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100-year DASCH Light Curves of Kepler Planet-Candidate Host Stars
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ABSTRACT. We present 100 year light curves of Kepler planet-candidate host stars from the Digital Access to a
Sky Century at Harvard (DASCH) project. 261 out of 997 host stars have at least 10 good measurements on DASCH
scans of the Harvard plates. 109 of them have at least 100 good measurements, including 70% (73 out of 104) of all
host stars with ¢ < 13 mag, and 44% (100 out of 228) of all host stars with g < 14 mag. Our typical photometric
uncertainty is ~0.1-0.15 mag. No variation is found at 30 level for these host stars, including 21 confirmed or
candidate hot Jupiter systems which might be expected to show enhanced flares from magnetic interactions between
dwarf primaries and their close and relatively massive planet companions.

Online material: color figures

1. INTRODUCTION

In 2011 the Kepler Mission announced 997 stars with a total
of 1,235 planetary candidates that show transit-like signatures
(Borucki et al. 2011). It is estimated that more than 95% of these
candidates are planets (Morton & Johnson 2011), although a
much higher false positive rate of 35% for Kepler close-in giant
candidates is reported by Santerne et al. (2012). Kepler has com-
pleted 3 years of observations and with a 4-year extension could
accumulate 7.5 years of data for these host stars. Searching the
host stars for significant very long-term photometric variations
on timescales of decades and for rare flare events is important
for understanding fully the environments of their planets and for
constraining the habitability of exoplanets in general. For exam-
ple, a recent study by Lecavelier des Etangs et al. (2012) found
increased evaporating atmosphere of hot Jupiter HD 189733b
during a transit, which is probably related to a X-ray flare
8 hr before the transit. Here we present the 100-year light curves
of Kepler planet-candidate host stars from the Digital Access to
a Sky Century at Harvard (DASCH) project (Grindlay et al.
2009, 2012).

The photometric variability of about 150,000 Kepler target
stars, including the sample with planetary candidates, shows
low-level variability due to modulation by spots and other man-
ifestations of magnetic activity, e.g., white light flares (Basri et al.
2011). None of these variabilities have amplitudes that would be
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detectable (>0.3 mag if only a single observation) in the DASCH
data. Here we aim to complement the short-timescale and high-
precision photometry by Kepler with the much longer timescales
available from DASCH. The DASCH project can reveal stars
with rare flare events or extremely slow changes in luminosity.
It is of interest to search for both kinds of variability with
DASCH. Extremely large (>1 mag) flares could drive signifi-
cant mass loss from the atmospheres of hot Jupiters, and long
term changes in host star luminosity could drive changes in plan-
etary winds and spectral composition. This paper provides
DASCH light curves for the initial sample of Kepler planets pre-
sented by Borucki et al. (2011).

2. DASCH LIGHT CURVES

In order to take advantage of the unprecedented Kepler data
on short timescales (Borucki et al. 2010) which complements
DASCH data on long timescales, we have scanned and pro-
cessed 3,735 plates taken from the 1880 to 1990 in or covering
part of the Kepler field. Each plate covers 5-40° on a side, and
most of them are blue-sensitive (close to Johnson B). Most
plates have limiting magnitudes 12—14 mag, while ~9% of them
(mc series) are down to ~17 mag. More details on the coverage
and limiting magnitudes of the plates in the Kepler field are de-
scribed in Tang et al. (2013).

We used the Kepler Input Catalog (KIC; Brown et al. 2011)
for photometric calibration. The typical relative photometric
uncertainty is ~0.1-0.13 mag, as measured by the median
light curve rms of stars (Laycock et al. 2010; Tang et al.
2013; see also Table 1 and final figure in this article). Given
that most stars are constant at the 0.1 mag level, their light
curve rms values are dominated by photometric uncertainty,
and thus the median light curve rms represents the relative
photometric uncertainty. The typical absolute photometric
uncertainty, as measured by the difference between our
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TABLE 1
DASCH LIGHT CURVE PROPERTIES OF HOST STARS OF CONFIRMED AND CANDIDATE HOT JUPITER PLANETS IN THE KEPLER
FIELD
KOI KIC KIC g (mag) N Ic median®(mag) Icrms‘(mag) Notes®
1 11446443 11.74 570 11.72 0.109 TrES-2; O’Donovan et al. (2006)
2 10666592 10.94 1069 10.73 0.113 HAT-P-7; Pil et al. (2008)
13 ... 9941662 9.7 1348 9.76 0.103 Kepler-13; Shporer et al. (2011)
18 ....... 8191672 13.88 120 13.63 0.099 Kepler-5; Koch et al. (2010)
20 ... 11804465 13.78 62 13.68 0.153 Kepler-12; Fortney et al. (2011)
97 ... 5780885 13.26 170 13.13 0.185 Kepler-7; Latham et al. (2010)
98 ....... 10264660 12.36 404 12.3 0.128 Kepler-14; Buchhave et al. (2011)
100 ...... 4055765 12.91 243 12.85 0.115
128 ... 11359879 14.27 32 14.185 0.122 Kepler-15; Endl et al. (2011)
135 ...... 9818381 14.35 38 14.29 0.101 Kepler-43; Bonomo et al. (2012)
138 ...... 8506766 14.22 49 14.14 0.113
191 ...... 5972334 15.56 54 15.635 0.066
203 ...... 10619192 14.64 15 14.52 0.207 Kepler-17; Désert et al. (2011)
846 ...... 6061119 16.01 45 16.02 0.096
897 ...... 7849854 15.82 13 15.86 0.143
976 ...... 3441784 9.9 1407 9.73 0.097
1020 ..... 2309719 13.34 84 13.14 0.114
1452 ... 7449844 13.84 79 13.81 0.116
1474 ..... 12365184 13.28 242 13.255 0.158
1540 ..... 5649956 16.17 45 16.36 0.108
1549 ... 8053552 15.73 10 15.725 0.077

“Number of measurements in DASCH light curve.
" Median magnitude in DASCH light curve.
“DASCH light curve rms.

