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What is a “Star Formation History”?
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• Classically – assuming stars form in a relatively “closed-box” model  
(i.e. within the Milky Way) 


• measure the age distribution of stars (or some proxy or age)


• Using knowledge (assumptions) of e.g. the IMF, from age distribution of 
stars you see extrapolate the total # of stars formed over time


• The SFH is tracing star formation rate, and periods of high or low star 
formation activity over ~13 Gyr


• i.e. to first order, how efficient is the disk/arms at forming stars over time?



What is a “Star Formation History”?
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• But we KNOW the Milky Way is not a closed box…


• So is SFH of the MWY really just mapping the accretion history, or does it 
trace the in-situ formation?


• Answer: Both 

Limberg+2022

https://arxiv.org/abs/2206.10505


Today: Ages of Stars & SFH
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• How do we measure the age of 
individual stars in MWY? 

• How do we statistically estimate the 
age distribution (i.e. SFH)?



Ages of Stars
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• SFH should be simple enough if we can just measure the ages of all the 
stars… right?


• This is a notoriously hopeless difficult problem.


• Uncertainties of 10-50% are considered good, probably impossible to do 
better for some stars (Soderblom 2010)


• Clusters are the only “good” ages 


• Ages are fairly easy for some stellar masses at certain phases of their 
evolution… but very hard for most stars over most of their lives

http://adsabs.harvard.edu/abs/2010ARA&A..48..581S


Ages of Stars
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• Clusters are the best age indicators


• finding clusters/groups/associations 
with Gaia VERY helpful for measuring 
age distribution of disk


• For clusters: turn-off is the most age-
sensitive feature (see HW 2)


• Can’t easily identify “turn-off” stars in the 
field/disk…


• But the related sub-giant phase is 
easier!

Sandage (1957)

https://ase.tufts.edu/cosmos/view_picture.asp?id=1411
https://ase.tufts.edu/cosmos/view_picture.asp?id=1411


Ages of Stars
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• Sub-giant stars… verrrry interesting!


• Short-lived phase of star’s life


• Unfortunately quite late


• Position on CMD relatively  
deterministic based on mass



Ages of Stars
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• How old are these stars?


• Massive stars don’t live long… that’s  
very helpful age anchor here!


• Not too hard to get a rough age  
constraint here, evolutionary tracks 
are very dramatic 



Ages of Stars
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• How old is this star?


• Low mass main seq. stars don’t 
change much over their lives…


• Majority of stars in the galaxy, 


• they live “forever” (i.e. should be more 
pristine or direct tracers of SFH)


• Almost impossible to age date  



Ages of Low-Mass Stars
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• Some chemical indicators of age 

• Lithium is easily destroyed in stars, 
abundance declines strongly with time 
(e.g. Carlos+2016)


• But is hard to measure

https://arxiv.org/abs/1601.05054


Ages of Low-Mass Stars

11

• Rotation of stars


• Stars lose angular momentum over time,  
this “spin-down” is maybe useful as a clock 


• Gyrochronology (Barnes 2003)


• Idea established over 50 years ago! Skumanich (1972) 

• How good is this clock?


• Depends on what the initial rotation is, how constant the angular momentum 
loss (wind) is, how well you can measure rotation, tidal disturbance 

The Astrophysical Journal Letters, 733:L9 (5pp), 2011 May 20 Meibom et al.

Figure 1. Surface (orange) in the three-dimensional space of color (mass, x-
axis), age (Myr, y-axis), and stellar rotation period (days, z-axis). The surface is
an extrapolation in age, using P ∝

√
t (Skumanich 1972), of the color–period

relation observed among moderate-to-slow rotators in the Hyades and younger
clusters (black curve). The black dot marks the color, age, and rotation period
of the Sun. The dashed blue curves mark the ages and color ranges of the stars
being observed by Kepler in the four open clusters located within its field of
view.

improve our empirical understanding of the spin-down rates of
low-mass stars of different masses by verifying the existence
and precisely defining the shape of the P–t–M surface beyond
the age of the Hyades and possibly that of the Sun. In this Letter
we report the first results from The Kepler Cluster Study for the
∼1 Gyr cluster NGC 6811. The results confirm the existence
of a unique surface out to the age of NGC 6811, and specify
its shape, P (M), at that age. In future papers, we will extend
P(t, M) to t = 2.5 Gyr (NGC 6819) and possibly t = 9 Gyr
(NGC 6791).

