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Abstract. The Kepler mission has made it possible to detect the signatures of surface

rotation in tens of thousands of stars across many different spectral types, ages, and evolu-

tionary states. While it is tempting to use these rotation rates as a means to determine the

ages of field stars in Kepler via the gyrochronology relationships, we show that 1) only

a fraction of these stars should be viable targets for the existing period-age relationships

due to “contamination” from hot stars and subgiants, and 2) that apparent age trends in

the rotation distributions can be explained with an activity-based detection bias. We have

performed a forward modeling exercise in an effort to reproduce the observed distribution

of rotation periods.

1 Rotation in context

All stars rotate, with rotation periods set by a combination of initial conditions, angular momentum
loss, internal angular momentum transport, and the physical expansion/contraction of the star. The
decline in the rotation rates of cool main sequence stars as a function of time suggests that rotation
might be used as a means of inferring stellar ages through “gyrochronology” [1,2]. Empirical period-
age relationships exist, but are only calibrated for the cool dwarfs where strong spin-down due to
magnetic braking results in a relationship between period and age for ages > 0.5 Gyr for sun-like stars
[2,4,5].

In the case of the Kepler field, however, we should observe a (biased) mixture of stellar populations,
not all of which have gyrochronology relationships. In particular, we expect three distinct populations
of rotating stars: the cool dwarfs, which undergo magnetic braking and should be observed as slow ro-
tators, hot stars (Te f f > 6250K), whose convective envelopes are too thin to support magnetic braking
and should be rapidly rotating, and subgiants, where the increase in the stellar moment of inertia due to
evolution contributes substantially to stellar spin-down [3]. Each of these three groups can overlap in
period-space, while having a very different rotational histories. In addition to these population effects,
rotation samples are undoubtedly subject detection biases which will tend to disfavor old, quiet, and
slowly rotating stars. The use of gyrochronology with Kepler stars will therefore need to account for
both population and detection effects before any conclusions about age distributions can be drawn.

2 Examining Stellar Populations with the Asteroseismic Sample

To demonstrate the importance of stellar populations in the interpretation of rotation periods, we ex-
amine the well-studied subset of stars for which we have asteroseismic detections, with information
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about the masses, ages, evolutionary states, and rotation periods [6,7]. This sample is shown in Fig
1 and color-coded according to the three stellar populations (cool dwarfs, hot dwarfs, and subgiants).
The two curves represent the period-age relationships at two extremes of the stellar mass range over
which they are calibrated [4]. All stars obeying a period-age relationship like that of Mamajek & Hil-
lenbrand 2008 should fall between these two curves, their exact position determined by their mass
(and composition).

The sample, taken as a whole, does not appear to obey these period-age relationships, and it is not
until we examine the sub-populations that trends become clear. Cool dwarfs, on average, do in fact fall
between the curves where we would expect a gyrochronologically viable target to exist. Because hot
stars do not undergo magnetic braking, they exist at rotation periods that are too short for their age, and
show no discernable period trend with age. Subgiants, on the other hand, are far younger, given their
periods, than one would expect from gyrochronology. This is due to the fact that subgiant spin-down is
no longer solely dependent on magnetic braking, but is also affected by the substantial increase in the
stellar moment of inertia as the star evolves. This subset of well-studied stars serves to demonstrate the
mixed population of rotating stars present in the Kepler field, and the dangers of interpreting rotation
rates without evolutionary state information.

3 Forward Modeling a Rotating Stellar Population

To further examine the importance of stellar populations and selection effects, we design a forward
modeling exercise, using surface rotation periods predicted by stellar models and a stellar population
model of the Kepler field generated with the TRILEGAL code (model from Mauro Barbieri, private
communication) [3,8]. Stellar models assume solid body rotation, and magnetic braking of the form
(Pinsonneault et al. 2014, in prep):
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where τcz is the convective overturn timescale. Initial rotation rates are calibrated using data from
young open clusters. To maintain internal consistency, the masses, ages, and compositions of the TRI-
LEGAL population model are used as inputs to the stellar evolution grids, which then provide rotation
periods, effective temperatures, gravities, and all other necessary parameters.

