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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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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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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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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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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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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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A Period Bimodality

K/M: yes

F/G: no?!

The Mystery Deepens!
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2 Possible Explanations: 
1) Variation in Star Formation History 
2) New transition phase in stellar spin-down 

 
How to test these? 
- Do F/G stars show bimodality? 
- Is bimodality everywhere? 
- Connect to other age indicators?

jradavenport!7

A Period Bimodality



Match Kepler to Gaia (DR1/TGAS)

Select Main Sequence, 
filter out subgiants

jradavenport!8

Before Gaia filtering

After

Period bimodality IS  
found for G dwarfs!

Davenport 2017

Period Bimodality IS found in G dwarfs!



Gaia DR1

Gaia DR2

jradavenport!9

Davenport & Covey submitted 
arXiv: 1807.09841



Gaia DR1

Gaia DR2

jradavenport!10

16,000 stars

Davenport & Covey submitted 
arXiv: 1807.09841



Gaia DR2

jradavenport!11

A more complete view

Davenport & Covey submitted 
arXiv: 1807.09841

~600Myr



Gaia DR2
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A more complete view

Kernel Density

Estimator
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Gaia DR2Explore in distance



Bimodality drops with Height (Z)
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Davenport & Covey submitted 
arXiv: 1807.09841



Something unexpected

jradavenport!15

Davenport & Covey submitted 
arXiv: 1807.09841
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Ages on the main sequence?

Perio
d Gradient

Davenport & Covey submitted 
arXiv: 1807.09841
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Ages on the main sequence?

0.7 M⊙ evolution

Perio
d Gradient

Davenport & Covey submitted 
arXiv: 1807.09841



Next: Extend to K2 & TESS (+Gaia)

• How localized is the bimodality? 
• Star formation history on small scales? 
• Effects of spiral arms visible?

jradavenport 18



Next: Extend to K2 & TESS (+Gaia)

K2 (EVEREST) C5,7        d=0 - 300pc

Z. Bell & J. Davenport (in prep)

!19 jradavenport



jradavenport

Aside: Gender Ratios in Talks

Men ask 2 Q’s for every 

1 by a Woman

Longer Q/A’s have better

gender ratios

Let Jr people speak first! Let Q/A go longer!

astrogender.site

Davenport et al. (2014)

Schmidt, Douglas, et al. (2017)

Schmidt & Davenport (2017)

http://astrogender.site


Summary

jradavenport

Kepler: Bimodal rotation period  
distribution for G/K/M dwarfs! 

Implies dip in Star Formation  
@ 600Myr

Bimodality decreases 
with height (Z) 

Need K2 & TESS!

Period gradient across 
Main Seq: Ages? 

New isochrones needed!
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