glim = 0.6 used to compute confidence intervals. The curves
are grouped in panels (a)–(c) according to whether the ages are
well-defined and their relative precisions ε. In the HR diagram
these are marked by different symbols. The mean value of the
10 best age estimates in panel (c) is 1.70 ± 0.15 Gyr, identical
to the best estimate for the age of IC 4651 by Meibom et al.
(2002).
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Fig. 13. Panels a)–c) show the G functions for the 23 stars in Fig. 12,
subdivided according to the quality of the age estimates: a) – not well-
defined; b) – well-defined with ε > 0.2; c) – well-defined with ε ≤ 0.2.
Panel d) shows the product of all 23 G functions, normalized to G = 1
at the mode. This combined G function gives an estimated cluster age
of 1.56 ± 0.03 Gyr.

The fourth panel (d) in Fig. 13 shows the re-normalized
product of all 23 G functions. As previously explained, this
product can under certain assumptions be interpreted as the
posterior pdf of the cluster age, and leads to an estimated clus-
ter age of 1.56±0.03 Gyr. However, this result (and in particular
the very small error limits) should not be over-interpreted – for
example, the assumption of independent astrophysical data for
the different stars is clearly violated since we have to assume
a common distance modulus for the cluster. Of the 23 stars,
13 (56%) have confidence intervals for their individual age esti-
mates that include the value 1.56 Gyr, while the expected num-
ber is 68% or 16 ± 4. The individual age estimates are thus
consistent with the derived cluster age.

In Fig. 12 we also plot the isochrones for 1.30, 1.56 and
1.90 Gyr, corresponding to a logarithmic uncertainty interval
of ε = 0.2 around the estimated cluster age. As expected, the
10 stars with the best individual age estimates (filled circles)
are mostly located around the turn-off point. However, one of
them (MEI 9745) is conspicuously located $0.7 mag above the
main sequence (a binary?), resulting in the highest individual
age estimate (2.6 ± 0.5 Gyr) in the sub-sample. Eliminating
this star gives a mean estimated age of 1.60 ± 0.12 Gyr for the
remaining 9 stars. The situation illustrates a potential source
of bias when combining individual age estimates, namely that
the stars with the most precise age estimates tend to be located
above the main sequence (cf. Fig. 6) and therefore often asso-
ciated with estimated ages that are too high (viz., if they are
scattered from an actual location closer to the main sequence).
The use of G functions helps to eliminate this effect: for in-
stance, in Fig. 13 the combined G function rigorously takes
into account also the four stars where the isochrones only give
an upper limit to the age (panel (a) and the crosses in Fig. 12).
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Isochrones: Why metals matter
Valenti & Fischer (2005)

34

Note shift to blue as 
metals go down.

Note shift to red as 
alpha elements 
increase.
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Model-dependent ages
Isochrone ages for single stars

Obvious requirement: highly-accurate 
parallax, magnitude, and color to get 
luminosity and temperature.
Even with that, significant uncertainty 
remains in:

Bolometric correction
Color-temperature relation

Even with that, composition is crucial.
Even with that, the derived ages are at best 
probabilistic, not deterministic (uneven 
spacing of isochrones and complex 
interplay of errors).  

Each curve is for a different star.  Some are well-
behaved, some double-peaked, some 
indeterminate. (from Takeda et al. 2007)

There is a bias in that certain age ranges are 
more likely to produce indeterminate PDFs.
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Model-dependent ages
3. Asteroseismology: see Kurtz and Chaplin

Detect equivalent of solar 5-minute oscillations in stars.
Detected modes are the low-order ones.  These travel nearly straight 
through the star and so penetrate the core.

oscillation frequencies ⇒ sound speed ⇒ core density ⇒ He fraction ⇒ age

In practice, detecting oscillations even harder than detecting planets.  
CoRoT and Kepler are leading to breakthroughs.  
With RVs, need ~ 1 m/s; with photometry need ~1 ppm.
Need ~1 week or more of continuous observations.
Getting age means detailed models calculated for each star, needing 
temperature, luminosity, and composition.  Labor intensive.
Models same as for isochrone ages, and isochrone placement is used 
in concert with seismology.  Seismology not really different, but more 
precise.

36
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Asteroseismology (cont.)
Recent successes

Star Osc. age Other age Reference

ν Ind >9 Gyr Bedding et al. 2006

ι Hor 625±5 Myr
(Hyades)

0.4 – 6.7 Gyr Vauclair et al. 2009

μ Ara 6-8 Gyr 1.5 – 6.4 Gyr Bouchy et al. (2005)

β Vir 4.0±0.3 Gyr 3.5 Gyr Eggenberger & Carrier (2006)

70 Oph AB 6.2±1.0 Gyr Eggenberger et al. (2008)
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Empirical age estimators

Rotation, both Prot and v sin i

Activity, mainly Ca II HK but also 
x-rays and Hα
Lithium abundances

Errors may be dominated by systematics because we do not 
understand the physics.  There are reasonable scenarios for 
all these, but no predictive power.

Any one indicator may work in some age/mass ranges and 
not others.

1
9
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A
p
J
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5
6
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S

Skumanich (1972)
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Observing age-related properties

Li easy if strong: EW > 100 mÅ.  Solar EW = 2 mÅ.

Rotation easy for v sin i > 10 km/s; period also shows up 
readily for such (young) stars.

Rotation hard below 10 km/s: v sin i values imprecise and 
very high resolution needed; period not always seen (low 
contrast).

Activity easy: low resolving power (~ 2,000) adequate.
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AM loss and decline of activity
Solar-type stars undergo several observable changes as they 
age.  These all appear to be related to convection in some 
way, either directly (Li depletion), or through the dynamo 
mechanism.
The scenario:

Rotation (esp. differential rotation) + convection ➯ dynamo (B fields)
Magnetic field + ionized wind ➯ angular momentum loss (spindown)
Magnetic fields manifested as activity (Ca II HK, Hα, x-rays)

This scenario is based on what we see on the Sun.

This mechanism provides feedback, so rotation rates converge over time.

Relation appears to be Ω ∝ t –1/2.

40
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“Gyrochronology”
Using rotation to determine age

Overall decline of rotation with age 
for solar-type stars studied for 40+ 
years (Kraft 1967).

Note ~100x scatter in M50 but 
almost none in Hyades; the 
convergence takes place in 
~100 Myr, but then AM loss slows 
down.

Recent work by Barnes (2007) and 
Mamajek & Hillenbrand (2008).
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Gyrochronology calibration

Barnes’ calibration using 
cluster stars; note scatter.

Barnes separates 
dependences: one for color 
(mass) and one for age.

Initial assumption is
Ω ∝ t–1/2 (Skumanich 
relation).
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where X-ray data are also available, we get an additional handle
on classifying these stars using the correspondence noted in Barnes
(2003b). There the classification in X-rays of unsaturated, sat-
urated, and supersaturated stars is shown to correspond on a star-
by-star basis with I, g, and C stars, respectively. We therefore
select the unsaturated stars, which are all I sequence stars in the
color-period diagram, and for each cluster we plot P/(cluster
age)1/2 against (B! V )0. These stars define a sequence in color-
P/(age)1/2 space, andwe can nowdiscard stars from the other clus-
ters without X-ray information that lie far away from this sequence.
The aim is to do this conservatively, so as to retain as many stars
as possible for a proper definition of the I sequence,while removing
clear C, g, or alias period stars. While it is true that this determina-
tion is done subjectively at present, it is done as empirically as we
possibly can at the present time.15 The remaining stars happen to lie
near the trial function f (B! V ) that was used in Barnes (2003a),
but this function does not obviously predetermine the new one.

This exercise suggests that slight modifications to the open
cluster ages are needed to tighten the overlap of the individual I
sequences. We have made these slight adjustments in order to
ensure a valid result for the mass dependence. The ages used are
40, 110, 120, 180, 200, 250, 600, and 600 Myr for IC 4665,
! Per, Pleiades, NGC 2516, M34, NGC 3532, Coma Ber, and
Hyades, respectively. We have not used IC 2391 and IC 2602
because although they possess identifiable sequences, they are
some distance off the sequence defined by the other clusters, a fact
we attribute to the residual effects of preYmain-sequence evolu-
tion.16 Theseminor age adjustments are justifiable because, in any
case, we are not using the open clusters to decide the age depen-
dence of rotation. We are effectively merely using them to set the
‘‘zero point’’ of the age dependence. We know that their I se-
quence age dependence is roughly Skumanich style.