2. THE KEPLER CLUSTER STUDY

Figure 1 demonstrates the current severely uneven obser-
vational coverage of the P–t–M parameter space. The or-
ange surface represents an extrapolation in age, using the
Skumanich P ∝

√
t spin-down law (Skumanich 1972), of the

color–period relation observed among moderate-to-slow rota-
tors in the Hyades and younger clusters (black curve).

The Kepler Cluster Study is a program to identify members
of the four open clusters within the Kepler field of view and
to obtain and analyze Kepler light curves for those members
to measure stellar rotation periods and search for transiting
planets. The four clusters are NGC 6866 (0.5 Gyr), NGC 6811
(1 Gyr), NGC 6819 (2.5 Gyr), and NGC 6791 (9 Gyr). As
coeval, cospatial, and chemically homogeneous collections of
stars with a range of masses, for which precise ages can be
determined, open clusters are the best opportunity we have for
studying the dependencies of rotation on the most fundamental
stellar properties—age and mass. The potential contributions to
the study of stellar rotation by The Kepler Cluster Study are
shown as blue dashed curves in Figure 1. The curves represent
the color ranges for the main-sequence members currently being
observed by Kepler in the four clusters.

Although certain information about NGC 6811 is already
available (Sanders 1971; Lindoff 1972; Barkhatova et al. 1978;
Glushkova et al. 1999; Mills et al. 2005; Luo et al. 2009), it
was not particularly well studied prior to its inclusion in The
Kepler Cluster Study. Consequently, even basic properties of
the cluster are uncertain or unknown. Located near Cygnus and

Figure 2. Color–magnitude diagram of NGC 6811. Photometry is in the SDSS
g and r bands and from the Kepler Input Catalog (KIC; Brown et al. 2011,
http://archive.stsci.edu/kepler). The diagram shows all stars in the KIC within
a 0.◦5 radius of the cluster center. Spectroscopically single RV members and
candidate members are marked in red. The 71 members for which we present
rotation periods are marked with blue asterisks.

Lyra (α2000 = 19h37m, δ2000 = +46◦23′; l = 79.◦2, b = 12.◦0),
its color–magnitude diagram (CMD) is highly contaminated
with field stars (see Figure 2), making an extensive ground-
based radial-velocity (RV) survey essential to identify cluster
members and to improve cluster parameters. The 1 Gyr cluster
age quoted in this study is based on the recent photometric study
by Mills et al. (2005) who found an age of 975 Myr, and on an
estimate of the cluster age of 1.1 ± 0.2 Gyr based on the color
difference between the main-sequence turnoff and the red giant
clump (Janes & Hoq 2011). The latter technique is independent
of the cluster reddening and only moderately sensitive to the
cluster metallicity. The current uncertainty in the values for the
reddening and metallicity of NGC 6811 are the limiting factors
in a determination of its age from main sequence and turnoff
fitting in the CMD.

2.1. Ground-based Spectroscopy

We are conducting a multi-epoch RV survey over a 1◦ diame-
ter field centered on NGC 6811 using the 6.5 m MMT telescope
and the Hectochelle multi-object spectrograph (Szentgyorgyi et
al. 2011; Mink et al. 2007; Szentgyorgyi 2006; Fabricant et al.
2005). This work identifies late-type members of the cluster
to be observed by Kepler. To date, ∼6000 spectra have been
obtained of nearly 3100 stars in the field of NGC 6811. Of
these, 363 stars are members or candidate members9 and 228 of
those have so far not shown significant velocity variation and are
considered spectroscopically single. These numbers underscore
the high level of field star contamination (∼90% on average).
Figure 2 shows the location of all single members (red dots)
and the 71 members for which we have measured periods (blue
asterisks) in the NGC 6811 CMD.