The output of this forward modeling exercise is pictured in a series of panels in Fig. 2. In the first
panel we show the observed distribution from McQuillan et al. 2014, which is qualitatively similar to
those found by other authors in the literature [9–11]. Below the observed distribution is our modeled
population, showing all stars brighter than Kp = 16 and subject to the same log g and Te f f cuts as
those in the McQuillan sample ( Te f f < 6500K, and [12] cuts to exclude giants), in addition to a
restriction that stars fall within the ranges: 0.4 < M� < 1.7, −0.4 < [Fe/H] < +0.4, and 0.5 < t < 14
Gyr to fall within the stellar model grid. Stars are color-coded in the same manner as Fig. 1. We see
that despite the selections, all three classes of rotators are present, and overlap. Therefore, in practice,
unless we have additional information that allows us to determine that a star is a cool dwarf, we cannot
reliably determine its age based on rotation in regions where there is heavy overlap among the three
populations.

Our initial model predicts far more stars at long periods than are actually observed. This behavior
at long periods motivates a final selection criterion: we make the assumption that the activity of stars
is correlated with the Rossby number, defined as Ro = Prot/τcz, where τcz is the convective overturn
timescale [13]. Under this assumption, we postulate that there exists some critical Rossby number
above which we are no longer able to observe spot modulation, either due to the low amplitude of the
variability, or a true lack of variability. In either case, we assume that detectability is related to the
Rossby number. Panel 3 shows the period distribution of a magnitude limited sample with Ro < 2.
This simple selection qualitatively reproduces the observed sharp edge at long rotation periods, and
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subgiants Fig. 1. A subset of asteroseis-

mic targets which emphasizes

the mixed nature of stellar

populations [7,6]. Cool stars

(Te f f < 6250K) are shown

in red, hot stars in blue, and

subgiants (defined as log g <
4.0) in purple. Gyrochronol-

ogy relations for B − V = 0.4
and B − V = 0.9 from are

shown as black curves: stars

that obey these gyrochronol-

ogy relations should fall be-

tween these two curves [4].

requires no special age distribution within the stellar population. The bottom panel of Fig 2 shows
the age distributions in the samples with and without the Rossby cut: by imposing a maximum ob-
servable Rossby number, we limit the age of the stellar population that will actually be visible in spot
modulation. Although Ro = 2 was chosen here to reproduce the location of the cutoff in the period
distribution, the shape of “Rossby envelope” comes only from the theoretical predictions for Rossby
number as a function of mass and evolutionary state, and has not been fine-tuned.

Notably, a population of subgiants survive this Rossby cut, and are present and detectable at periods
longer than those of their main sequence counterparts at a given effective temperature. These subgiants
have deeper convective envelopes, longer convective overturn timescales, and therefore lower Rossby
numbers at fixed period than main sequence stars at the same effective temperature. Potential subgiants
in the McQuillan sample can be seen at long periods at Te f f ∼ 5500K.

4 Conclusion

We must account for stellar populations and selection biases when using rotation periods as a stellar
diagnostic: there are many stars that fall within the period ranges for which there exist gyrochronol-
ogy relationships, and yet do not obey the relations, because the mapping between period and age is
different for hot stars and subgiants. We must also be careful to interpret the rotation distribution in
the context of selection effects, which can severely bias the set of gyrochronological ages we infer.

In addition to the work presented here, we also caution that blending, whether due to chance
alignments of stars in the large Kepler pixels or due to true binaries, can complicate the interpretation
of periods. Blends can inhabit the same regions of period-temperature space and masquerade as true
sources, when in fact the detected rotation period is not that of the star dominating the light. In addition,
synchronized binaries may be responsible for a portion of the rapidly rotating subset of stars, and
further complicate the interpretation of rotation periods. A full quantification of the impact of blending
is left to later work.
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Fig. 2. Top panel: Data from [9], reproduced here. We mark, as a red curve, the observed edge to the period

distribution to guide the eye. Second panel: Our population model, with dwarfs in red, hot stars in blue, and

subgiants in purple. The McQuillan et al. sample is plotted in light gray points, and the curve marking the edge

in the period distribution from the first panel reproduced in black. Third panel: The population model, but with a

Rossby cut of Ro = 2.0 applied. Bottom panel: The age distributions of the samples in panels 2 and 3: the dotted

line represents the full population, and the solid line the same population subject to a cut in Rossby number.

(Please note that each curve has been arbitrarily normalized for display.)
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