Having removed the nonYI sequence stars, we note a tight mass
dependence for which we desire a functional form. The trial func-
tion f (B! V ) ¼ (B! V ! 0:5)1/2 ! 0:15(B! V ! 0:5) has an
undesirable singularity at (B! V ) ¼ 0:5, which we would like to
move blueward, to accommodate the late F stars.Wewould also like
to retain an analytic function. A function of the form f (B! V ) ¼
a(B! V ! 0:4) b, where a and b are fitted constants, seems to
be appropriate (and will permit appropriate error analysis later).
Using the R statistics package ( Ihaka &Gentleman 1996) to do
the fit, we get a ¼ 0:7725 # 0:011 and b ¼ 0:601 # 0:024. This
function is plotted with a solid line in Figure 5 over the I sequence
stars in the open clusters listed above. The standard error on the
residuals is 0.0795 on 182 degrees of freedom.

To show that the fit is appropriate, we also display, using a
dashed line in Figure 5, the result offitting a nonparametric trend
curve using the function LOWESS in the R statistics package.17

The close correspondence between the two lines shows that the
function chosen above is appropriate for these data.

Having determined the mass dependence using open clusters,
we check that it is appropriate for the field stars, which provided
themotivation for improving the representation of f (B! V ).We

plot the new and old dependencies in Figure 6, over the Mount
Wilson stars (same data as in Fig. 4), and again assuming that the
chromospheric ages are correct. The figure displays the differ-
ence between the old and new functions, f, in relation to the
Mount Wilson stars. (This discrepancy between f and the F star
data is partially attributable to the assumption of correct chro-
mospheric ages for blue stars and is addressed in another section
below.)
Having specified the mass dependence using open clusters,

and having shown that the Sun and field stars also follow this
mass dependence, we can now determine the age dependence.
We know that the age dependence g(t) will roughly be

ffiffi
t

p
, but the

open clusters are too young to be effective calibrators, nor are
their ages known to sufficient precision. In contrast, the rotation
rate of the Sun is perhaps the most fundamental datum in stellar
rotation, and its parameters are the fundamental calibrators for
theoretical stellar models. In keeping with this tradition (and older
ones of calibrating clocks by the Sun), we choose to specify the
age dependence via a solar calibration. Representing the age de-
pendence using g (t) ¼ t n and calibrating the index n using the
Sun’s measured mean rotation period of 26.09 days (Donahue
et al. 1996), a solarB! V color of 0.642 (Holmberg et al. 2006),
and a solar age of 4.566 Gyr (Allegre et al. 1995) yields n ¼
0:5189 # 0:0070, where the error on n has been calculated by
simply propagating the errors on the other terms and assuming
1 day and 50 Myr errors in the period and age of the Sun, respec-
tively. This calculation is detailed in the Appendix.
So, the final result works out to be P(B! V ; t) ¼ f (B! V )

; g (t), where

f B! Vð Þ ¼ 0:7725 # 0:011ð Þ B! V0 ! 0:4ð Þ0:601#0:024 ð1Þ

and

g (t) ¼ t 0:5189#0:0070; ð2Þ

Fig. 5.—Fit to the mass dependence (solid line), using R: f (B! V ) ¼
(0:7725 # 0:011) ; (B! V0 ! 0:4)0:601#0:024. The abscissa gives (B! V0 ! 0:4)
and the ordinate P/

ffiffi
t

p
for individual I sequence stars in the main-sequence open

clusters listed in the text. The dashed line shows a smooth trend curve plotted using
the function LOWESS in the R statistics package. Note the similarity of the two
curves, which demonstrates that the fitting function is appropriate for these data.

15 Judgments such as these are routinely made during classical isochrone fit-
ting. A rich data set or two, such as the one for M35 (S. Meibom 2008, in prepa-
ration), should eliminate much of the ambiguity within a year or two.

16 The 110 Myr age for ! Per might also be a surprise to some. In fact, we
guess that the underlying rotational behavior might also originate in residual
effects from preYmain-sequence evolution, similar to IC 2391 and IC 2602. How-
ever, we have chosen to retain it in this analysis because we cannot yet afford to
lose the many periods in this cluster (contributed by Prosser & Grankin 1997).

17 The LOWESS function implements a locally weighted regression smooth-
ing procedure using a polynomial. No significant difference is seen with other
smoothing procedures.
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Re-calibration of Barnes
 by Mamajek & Hillenbrand (2008)

What’s wrong with these diagrams?
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Gyrochronology: Is it valid?

Reiners & Giampapa (2009, astro-
ph) have just analyzed rotation for 
“over-active” stars in M67.

One appears to have 
v sin i = 4 km/s, 2x Sun at 4.5 Gyr!

Is the rotation-age paradigm even 
valid?

44

4 Reiners & Giampapa

TABLE 1
Results

Sanders HK v sin i

Number (B − V )0 [mÅ] [km/s]

746 0.66 209 –
747 0.65 354 SB2
770 0.63 195 –
777 0.63 208 –
785 0.65 221 –
802 0.67 193 –
991 0.63 179 –

1048 0.64 188 –
1106 0.67 168 –
1203 0.67 218 –
1218 0.63 194 –
1246 0.64 187 –
1452 0.62 414 4 ± 0.5
1462 0.63 193 –
1477 0.67 181 –

Fig. 3.— Broadening function of the spectroscopic binary
Sanders 747.

able, which demonstrates that it is possible to differenti-
ate between rotational broadening of 2, 3, and 4 km s−1

in our data.

5. RESULTS

As explained in the former sections, we derived the
broadening functions of all 15 members of M67 that we
observed along with that for the Sun. In all cases, the it-
eration process converged to a stable solution providing
a smooth broadening function. The stars of our sam-
ple and the solutions from our analysis are summarized
in Table 1. Two stars of our sample show exceptionally
high activity, i.e., a Ca HK index higher than 300mÅ.
The principal result of our analysis is that these two
stars also show peculiar broadening functions. All other
stars exhibit activity indices consistent with solar val-
ues observed during the solar activity cycle. These stars
have broadening functions resembling the solar one im-
plying they are consistent with very slow rotation, i.e.,
v sin i ! 2 km s−1.

5.1. The spectroscopic binary Sanders 747

The first star that shows a peculiar broadening func-
tion is Sanders 747. We show the broadening function in
Fig. 3. It clearly resembles the shape of a spectroscopic
binary profile. Because both components are seen in

Fig. 4.— Broadening profiles of M67 stars (thin grey lines and
thick red line) and of the Sun through Ganymede (thick black line).
Dashed grey line: Ganymede spectrum artificially broadened to
reproduce a v sin i = 4km s−1 star (the same as the widest line in
Fig. 2).

the deconvolved broadening function, their spectral types
cannot be too different (otherwise one of the components
would not be visible because it would not display lines
at the positions of the template). The components have
different maximum intensities, which could either mean
that one component is brighter (or has more lines match-
ing the template), or that one component is more rapidly
rotating causing shallower lines. In fact, the slope of the
stronger component (left wing of the broadening func-
tion) is steeper than the slope of the weaker component
(right wing). This probably indicates a higher rotation
velocity in one of the components. This high rotation
velocity could be the reason for the enhanced activity
observed in Sanders 747, but interactions between the
two binary components may also be responsible through
other mechanisms.

5.2. Rapid rotation in Sanders 1452

The broadening functions of all single stars of our sam-
ple are shown in Fig. 4. Thin grey lines show those
of stars that are consistent with very slow rotation
(v sin i ! 2 kms−1). It is remarkable that all 13 profiles
match each other very closely. They also closely resem-
ble the broadening function of the Sun (Ganymede, thick
black line).