3. DATA AND ANALYSIS

Details of the Kepler mission, spacecraft, and photometer
have been presented elsewhere (e.g., Borucki et al. 2010; Koch

9 Stars with less than four RV measurements are considered candidate
members until additional measurements confirm their membership.
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Meibom+2011

https://ui.adsabs.harvard.edu/abs/2003ApJ...586..464B/abstract
http://adsabs.harvard.edu/abs/1972ApJ...171..565S


Ages of Low-Mass Stars
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• Rotation of stars


• Field has exploded since ~2013, thanks to rotation periods from e.g. Kepler


• pre-Kepler: rotation for 
a few thousand stars, 
mostly from spectra


• Now: tens of thousands!

McQuillan+2014

The Astrophysical Journal Supplement Series, 211:24 (14pp), 2014 April McQuillan, Mazeh, & Aigrain

Figure 1. Period vs. mass with comparison to previous rotation period measurements. The 34,030 new rotation periods derived using AutoACF are shown as cyan
points. The mass was derived using the models of Baraffe et al. (1998), as described in the text. This figure also displays periods from Baliunas et al. (1996) and
Kiraga & Stepien (2007; 114 circles) and MEarth data from Irwin et al. (2011; 41 stars), with gray and black symbols representing objects with young and old disk
kinematics, respectively, all of which have available mass estimates. Additional M-dwarf periods from the WFCAM Transit Survey (Goulding et al. 2012), for which
no kinematic classification is available (65 triangles), with masses derived from Pecaut & Mamajek (2013). Also included are periods from (Hartman et al. 2011; 1686
small black dots), with mass estimates obtained using Teff and the models of Baraffe et al. (1998), and periods from (Harrison et al. 2012; 265 crosses), with masses
derived from a J − K to Teff conversion using data from Kenyon & Hartmann (1995), and the isochrones of Baraffe et al. (1998).
(A color version of this figure is available in the online journal.)

Table 2
Details of the 99,000 Stars with No Significant Period Detection

KIC Teff log g M Prot σP LPH w DC
(K) (dex) (M") (days) (days)

893305 4133 4.58 0.5958 nan nan nan nan 0
1027110 4155 4.50 0.6046 1.701 0.039 0.299 0.1439 0
1027277 4326 4.57 0.6735 60.136 0.691 0.315 0.0876 0
1160660 4232 4.59 0.6355 nan nan nan nan 0
1160684 3952 4.48 0.5239 0.419 0.090 0.150 0.0266 0

Notes. Column descriptions are the same as for Table 1. Targets without a w

value were rejected at selection process stage 1 because the period detection did
not occur in enough segments (see Appendix A for details). In these cases, Prot,
σP, LPH and w are marked as “nan.”

(This table is available in its entirety in a machine-readable form in the online
journal. A portion is shown here for guidance regarding its form and content.)

Table 3
Periodic Fractions Across the Temperature Range Examined

Teff (K) Periodic Fraction

<4000 0.83
4000–4500 0.69
4500–5000 0.43
5000–5500 0.27
5500–6000 0.16
6000–6500 0.20

bin. This fraction goes from ∼0.8 for the coolest stars, with
temperatures below 4000 K, to ∼0.2 around 6000 K.