The only star exhibiting a broadening function that is
significantly wider than the others is Sanders 1452 (red
line). We have overplotted an artificially broadened pro-
file resembling a star rotating at v sin i = 4km s−1 (grey
dashed line, which is identical to the widest profile shown
in Fig. 2). The profile expected from a star rotating at
v sin i = 4km s−1 is a very good match to the profile of
Sanders 1452, with only the far wings beyond ±6 km s−1

differing slightly. This again may be an effect of the im-
age slicer, but the far wings of the deconvolved broaden-
ing function are also less well defined due to the existence
of uncaptured line blends and limited SNR in the data.

From the close match between the broadening func-
tion of Sanders 1452 and the artificially broadened ver-
sions of the Ganymede spectrum, we derive a value
for the projected rotation velocity of Sanders 1452 of
v sin i = 4 ± 0.5km s−1. The uncertainty is an empiri-
cal estimate deduced from a comparison with broaden-
ing functions with different values of v sin i. Broadening
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Another opportunity

Observe rotation periods in solar-type stars in old clusters: Is 
there really a spread?
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Empirical ages 2: Ca II HK 
(see Ribas and Fischer)

The cores of strong lines 
arise high in the atmospheres 
of stars, the chromosphere.

Flux is low relative to 
continuum, and continuum is 
in UV.  Contrast for old stars 
(like μ Arae here) is low.

HK is indirect (driven by 
rotation) and variable.

F. Bouchy et al.: The acoustic spectrum of µ Arae. I. 611

Fig. 3. Zoom of radial velocity measurements showing the presence of
p-modes in the time series with periods of around 8 min. The semi-
amplitude of about 2 m s−1 does not represent the individual amplitude
of p-modes but comes from the interference of several modes.

Fig. 4. Typical Cross Correlation Function of HD 160691 with loca-
tion of the intervals used to compute the bisector velocity span Vt−Vb.

(dividing the CCF in 100 slices). We defined the “bottom” ve-
locity Vb and “top” velocity Vt by averaging the values in the
range 10–35% and 70–95% of the CCF depth, respectively. The
difference Vt−Vb is equivalent to the bisector velocity span and
is used to measure the variations of the line profile. The result
of our bisector analysis is presented in Fig. 5 at the same scale
as Fig. 1. The dispersion of the velocity span on an individual
night is about 2 m s−1. No variation appears in phase with the
radial-velocity variations of period of 9.55 days. We checked
that no high frequency signals are present in the velocity span
showing that p-modes induce a pure Doppler variation on the
spectral lines. The dispersion of the night-averaged-velocity
span is 0.8 m s−1. This result indicates that the periodic-radial-
velocity change is not due to an blended background binary (as
HD 41004 – see Santos et al. 2002) nor a dark photospheric
stellar spot (as HD 166435 – see Queloz et al. 2001).

We also checked the magnetic activity of HD 160691 by
computing the chromospheric activity index S based on the
relative flux level on CaII H and K lines (see Fig. 6). We mea-
sured the flux in two 1 Å pass bands centered on the H and
K lines normalized by two 20 Å wide sections of photospheric
flux centered at 3900 and 4000 Å. The index S , computed on
the 2104 available spectra, has values in the range 0.120–0.125.
Once in the Mount Wilson scale (Vaughan et al. 1978), this

Fig. 5. Bisector velocity span of the CCF profile of HD 160691. White
circles correspond to the night average.

Fig. 6. CaII H and K lines for HD 160691 showing no chromospheric
activity.

corresponds to a log R′HK = −5.034± 0.006 (Noyes et al. 1984).
As mentioned by Santos et al. (2004b) this value, in close
agreement with the one obtained by Henry et al. (1996), is typ-
ical of an inactive solar type star.

Finally our acoustic spectrum analysis (see Sect. 4) al-
lows us to estimate the rotational period at ∼22 days which
definitively eliminates any stellar activity origin in the 9.55 day
signal.

We noticed that the residuals around the best Keplerian fit
have a rms of 0.43 m s−1 for the 8 night-averaged measure-
ments made during our asteroseismologic campaign (average
of more than 200 individual observations) and have a rms of
1.3 m s−1 for the other nights (average of 15 observations). This
is due to the presence of low frequency (few hours) modula-
tions in the Doppler signal (see Fig. 2) with semi-amplitudes
of 1–2 m s−1 which are not averaged by 15 consecutive inde-
pendent observations. We checked that this noise did not ap-
pear in the Thorium signal. We also checked that this noise was
not introduced by a chromatic effect on the fiber entrance due
to atmospheric-dispersion-correction residuals with change of
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The sun measured as a star

Lowell data for 15 yr.

Scatter is real.

Note –4.9 to –5.0
is spread of 0.2 dex
in age.
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HK vs. age calibration

HK vs. age calibration from 
Soderblom et al. (1991): raw 
and corrected for disk 
heating.

Saturation at young ages.

These are averages!

Note the scatter.
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HK-age calibration: the reality

Note the inherent scatter, 
even for old stars (M67).

Rotation, spots, cycles, and 
random variability all 
contribute to ~±0.1 dex for 
the Sun.
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Ca II HK calibration: clusters

Similar data to previous.

Note lack of clear separation 
for very different ages.

Robinson 1992) and that the mean slope is m ¼ 0:51 " 0:29.
The true median of the slope is m̃ ¼ 0:60þ0:34

$0:27 (Gott et al. 2001).
While the binary data alone are within %2 ! of zero slope in

!log R0
HK/!(B$ V ), there is some hint that the slope is indeed

slightly positive. Donahue (1998) made a plot similar to Figure 3
(indeed, using many of the same systems) but did not explicitly
state any conclusions regarding the existence of a color trend. As
noted above, there is likely a range of ages represented by these
binary pairs; we investigate now whether the observed variation
in slope of R0

HK with color can be correlated with stellar age.

3.1.2. Trends among Stellar Kinematic Groups

In Figure 4 we plot log R0
HK versusB$ V color for the separate

kinematically defined groups in our study. From 104 jackknife
sampling simulations, the slopes [m ¼ !log R0

HK/!(B$ V )] for
each group were evaluated using ordinary least-squares linear re-
gression with log R0

HK as the dependent variable and (B$ V )0 as
the independent variable [OLS(Y jX ); Isobe et al. 1990]. These
slopes, along with the median log R0

HK values, are provided in
Table 5.

Examination of Table 5 shows that divining a unique slope ap-
plicable to all solar-type stars at all activity levels is not feasible.
The <100 Myr old groups show a wide range of slopes ($1 <
m < 3) with typically large uncertainties, but a mean slope for
the ensemble of m ¼ 0:91 " 0:40. The %0.1Y0.5 Gyr Pleiades
and UMa clusters show similarly steep slopes of 0:75 " 0:24
and 0:80 " 0:27, respectively. These values are %2 ! steeper
than the slope for the%0.6 Gyr Hyades (0:14 " 0:13). The oldest
cluster (M67) also has the most negative slope ($1:0 " 0:2). To-
gether, the data suggest that the slope!log R0

HK/!(B$ V ) may
flatten as a function of age. The mean slope for all of the clusters
combined ism ¼ 0:37 " 0:14, essentially identical to the Hyades
slope (m ¼ 0:39) found by Soderblom (1985). However, our
Hyades slope appears to be flatter than that derived by Soderblom
(1985) due to inclusion of additional lower activity stars at the

blue and red edges of our color range. A sample of %1500 unique
solar-type field stars from the combined surveys of Wright et al.
(2004) and Henry et al. (1996) is statistically consistent with
having zero slope (see Fig. 4). Similarly, Soderblom et al. (1991)
report a negligible slope for a sample of solar-type halo field
stars.
For either the cluster (plus older field) sample alone or the bi-

nary sample alone, the significance of the activity-color slope is
<3 !. However, based on the fact that the measured slopes are
consistent between these populations in the mean, and systematic
with stellar age, we conclude that there is indeed an activity-color
correlation that needs to be taken into account.

3.2. R0
HK-Age Calibration Using Cluster Stars

3.2.1. Assembled Cluster Data

With estimates of the mean logR0
HK values and color trends for

stellar samples of known age, we can proceed toward an improved
activity-age relation. In Figure 5 we plot histograms of the distribu-
tion of log R0

HK values for the stellar groups in our study (Table 6).
For each cluster, we use the individual !log R0

HK/!(B$ V )
slopes calculated above to interpolate a mean log R0

HK value
for a hypothetical cluster member of solar color [(B$ V )& ¼
0:65 mag]. These are quoted in the last column of Table 5 and
adopted in the analysis that follows.

3.2.2. A New R0
HK-Age Relation

In Figure 6 we plot the mean log R0
HK values versus cluster age.

The data are the combined set of individually assessed logR0
HK

measurements from Table 5, along with their 1 ! confidence lev-
els, and adopted mean logR0

HK values from Table 7. In both cases
the ordinate values have been corrected to a nominally solar-color

Fig. 3.—Color vs. activity for 23 nonidentical [!(B$ V ) ' 0:05] stellar bi-
naries (see x 3.1.1). A typical error bar for (B$ V ) colors ("0.01 mag) and for a
single log R0

HK observation ("0.1 dex) is illustrated by the cross. The pair on the
right side with the large slope is the pathological binary HD 137763.

Fig. 4.—(B$ V )0 vs. log R
0
HK formembers of several stellar clusters in Table 5.

Filled triangles are %5Y16 Myr Sco-Cen members (including Upper Sco, " Pic,
UCL, LCC), open squares are %130 Myr old Pleiades stars, filled circles are
%625 Myr old Hyades stars, and open triangles are%4 Gyr old M67 members.
Linear fits to the cluster data are shown by dashed lines. The circled dot is the Sun.
The solid line represents the median log R0

HK for solar-type field stars (median
log R0

HK values for 8 color bins from a sample of 1572 unique stars in the activity
surveys of Henry et al. [1996] and Wright et al. [2004]).

MAMAJEK & HILLENBRAND1278 Vol. 687
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Ca II HK calibration: binaries

Consistency check: stars in 
binaries.

Not impressive.

Robinson 1992) and that the mean slope is m ¼ 0:51 " 0:29.
The true median of the slope is m̃ ¼ 0:60þ0:34

$0:27 (Gott et al. 2001).
While the binary data alone are within %2 ! of zero slope in

!log R0
HK/!(B$ V ), there is some hint that the slope is indeed

slightly positive. Donahue (1998) made a plot similar to Figure 3
(indeed, using many of the same systems) but did not explicitly
state any conclusions regarding the existence of a color trend. As
noted above, there is likely a range of ages represented by these
binary pairs; we investigate now whether the observed variation
in slope of R0

HK with color can be correlated with stellar age.

3.1.2. Trends among Stellar Kinematic Groups

In Figure 4 we plot log R0
HK versusB$ V color for the separate

kinematically defined groups in our study. From 104 jackknife
sampling simulations, the slopes [m ¼ !log R0

HK/!(B$ V )] for
each group were evaluated using ordinary least-squares linear re-
gression with log R0

HK as the dependent variable and (B$ V )0 as
the independent variable [OLS(Y jX ); Isobe et al. 1990]. These
slopes, along with the median log R0

HK values, are provided in
Table 5.

Examination of Table 5 shows that divining a unique slope ap-
plicable to all solar-type stars at all activity levels is not feasible.
The <100 Myr old groups show a wide range of slopes ($1 <
m < 3) with typically large uncertainties, but a mean slope for
the ensemble of m ¼ 0:91 " 0:40. The %0.1Y0.5 Gyr Pleiades
and UMa clusters show similarly steep slopes of 0:75 " 0:24
and 0:80 " 0:27, respectively. These values are %2 ! steeper
than the slope for the%0.6 Gyr Hyades (0:14 " 0:13). The oldest
cluster (M67) also has the most negative slope ($1:0 " 0:2). To-
gether, the data suggest that the slope!log R0

HK/!(B$ V ) may
flatten as a function of age. The mean slope for all of the clusters
combined ism ¼ 0:37 " 0:14, essentially identical to the Hyades
slope (m ¼ 0:39) found by Soderblom (1985). However, our
Hyades slope appears to be flatter than that derived by Soderblom
(1985) due to inclusion of additional lower activity stars at the

blue and red edges of our color range. A sample of %1500 unique
solar-type field stars from the combined surveys of Wright et al.
(2004) and Henry et al. (1996) is statistically consistent with
having zero slope (see Fig. 4). Similarly, Soderblom et al. (1991)
report a negligible slope for a sample of solar-type halo field
stars.
For either the cluster (plus older field) sample alone or the bi-

nary sample alone, the significance of the activity-color slope is
<3 !. However, based on the fact that the measured slopes are
consistent between these populations in the mean, and systematic
with stellar age, we conclude that there is indeed an activity-color
correlation that needs to be taken into account.

3.2. R0
HK-Age Calibration Using Cluster Stars

3.2.1. Assembled Cluster Data

With estimates of the mean logR0
HK values and color trends for

stellar samples of known age, we can proceed toward an improved
activity-age relation. In Figure 5 we plot histograms of the distribu-
tion of log R0

HK values for the stellar groups in our study (Table 6).
For each cluster, we use the individual !log R0

HK/!(B$ V )
slopes calculated above to interpolate a mean log R0

HK value
for a hypothetical cluster member of solar color [(B$ V )& ¼
0:65 mag]. These are quoted in the last column of Table 5 and
adopted in the analysis that follows.

3.2.2. A New R0
HK-Age Relation

In Figure 6 we plot the mean log R0
HK values versus cluster age.

The data are the combined set of individually assessed logR0
HK

measurements from Table 5, along with their 1 ! confidence lev-
els, and adopted mean logR0

HK values from Table 7. In both cases
the ordinate values have been corrected to a nominally solar-color

Fig. 3.—Color vs. activity for 23 nonidentical [!(B$ V ) ' 0:05] stellar bi-
naries (see x 3.1.1). A typical error bar for (B$ V ) colors ("0.01 mag) and for a
single log R0

HK observation ("0.1 dex) is illustrated by the cross. The pair on the
right side with the large slope is the pathological binary HD 137763.

Fig. 4.—(B$ V )0 vs. log R
0
HK formembers of several stellar clusters in Table 5.

Filled triangles are %5Y16 Myr Sco-Cen members (including Upper Sco, " Pic,
UCL, LCC), open squares are %130 Myr old Pleiades stars, filled circles are
%625 Myr old Hyades stars, and open triangles are%4 Gyr old M67 members.
Linear fits to the cluster data are shown by dashed lines. The circled dot is the Sun.
The solid line represents the median log R0

HK for solar-type field stars (median
log R0

HK values for 8 color bins from a sample of 1572 unique stars in the activity
surveys of Henry et al. [1996] and Wright et al. [2004]).
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Robinson 1992) and that the mean slope is m ¼ 0:51 " 0:29.
The true median of the slope is m̃ ¼ 0:60þ0:34

$0:27 (Gott et al. 2001).
While the binary data alone are within %2 ! of zero slope in

!log R0
HK/!(B$ V ), there is some hint that the slope is indeed

slightly positive. Donahue (1998) made a plot similar to Figure 3
(indeed, using many of the same systems) but did not explicitly
state any conclusions regarding the existence of a color trend. As
noted above, there is likely a range of ages represented by these
binary pairs; we investigate now whether the observed variation
in slope of R0

HK with color can be correlated with stellar age.

3.1.2. Trends among Stellar Kinematic Groups

In Figure 4 we plot log R0
HK versusB$ V color for the separate

kinematically defined groups in our study. From 104 jackknife
sampling simulations, the slopes [m ¼ !log R0

HK/!(B$ V )] for
each group were evaluated using ordinary least-squares linear re-
gression with log R0

HK as the dependent variable and (B$ V )0 as
the independent variable [OLS(Y jX ); Isobe et al. 1990]. These
slopes, along with the median log R0

HK values, are provided in
Table 5.