4.1. Mass–Period and Temperature–Period Distributions

Figure 1 shows the mass–period distribution of the 34,030
stars with measured rotation periods, together with period
derivations from previous work, most of which originate from
ground-based observations. Mass, M, is calculated from the KIC
Teff using the stellar evolution models of Baraffe et al. (1998),

using isochrone no. 1 for M < 0.7 M" and isochrone no. 3 for
higher masses, and assuming an age of ∼1 Gyr. We checked
that the change in results is negligible if the age is varied by a
factor of up to 10. The typical uncertainty associated with the
KIC Teff values is 200 K, which translates to a uncertainty
in mass of somewhat less than 0.1 M". Vertical features in
Figure 1, such as the gaps at ∼0.55 M" and ∼0.7 M", are
artifacts introduced by the KIC temperature information and
are not real. Conversion between B − V and Teff where required
in this work was performed using the equations of Sekiguchi &
Fukugita (2000).

The period measurements presented in this work are consis-
tent with the existing ground-based photometric rotation period
data, showing a trend of typically increasing rotation period with
decreasing mass. The Sun, marked in Figure 1 as a red star, sits
on the upper envelope period distribution.

The bimodality in period distribution, first reported by
McQuillan et al. (2013a) for the M-dwarf sample, is clearly vis-
ible in the low-mass half of Figure 1. To explore the bimodality
further, we plotted the data as a set of histograms, which are
shown in Figure 2. To eliminate conversion uncertainties be-
tween Teff and mass, we plotted the Teff–period distribution in
this figure. Each histogram is normalized, such that only fre-
quencies on the period scale can be directly compared, and not
on the Teff scale.

This histogram representation increases the clarity of the
period bimodality in the low-Teff region, and the width of the
gap between the two sequences can be seen to increase toward
cooler temperatures. At ∼3500 K the two peaks are at ∼20 days
and ∼40 days, with a Hartigan’s dip test (Hartigan & Hartigan
1985) p-value for unimodality of 0.01. At ∼4000 K the two
peaks are at ∼14 days and ∼30 days, with a Hartigan’s dip test
p-value for unimodality of 0.15. This bimodal sequence is not
visible above ∼4500 K.

Figure 2 also shows that the upper envelope of periods
increases steadily with decreasing temperature, from the hottest
stars down to ∼ 4500 K, at which point the long-period envelope
decrease slightly before rising again below ∼4000 K.
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http://adsabs.harvard.edu/abs/2014ApJS..211...24M


Ages of Low-Mass Stars
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• Rotation of stars


• Many more surveys now making “industrial scale”  
rotation periods possible (spot amplitudes ~1%)


• e.g. K2 (Gordon+2021), TESS, and Gaia


• Possibly a million stars will have rotation 
from Gaia DR4


• Some stars will have rotation from LSST, but 
its harder

https://arxiv.org/abs/2101.07886
https://arxiv.org/abs/2104.14566


Ages of Low-Mass Stars
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• Rotation of stars


• This clock is broken in multiple places


• Range of initial Periods


• Stalled spin-down at middle (Myr-Gyr) ages


• Halted spin-down at late (few Gyr) ages


• Good area to work in, but NOT my go-to for 
 inverting into SFH currently
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• Angular momentum loss: quieting the stellar dynamo


• Lower magnetic field strength over time, smaller spots, fewer flares, lower 
chromospheric emission


• Probably good for biology/life!


• Magnetic Activity (esp.  emission)  
a statistical age indicator


• Activity Lifetime

Hα

Ages of Low-Mass Stars

http://adsabs.harvard.edu/abs/2008AJ....135..785W


• Chemical Clocks 

• Beyond simply [Fe/H]

16Hayden+2020

Ages of Stars

• Not so great for precise age-dating 
of individual stars


• Very neat for statistics…

https://arxiv.org/abs/2011.13745


And that’s kind of it…
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• Obviously there’s other ways to estimate individual star ages 
(e.g. asteroseismology, kinematics, careful CMD fitting, other chemical clocks, 
specific phases of stellar evolution that pin-point age)


• Most ALL stellar ages only good to 10-50%…


• So we need statistics to back out the “truth”! 