Examination of Table 5 shows that divining a unique slope ap-
plicable to all solar-type stars at all activity levels is not feasible.
The <100 Myr old groups show a wide range of slopes ($1 <
m < 3) with typically large uncertainties, but a mean slope for
the ensemble of m ¼ 0:91 " 0:40. The %0.1Y0.5 Gyr Pleiades
and UMa clusters show similarly steep slopes of 0:75 " 0:24
and 0:80 " 0:27, respectively. These values are %2 ! steeper
than the slope for the%0.6 Gyr Hyades (0:14 " 0:13). The oldest
cluster (M67) also has the most negative slope ($1:0 " 0:2). To-
gether, the data suggest that the slope!log R0

HK/!(B$ V ) may
flatten as a function of age. The mean slope for all of the clusters
combined ism ¼ 0:37 " 0:14, essentially identical to the Hyades
slope (m ¼ 0:39) found by Soderblom (1985). However, our
Hyades slope appears to be flatter than that derived by Soderblom
(1985) due to inclusion of additional lower activity stars at the

blue and red edges of our color range. A sample of %1500 unique
solar-type field stars from the combined surveys of Wright et al.
(2004) and Henry et al. (1996) is statistically consistent with
having zero slope (see Fig. 4). Similarly, Soderblom et al. (1991)
report a negligible slope for a sample of solar-type halo field
stars.
For either the cluster (plus older field) sample alone or the bi-

nary sample alone, the significance of the activity-color slope is
<3 !. However, based on the fact that the measured slopes are
consistent between these populations in the mean, and systematic
with stellar age, we conclude that there is indeed an activity-color
correlation that needs to be taken into account.

3.2. R0
HK-Age Calibration Using Cluster Stars

3.2.1. Assembled Cluster Data

With estimates of the mean logR0
HK values and color trends for

stellar samples of known age, we can proceed toward an improved
activity-age relation. In Figure 5 we plot histograms of the distribu-
tion of log R0

HK values for the stellar groups in our study (Table 6).
For each cluster, we use the individual !log R0

HK/!(B$ V )
slopes calculated above to interpolate a mean log R0

HK value
for a hypothetical cluster member of solar color [(B$ V )& ¼
0:65 mag]. These are quoted in the last column of Table 5 and
adopted in the analysis that follows.

3.2.2. A New R0
HK-Age Relation

In Figure 6 we plot the mean log R0
HK values versus cluster age.

The data are the combined set of individually assessed logR0
HK

measurements from Table 5, along with their 1 ! confidence lev-
els, and adopted mean logR0

HK values from Table 7. In both cases
the ordinate values have been corrected to a nominally solar-color

Fig. 3.—Color vs. activity for 23 nonidentical [!(B$ V ) ' 0:05] stellar bi-
naries (see x 3.1.1). A typical error bar for (B$ V ) colors ("0.01 mag) and for a
single log R0

HK observation ("0.1 dex) is illustrated by the cross. The pair on the
right side with the large slope is the pathological binary HD 137763.

Fig. 4.—(B$ V )0 vs. log R
0
HK formembers of several stellar clusters in Table 5.

Filled triangles are %5Y16 Myr Sco-Cen members (including Upper Sco, " Pic,
UCL, LCC), open squares are %130 Myr old Pleiades stars, filled circles are
%625 Myr old Hyades stars, and open triangles are%4 Gyr old M67 members.
Linear fits to the cluster data are shown by dashed lines. The circled dot is the Sun.
The solid line represents the median log R0

HK for solar-type field stars (median
log R0

HK values for 8 color bins from a sample of 1572 unique stars in the activity
surveys of Henry et al. [1996] and Wright et al. [2004]).
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Ca II HK calibration check

Consistency check: 
HK vs. x-rays

Not bad, but this is log-log 
over 4 decades in Lx; 
scatter is ~0.1 dex.

Robinson 1992) and that the mean slope is m ¼ 0:51 " 0:29.
The true median of the slope is m̃ ¼ 0:60þ0:34

$0:27 (Gott et al. 2001).
While the binary data alone are within %2 ! of zero slope in

!log R0
HK/!(B$ V ), there is some hint that the slope is indeed

slightly positive. Donahue (1998) made a plot similar to Figure 3
(indeed, using many of the same systems) but did not explicitly
state any conclusions regarding the existence of a color trend. As
noted above, there is likely a range of ages represented by these
binary pairs; we investigate now whether the observed variation
in slope of R0

HK with color can be correlated with stellar age.

3.1.2. Trends among Stellar Kinematic Groups

In Figure 4 we plot log R0
HK versusB$ V color for the separate

kinematically defined groups in our study. From 104 jackknife
sampling simulations, the slopes [m ¼ !log R0

HK/!(B$ V )] for
each group were evaluated using ordinary least-squares linear re-
gression with log R0

HK as the dependent variable and (B$ V )0 as
the independent variable [OLS(Y jX ); Isobe et al. 1990]. These
slopes, along with the median log R0

HK values, are provided in
Table 5.

Examination of Table 5 shows that divining a unique slope ap-
plicable to all solar-type stars at all activity levels is not feasible.
The <100 Myr old groups show a wide range of slopes ($1 <
m < 3) with typically large uncertainties, but a mean slope for
the ensemble of m ¼ 0:91 " 0:40. The %0.1Y0.5 Gyr Pleiades
and UMa clusters show similarly steep slopes of 0:75 " 0:24
and 0:80 " 0:27, respectively. These values are %2 ! steeper
than the slope for the%0.6 Gyr Hyades (0:14 " 0:13). The oldest
cluster (M67) also has the most negative slope ($1:0 " 0:2). To-
gether, the data suggest that the slope!log R0

HK/!(B$ V ) may
flatten as a function of age. The mean slope for all of the clusters
combined ism ¼ 0:37 " 0:14, essentially identical to the Hyades
slope (m ¼ 0:39) found by Soderblom (1985). However, our
Hyades slope appears to be flatter than that derived by Soderblom
(1985) due to inclusion of additional lower activity stars at the

blue and red edges of our color range. A sample of %1500 unique
solar-type field stars from the combined surveys of Wright et al.
(2004) and Henry et al. (1996) is statistically consistent with
having zero slope (see Fig. 4). Similarly, Soderblom et al. (1991)
report a negligible slope for a sample of solar-type halo field
stars.
For either the cluster (plus older field) sample alone or the bi-

nary sample alone, the significance of the activity-color slope is
<3 !. However, based on the fact that the measured slopes are
consistent between these populations in the mean, and systematic
with stellar age, we conclude that there is indeed an activity-color
correlation that needs to be taken into account.

3.2. R0
HK-Age Calibration Using Cluster Stars

3.2.1. Assembled Cluster Data

With estimates of the mean logR0
HK values and color trends for

stellar samples of known age, we can proceed toward an improved
activity-age relation. In Figure 5 we plot histograms of the distribu-
tion of log R0

HK values for the stellar groups in our study (Table 6).
For each cluster, we use the individual !log R0

HK/!(B$ V )
slopes calculated above to interpolate a mean log R0

HK value
for a hypothetical cluster member of solar color [(B$ V )& ¼
0:65 mag]. These are quoted in the last column of Table 5 and
adopted in the analysis that follows.

3.2.2. A New R0
HK-Age Relation

In Figure 6 we plot the mean log R0
HK values versus cluster age.

The data are the combined set of individually assessed logR0
HK

measurements from Table 5, along with their 1 ! confidence lev-
els, and adopted mean logR0

HK values from Table 7. In both cases
the ordinate values have been corrected to a nominally solar-color

Fig. 3.—Color vs. activity for 23 nonidentical [!(B$ V ) ' 0:05] stellar bi-
naries (see x 3.1.1). A typical error bar for (B$ V ) colors ("0.01 mag) and for a
single log R0

HK observation ("0.1 dex) is illustrated by the cross. The pair on the
right side with the large slope is the pathological binary HD 137763.

Fig. 4.—(B$ V )0 vs. log R
0
HK formembers of several stellar clusters in Table 5.

Filled triangles are %5Y16 Myr Sco-Cen members (including Upper Sco, " Pic,
UCL, LCC), open squares are %130 Myr old Pleiades stars, filled circles are
%625 Myr old Hyades stars, and open triangles are%4 Gyr old M67 members.
Linear fits to the cluster data are shown by dashed lines. The circled dot is the Sun.
The solid line represents the median log R0

HK for solar-type field stars (median
log R0

HK values for 8 color bins from a sample of 1572 unique stars in the activity
surveys of Henry et al. [1996] and Wright et al. [2004]).
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Robinson 1992) and that the mean slope is m ¼ 0:51 " 0:29.
The true median of the slope is m̃ ¼ 0:60þ0:34

$0:27 (Gott et al. 2001).
While the binary data alone are within %2 ! of zero slope in

!log R0
HK/!(B$ V ), there is some hint that the slope is indeed

slightly positive. Donahue (1998) made a plot similar to Figure 3
(indeed, using many of the same systems) but did not explicitly
state any conclusions regarding the existence of a color trend. As
noted above, there is likely a range of ages represented by these
binary pairs; we investigate now whether the observed variation
in slope of R0

HK with color can be correlated with stellar age.

3.1.2. Trends among Stellar Kinematic Groups

In Figure 4 we plot log R0
HK versusB$ V color for the separate

kinematically defined groups in our study. From 104 jackknife
sampling simulations, the slopes [m ¼ !log R0

HK/!(B$ V )] for
each group were evaluated using ordinary least-squares linear re-
gression with log R0

HK as the dependent variable and (B$ V )0 as
the independent variable [OLS(Y jX ); Isobe et al. 1990]. These
slopes, along with the median log R0

HK values, are provided in
Table 5.

Examination of Table 5 shows that divining a unique slope ap-
plicable to all solar-type stars at all activity levels is not feasible.
The <100 Myr old groups show a wide range of slopes ($1 <
m < 3) with typically large uncertainties, but a mean slope for
the ensemble of m ¼ 0:91 " 0:40. The %0.1Y0.5 Gyr Pleiades
and UMa clusters show similarly steep slopes of 0:75 " 0:24
and 0:80 " 0:27, respectively. These values are %2 ! steeper
than the slope for the%0.6 Gyr Hyades (0:14 " 0:13). The oldest
cluster (M67) also has the most negative slope ($1:0 " 0:2). To-
gether, the data suggest that the slope!log R0

HK/!(B$ V ) may
flatten as a function of age. The mean slope for all of the clusters
combined ism ¼ 0:37 " 0:14, essentially identical to the Hyades
slope (m ¼ 0:39) found by Soderblom (1985). However, our
Hyades slope appears to be flatter than that derived by Soderblom
(1985) due to inclusion of additional lower activity stars at the

blue and red edges of our color range. A sample of %1500 unique
solar-type field stars from the combined surveys of Wright et al.
(2004) and Henry et al. (1996) is statistically consistent with
having zero slope (see Fig. 4). Similarly, Soderblom et al. (1991)
report a negligible slope for a sample of solar-type halo field
stars.
For either the cluster (plus older field) sample alone or the bi-

nary sample alone, the significance of the activity-color slope is
<3 !. However, based on the fact that the measured slopes are
consistent between these populations in the mean, and systematic
with stellar age, we conclude that there is indeed an activity-color
correlation that needs to be taken into account.

3.2. R0
HK-Age Calibration Using Cluster Stars

3.2.1. Assembled Cluster Data

With estimates of the mean logR0
HK values and color trends for

stellar samples of known age, we can proceed toward an improved
activity-age relation. In Figure 5 we plot histograms of the distribu-
tion of log R0

HK values for the stellar groups in our study (Table 6).
For each cluster, we use the individual !log R0

HK/!(B$ V )
slopes calculated above to interpolate a mean log R0

HK value
for a hypothetical cluster member of solar color [(B$ V )& ¼
0:65 mag]. These are quoted in the last column of Table 5 and
adopted in the analysis that follows.

3.2.2. A New R0
HK-Age Relation

In Figure 6 we plot the mean log R0
HK values versus cluster age.

The data are the combined set of individually assessed logR0
HK

measurements from Table 5, along with their 1 ! confidence lev-
els, and adopted mean logR0

HK values from Table 7. In both cases
the ordinate values have been corrected to a nominally solar-color

Fig. 3.—Color vs. activity for 23 nonidentical [!(B$ V ) ' 0:05] stellar bi-
naries (see x 3.1.1). A typical error bar for (B$ V ) colors ("0.01 mag) and for a
single log R0

HK observation ("0.1 dex) is illustrated by the cross. The pair on the
right side with the large slope is the pathological binary HD 137763.

Fig. 4.—(B$ V )0 vs. log R
0
HK formembers of several stellar clusters in Table 5.

Filled triangles are %5Y16 Myr Sco-Cen members (including Upper Sco, " Pic,
UCL, LCC), open squares are %130 Myr old Pleiades stars, filled circles are
%625 Myr old Hyades stars, and open triangles are%4 Gyr old M67 members.
Linear fits to the cluster data are shown by dashed lines. The circled dot is the Sun.
The solid line represents the median log R0

HK for solar-type field stars (median
log R0

HK values for 8 color bins from a sample of 1572 unique stars in the activity
surveys of Henry et al. [1996] and Wright et al. [2004]).
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The log R0
HK versus log RX relation of Sterzik & Schmitt (1997) could be improved in two ways. First, their sample is X-ray biased,

as it only includes stars with log R0
HK measurements that were detected in the RASS. Secondly, the relation is poorly constrained at the

high-activity end due to the relative rarity of extremely young solar-type stars within 25 pc. To ameliorate this situation, we fit a
log R0

HK versus log RX relation to an unbiased sample of solar-type dwarfs and check that it fits the high-activity regime for solar-type
stars. A convenient X-ray-unbiased sample of solar-type stars is the Baliunas-Donahue sample of 28 solar-type dwarfs from the Mount
Wilson HK survey. This sample has well-determined rotation periods measured over more than five seasons by Donahue et al. (1996) and
well-determinedmean logR0

HK values from theMountWilson survey (Baliunas et al. 1996). Fortunately,all of these stars were detected in
X-rays with ROSAT, and X-ray luminosities and RX values were calculated by the authors (x 2.2). An auxiliary sample of X-ray-biased
solar-type stars was also constructed, so that the logRX versus log R0

HK relation fitted to the X-ray-unbiased sample could be verified in the
high-activity regime. This auxiliary sample is comprised of 199 solar-type dwarfs from the literature with logR0

HK, log RX, and rotation
periodmeasurements. This samplewas based on the compilation of Pizzolato et al. (2003) but added to, quality checked, and brought up to
date.

We show in Figure 15 the correlation between the coronal and chromospheric activity indices for both the Baliunas-Donahue (X-ray
unbiased) and auxiliary (X-ray biased) samples. For the X-ray-unbiased sample, the X-ray and chromospheric indices are remarkablywell
correlated (Pearson r ¼ 0:96). We calculate the OLS bisector linear regression following Isobe et al. (1990). We find

log R0
HK ¼ "4:54 # 0:01ð Þ þ 0:289 # 0:015ð Þ log RX þ 4:92ð Þ; ðA1Þ

with an rms scatter of 0.06 in log R0
HK. The inverse relation is

log RX ¼ "4:90 # 0:04ð Þ þ 3:46 # 0:18ð Þ log R0
HK þ 4:53

! "
; ðA2Þ

with an rms of 0.19 dex ('55%) in log RX. Equation (A2) is statistically consistentwith the relation found bySterzik&Schmitt (1997), but
our uncertainties are'2 times smaller. Linear fits were also made for logR0

HK versus log RX, and its inverse, for the X-ray-based auxiliary
sample. The resulting fits gave slopes statistically consistent with that estimated for the Baliunas-Donahue X-ray-unbiased sample, but
with y-intercepts favored toward giving larger logRX values (e.g., the X-ray-biased fit would predict logRX for the solar log R0

HK value
higher by'0.2 dex compared to the X-ray-unbiased fit). We find that equations (A1) and (A2) are satisfactory for the high-activity stars
also, so the fits are appropriate for the full range of logRX and log R0