• Let’s switch to Star Formation History then



• Need volume limited sample (<100pc)


• Small sample size (~450 stars)


• Claim 50 Myr time resolution back to 3 Gyr!

SFH: Modeling the CMD
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• Hipparcos (~120k stars)

Hernandez+2000
B-V

M
V

t (Gyr)

SF
R

https://ui.adsabs.harvard.edu/abs/2000MNRAS.316..605H/abstract


• Forward modeling the CMD  
(or Hess diagram)
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• Gaia! (80 million stars, out to 2 kpc)

Ruiz-Lara+2020

bp-rp

SFH: Modeling the CMD

https://ui.adsabs.harvard.edu/abs/2020NatAs...4..965R/abstract
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• Gaia! (80 million stars, out to 2 kpc)

Ruiz-Lara+2020

bp-rp

• Can study individual components

SFH: Modeling the CMD

https://ui.adsabs.harvard.edu/abs/2020NatAs...4..965R/abstract


SFH of Specific Components
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• Go beyond the Disk(s) & Halo:


• SFH of nuclear cluster starting to be studied, 
with photometry & spectra


• A young population of stars there!


• Helps the “missing pulsar problem”

Chen+2022

https://ui.adsabs.harvard.edu/abs/2022arXiv221201397C/abstract


SFH from Chemical Evolution Modeling
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• Lots of assumptions about gas 
accretion/merger history  
(see Lecture 8)


• Also about recycling timescales 
and efficiencies


• BUT, pretty compelling approach!

Snaith+2015

https://arxiv.org/abs/1410.3829


SFH from White Dwarfs!
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• White Dwarfs cool over time, can be used as a clock: 
“cosmochronology”


• Neat physics involved in cooling curves

Fantin+2019

https://ui.adsabs.harvard.edu/abs/2019ApJ...887..148F/abstract


SFH from White Dwarfs!
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Fantin+2019

Rowell 2013

• Recent results show… tension (IMO) about what age ranges WD’s are 
sensitive to for SFH reconstruction… 


• Still, a promising approach nearby!

now

now
• Looks like star formation "burst” 

8-10Gyr ago

https://ui.adsabs.harvard.edu/abs/2019ApJ...887..148F/abstract
https://ui.adsabs.harvard.edu/abs/2013MNRAS.434.1549R/abstract


SFH from TO & Sub Giants
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• Helpful tracer in stellar evolution


• Get lots of spectra & 6D locations  
(positions & velocities)


• New Age -> [Fe/H] distributions

Xiang & Rix (2022)

https://ui.adsabs.harvard.edu/abs/2022Natur.603..599X/abstract


SFH from TO & Sub Giants
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• Recent paper using Gaia + GALAH!


•

Sahlholdt+2022

https://ui.adsabs.harvard.edu/abs/2022MNRAS.510.4669S/abstract


SFH from TO & Sub Giants
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• Recent paper using Gaia + GALAH!

Sahlholdt+2022

https://ui.adsabs.harvard.edu/abs/2022MNRAS.510.4669S/abstract


How does it compare?
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Ruiz-Lara+2020
Sahlholdt+2022
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https://ui.adsabs.harvard.edu/abs/2020NatAs...4..965R/abstract
https://ui.adsabs.harvard.edu/abs/2022MNRAS.510.4669S/abstract
https://arxiv.org/abs/1410.3829
https://ui.adsabs.harvard.edu/abs/2019ApJ...887..148F/abstract


• Lots of internal consistency checks done (e.g. fitting mock data)


• Each SFH method is so different, VERY hard to cross-calibrate


• Probing different regions of Galaxy


• We still have not coalesced on a single detailed SFH picture for the MWY

How does it compare?
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Next time:
• Kinematics, Rotation,  

and the “Oort Constants”


• Nothing on the schedule for  
Next Thursday… YET. 


• Maybe try and connect Kinematics ->  
dynamics lectures? 


• Or do a homework / discussion day?
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