HK values seen for solar-type field dwarfs and pre-MS stars. The scatter
in both relations increases substantially as the transition from the active regimes in both sequences to the very active regime above about
"4.35 in log R0

HK and the saturated regime above about"4 in log RX is approached.
If one combines equations (3) and (A1), one can derive an X-ray activity versus age relation for solar-type dwarfs:

log ! ¼ 1:20" 2:307 log RX " 0:1512 log R2
X: ðA3Þ

From the cluster X-ray data compiled in Pizzolato et al. (2003) it appears that the spread in log RX among solar-type dwarfs in young
clusters is roughly#0.2Y0.6 dex (68% CL). If the chromospheric activity levels for the 4 Gyr old members of M67 (Giampapa et al.
2006) are converted to log RX via equation (A2), one would predict a#0.4 dex (68%CL) spread in log RX values among its solar-type

Fig. 15.—log RX vs. log R0
HK for stars in our sample of solar-type stars with known rotation periods and chromospheric and X-ray activity levels. Donahue-Baliunas

stars with well-determined periods also have thick crosses. Color bins are illustrated in the legend. The solar datum uses the mean log R0
HK calculated in x 1 and the mean

log RX calculated from Judge et al. (2003) (with systematic uncertainty of 50% in log RX plotted).
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Empirical ages 3: Lithium

The destruction of Li in the Sun is unambiguous: the surface 
now has A(Li) = 0.97, versus 3.20 for chondrites (log scale, H 
= 12).  It’s the path from one to the other that is unknown.

In star-forming regions we see stars to have A(Li) = 3.2-3.3.  
This tells us:

They are undepleted.
Stars are now formed with the same initial Li the Sun had.

In young clusters we also see abundant Li, but ...
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Pleiades data as abundances

Scatter ≫ error

Note low scatter
in Hyades.

Pleiades and α Per
indistinguishable.

1993AJ....106.1059S
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Differential analysis of observations

Compare to Pleiades:
Lots of good data
Broad range of color
Few upper limits

Work in observational 
units; errors 
understood.

Why the scatter?
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Usefulness of Li for ages

The inherent large scatter at a single age means Li works for groups 
and not single stars, but only a few stars (~10–20) are needed.

The biggest changes up to ~300 Myr are for K dwarfs.

Scatter for G dwarfs is too large to be able to get ages, and metallicity 
dependence is likely.

Li in PMS groups can test the same models used to calculate 
isochrones for K and M dwarfs.

Li has been used to get ages for old solar-type stars, but that is highly 
model-dependent (see Ramirez POP).

Li goes through plateaus at several ages ranges; e.g., alpha Per and 
Pleiades (70 Myr and 120 Myr) are indistinguishable.
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Possible improvements for Li

“Magneto-convection and lithium age estimates of the βPictoris moving group,” 
J. MacDonald and D. J. Mullan, 2010 astro-ph 1006.1308.

βPictoris moving group is one of a number of nearby groups of pre-main 
sequence stars identified as young from x-rays and having space motions in 
common.

Strong Li used as a criterion for membership, and also as a way to estimate age.

Primary age indicator is HRD, matching to PMS isochrones (these stars generally 
have Hipparcos parallaxes).

By including effects of magnetic fields on convection, they can account for star-to-
star differences in Li and determine a more consistent overall age.  At 40 Myr it is 
high relative to other determinations of ~20 Myr.
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Statistical methods

Both metallicities and space motions 
show trends with age (but could be 
Galactic gradient too for [M/H]).

These trends are important for 
studying the Galaxy but are purely 
statistial: they do not apply to 
individuals.  (Note the space motions 
of the Sun and of the α Cen system.)
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J. Holmberg et al.: The Geneva-Copenhagen survey of the solar neighbourhood. III. 945

Fig. 4. Left: AMR for single stars with σAge < 25% (see text). Large filled dots show mean values, open circles the dispersions of [Fe/H] in bins
with equal numbers of stars. Right: same, but for stars within 40 pc.

Fig. 5. U, V and W velocities vs. age for the 2626 single stars with
σAge < 25%.

evolution models with the real Milky May. We show it with our
new data in Fig. 4 (left) for the subsample of stars defined above.

The apparent excess of metal-rich young stars is partly due
to chemically peculiar Fm and Fp stars that cannot be identi-
fied from uvby β photometry alone. As discussed in GCS I-II,
it may reflect a preponderance of luminous young stars from a
large volume and over-corrected for reddening. Figure 4 (right)
shows the AMR for the volume-limited sample within 40 pc; it
appears to be consistent with this explanation. In both cases, the
dispersion in [Fe/H] is ∼0.20 dex, nearly independent of age.

6.3. Age-velocity relation and disk heating

Figure 5 shows the observed space velocity components as func-
tions of age for the subsample defined above, while Fig. 6 shows

Fig. 6. U − V diagram for the subsample of Fig. 5, separated into four
age groups.

them in the U-V plane, separated into four age groups. Like
Figs. 20 and 30 of the GCS, they illustrate the significant sub-
structure in the U and V velocity distributions that persists over
a wide range of ages (see GCS I, Famaey et al. 2005; Seabroke
& Gilmore 2007; Bensby et al. 2007; and Antoja et al. 2008 for
further discussion of these features). The revised velocity data
do not significantly change the W velocity distributions shown
in GCS II (Fig. 32).

Figure 7 shows the resulting AVR for our observed sample
of single stars, showing a smooth, general increase of the veloc-
ity dispersion with time in both U, V , and W. Fitting power laws
while excluding the three youngest and three oldest bins, we find
exponents of 0.39, 0.40, 0.53 and 0.40 for the U, V , W and to-
tal velocity dispersions – very similar to the values derived in
GCS II.

946 J. Holmberg et al.: The Geneva-Copenhagen survey of the solar neighbourhood. III.

Fig. 7. Velocity dispersions vs. age for the subsample withσAge < 25%. The 30 bins have equal numbers of stars (88 in each); the lines show fitted
power laws. The 3 youngest and oldest bins were excluded from the fit.

Fig. 8. a): observed AVR in W (Fig. 7) with the fitted power law. b-d):
simulated AVRs for three different disk heating scenarios (see text).
Open symbols: rederived ages and velocity dispersions for the synthetic
stars (sampling as in a); σAge < 25%).

In GCS II we used simulations to check if our age deter-
mination process might change the shape or slope of the AVR
(GCS II Fig. 34). We found this not to be the case when assum-
ing a smooth increase in velocity over the whole lifetime of the
disk, consistent with the observed AVR.

However, the coarse sampling of the AVR as shown in GCS I
(Fig. 31) has led to suggestions that the data might equally well

be described by an initial increase in velocity dispersion fol-
lowed by a plateau. We have explored some of these possibilities
through simulations following the recipe in GCS II. A “true”
AVR is assumed, after which we compute synthetic “observa-
tions” with realistic random errors for a synthetic sample with
similar astrophysical parameters as the real sample. The AVR is
then reconstructed from the synthetic “observations” in the same
manner as for the real data, focusing only on the W component
for the reasons discussed by Seabroke & Gilmore (2007). The
results of the simulations are compared to the observations in
Fig. 8, panel a repeating the observed σW from Fig. 7.
The following three cases were considered:

The first synthetic AVR (panel b) is a continuous rise in
velocity dispersion over the whole lifetime of the thin disk.
However, simulations (Hänninen & Flynn 2002) have shown that
if only known local heating agents are assumed (i.e. GMCs),
implausible amounts are needed to match the observed σW for
the oldest disk stars.

The second synthetic AVR (panel c) starts out cold until an
age of 2.0 Gyr, then saturates at constant σW = 18 km s−1.
This case is similar to the relation derived by Quillen & Garnett
(2001) from the sample of only 189 stars from Edvardsson et al.
(1993).

The third assumed AVR (panel d) has a σW increasing
smoothly to ∼15 km s−1 at an age of 3 Gyr when it rises abruptly
to ∼21 km s−1, then remains constant until the maximum age of
the thin disk at 10 Gyr. The scenario here is a late minor merger
causing a step increase inσW . After the merger, the local heating
processes cease to be effective for the stars formed prior to the
merger, and σW stays flat.

In all three simulations the thick disk appears at the age
11–12 Gyr, with a σW of 36 km s−1 (short horizontal line above
the last symbol in Panels b-d).

With the size and other properties of the sample we have
analysed, there is a clear qualitative difference between the
AVR corresponding to the three scenarios. However, a rigorous

Monday, July 26, 2010



Sagan Workshop, 2010-07-26                                  D. Soderblom                                  

Age quality levels
Fundamental:

The physics of the process is fully understood and all the needed parameters can be 
measured.

Semi-fundamental: 
Almost everything is known and the assumptions are not critical 
(U/Th decay; kinematic traceback)

Model-dependent:
The measured quantities can be predicted through calculations
(asteroseismology, isochrones, lithium depletion boundary).

Empirical:
A physical scenario exists and an empirical age relationship can be established 
(rotation, activity, lithium).  
Calibrated against clusters and stars with model-dependent ages.

Statistical:
A tendency or trend exists (e.g., metallicity, kinematics).
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Ages: Ensembles vs. individuals

Ensemble ages:
Lithium depletion boundary (LDB)
Rotation (PMS and ZAMS)
Lithium (PMS and ZAMS)
Kinematic traceback (PMS)
Isochrone fitting

Individual ages:
Isochrone placement
U/Th decay (Pop II)
Asteroseismology
Rotation
Activity
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How well do they do?
1. Fundamental and semi-fundamental methods

Fundamental:
− A truly fundamental age is only available for the Sun (<0.1%)

U/Th decay:
+ U/Th decay ages can be applied to very old stars (no other methods)

+ U/Th decay works for individual stars

+ Systematic errors probably low

− U/Th only works for low-metals stars due to line blending

− Need high resolution and high S/N to resolve weak features (brightish stars)

− Large uncertainties (20%)
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How well do they do?
1. Fundamental and semi-fundamental methods

Kinematic traceback:
+ Kinematic traceback is essentially astrometric and so free of PMS physics

+ Kinematic traceback works for very young ensembles, where other methods fail

− Works only for <~ 20 Myr 

− Works only for groups.  
Longer than ~50 Myr and the errors in the observations produce large age 
uncertainties.  Also, the Galactic potential gets less certain.  
Spectroscopic criteria (activity, Li) are generally applied as well.
Errors ~40-50%
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How well do they do?
2. Model-dependent: isochrone ages

+ Isochrone ages are only as good as the underlying models, but for 
solar-type stars we should understand the physics.

− Isochrone ages require additional observations of very high accuracy 
(parallax, color, magnitude) and are still vulnerable to significant 
transformation uncertainties (esp. Teff).

− Isochrone ages cannot be determined directly, only a probability 
distribution results, with varying results.  The results end up biased.

− Errors ~50%?
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How well do they do?
3. Model-dependent: asteroseismology

Both isochrone ages and asteroseismology use essentially the same models, with 
the same vulnerabilities.  They are measuring the same thing in different ways.  
Seismology places additional constraints.

− Seismology observations are very demanding and so possible only for small 
numbers of stars in general

− Seismological ages also need additional parameters (composition, luminosity, 
temperature)

+ Seismology works well for older MS stars

+ Asteroseismology appears to offer the best hopes for single, nearby stars

+ Asteroseismology applies essentially all the physics we know at one time

+ Errors ~10%
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How well do they do?
4. Empirical methods

− All 3 methods (rotation, activity, lithium) must be calibrated against model-
dependent ages (groups and clusters), so they are subordinate.

− All 3 properties show large scatter at young ages.  This means they are better 
suited to groups of stars than to individual objects for ≲ 1 Gyr.

− The greatest variation is seen for the youngest stars, but also lots of scatter.

− Old stars rotate slowly and have achieved “inner peace” (i.e., few spots, which is 
good for us).  But it is hard to detect a rotation period, and activity is weak.

+ Activity is easier to measure, but may have systematic problems for older stars.

+ Li maybe useful for K dwarfs up to ~300 Myr; M dwarfs up to 50 Myr?

Errors >20%
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Isochrones ages compared to those from rotation
(Mamajek, 2009)

Formally there is a 
correlation, but R = 0.5.

Which to believe?

Note that gyro ages are 
deterministic, but 
isochrone ages are 
probablistic.
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type method PMS ZAMS MS Pop II

semi-
fundamental

U/Th decay – – – Isemi-
fundamental kinematics E – – –

model-
dependent

isochrones E, i E E, i E, i

model-
dependent LDB E E – –model-
dependent

asteroseismology – – I I

empirical

gyrochronology E E E, I i

empirical activity E E i –empirical

Li E E – –

Summary of age dating methods
I = individual, E = ensemble
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How ages are used

Kevin Schlaufman preprint, astro-ph 1006.2851:
“Evidence of possible spin-orbit misalignment along the line of sight in transiting 
exoplanet systems.”

Notes use of Rossiter-McLaughlin effect to determine angle between stellar spin 
axis and planet’s orbital axis.  Result is often a clear misalignment.

R-M effect not always detectable; also leads to results only in plane of sky.

Schlaufman notes angle relative to LOS (i) can be estimated from radius, rotation 
period (Prot), and v sin i.  Prot not always known, so he tries a Monte Carlo 
simulation, with random distributions of a number of variables, including age, 
assuming Prot ∝ t +1/2 (t = age).

Schlaufer identifies several stars with possible large misalignments.
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Other masses

Stars more massive than the Sun not so interesting for planet 
studies.

Stars less massive are very difficult:
Essentially no movement in HRD.
Li depletes very rapidly (100s of Myr).
Hyades hints at scatter in rotation for K and later.
M dwarfs tend to show significant activity at all ages.
Are models good enough to analyze seismology?
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Conclusions I

Age is not a directly measurable property of a star, so we are 
left estimating ages in whatever ways we can.

For PMS stars, placing stars on isochrones works if they have 
good distances.  

Other indicators (activity, Li) help to confirm youth but getting 
quantitative ages is problematic.
The models need to be tested more.
Groups are more suitable than single stars.

ZAMS and near-ZAMS stars remain challenging:
Little net movement in HRD.
Strong signals in rotation, activity, lithium, but also much noise.
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Conclusions II

For single MS stars, asteroseismology appears to offer ages 
good to ~10%, but

Ages are model dependent.
Getting the needed data is labor- and resource intensive.
Limited to bright stars.
Gyrochronology is also promising.

Post-MS stars fairly easy due to rapid motion in HRD if a good 
parallax is available.

The ages of clusters remain subject to significant 
uncertainties.
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Hopes for the future

The high-precision photometry/seismology of CoRoT and Kepler can give us 
enough good ages that we can more critically test other parts of the picture and 
calibrate other age indicators.  (Kepler should yield numerous rotation periods too.)

Gaia will essentially eliminate errors in parallax for nearby stars and remove 
ambiguities for clusters.

We can measure stellar temperatures with real accuracy, or at least characterize 
them well.

If we can someday understand the solar dynamo well enough to predict the 
behavior of the 11-year cycle, we can then start to understand stellar dynamos. 
Then maybe stellar spindown and the decline of activity can move from empirical 
to a model-dependent methods.

We will find that planet with the biomarker, establish the age of its host star, and 
gain an entirely new insight into the story of life.
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Jack Eddy
1931-2009

An inspiration for thinking about 
the Sun in the broadest possible 
context.

Let us also acknowledge others, 
including Olin Wilson, who 
started the work of detecting 
stellar activity in general and 
cycles in particular.

And Andy Skumanich, 
George Herbig, ...
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Resources

The Ages of Stars, Proc. IAU Symp. 258

Soderblom, 2010, Annual Reviews Astr. Ap., v. 48: The Ages 
of Stars

On astro-ph or from annualreviews.org

SME: Spectroscopy Made Easy.  Tuned to high-resolution 
spectra of solar-type stars.

soderblom@stsci.edu
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