¢ Names of the confirmed hot Jupiter systems and references.

measurements and KIC g band magnitudes, is ~0.2 mag, and
up to ~0.35 mag for bright stars (¢ < 11 mag). The larger ab-
solute photometric uncertainty is caused by additional contri-
butions from the uncertainties in KIC g mag (especially at the
bright end), and the difference between the effective color of
the plates (close to Johnson B) and g band. The magnitude
uncertainties we provide in DASCH light curves are defined
as the rms scatter of (mpascy — gkic) for stars in local spatial
bins with similar magnitudes, and thus represent the absolute
photometric uncertainty (Tang et al. 2013). The typical abso-
lute astrometric uncertainty (per data point) is ~0.8-5", de-
pending on plate scale (Laycock et al. 2010; Los et al. 2011;
Servillat et al. 2011).

Example DASCH light curves of 3 Kepler hot Jupiter host
stars, as well as a binary are shown in Figure 1. Fainter stars
have fewer DASCH measurements, due to smaller number of
deeper plates available. For a given star, every measurement
is typically separated by days to months, and could extend
up to years. Therefore, one stellar flare, if it happened during
the plate observation, is expected to appear on a single plate
only. Some fields do have multiple exposures which our pipe-
line is able to process individually (see Los et al.2011), and
would allow stellar flares to be confirmed by successive mea-

surements; no such flares were seen. Among the 4 stars plotted
in Figure 1, K10666592 (HAT-P-7; P4l et al. 2008), K10264660
(Kepler-14; Buchhave et al. 2011), and K8191672 (Kepler-5;
Koch et al. 2010) are confirmed hot Jupiter host stars.
K5122112 (KOI 552; Borucki et al. 2011) was listed as a
hot Jupiter candidate, but later has been unveiled as a binary
(Bouchy et al. 2011). All three planets have R 2 Rypiers
a < 0.1 AU, and equilibrium temperature >1300 K. No varia-
tion is detected.

All the light curve data and plots used for this paper are avail-
able at the website.” Only “good” measurements are included.
We excluded blended images, measurements within 0.75 mag of
the limiting magnitude which are more likely to be contaminat-
ed by noise, images within the outer border of the plates whose
width is 10% of the plate’s minor-axis length (annular bin 9; see
Laycock et al. 2010), and dubious points with image profiles
different from neighbor stars and thus are suspected to be emul-
sion defects or dust. Stars with strong correlation between mag-
nitude measurements and plate limiting magnitudes, or between

’ Please see http://hea-www.harvard.edu/DASCH/papers/Kepler-planet-host-
star-lightcurves for more information.
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FiG. 1.—Example DASCH light curves of 3 Kepler hot Jupiter host stars, and
a binary. From top to bottom: KIC 10666592 (HAT-P-7; Pal et al. 2008),
10264660 (Kepler-14; Buchhave et al. 2011), 8191672 (Kepler-5; Koch et al.
2010), and 5122112 (KOI 552, binary; Bouchy et al. 2011). Number of mea-
surements (n) in each light curve are also shown, which drops for fainter stars
due to smaller number of deeper plates available. Kepler PDC corrected light
curves are also shown in green dots for comparison; note that the variation in the
Kepler light curves for these stars are at 10~ to 10~ level, much smaller than
the plotting symbols. The DASCH results constrain any rare but bright
(>0.4 mag) flares from Kepler planet host stars, which might be most likely
from hot Jupiter systems. See the electronic edition of the PASP for a color
version of this figure.

magnitude measurements and plate astrometry uncertainties, are
also excluded, which are very likely to be polluted by noise
or blends. More detailed descriptions can be found at
Tang et al. (2013).

Note that these Kepler planet host stars have variations at the
0.01%—-0.1% level in the Kepler light curves, which are much
smaller than the plotting symbols in Figure 1 and our photomet-
ric accuracy. For comparison, the Kepler light curves of the 4
example Kepler planet-candidate host stars (from QO or QI to
QO6) are also shown in Figure 1 as green dots. We used the PDC
corrected flux, which are converted to magnitudes and shifted to
the mean magnitudes of DASCH light curves (see http://
keplergo.arc.nasa.gov/CalibrationSN.shtml).

Among 997 host stars, 261 stars have at least 10 good mea-
surements on DASCH plates, and 109 stars have at least 100
good measurements. Distributions of g band magnitudes for all
the host stars and host stars with at least 10 or 100 DASCH
measurements are shown in Figure 2. We have at least 100
measurements for 70% (73 out of 104) of all host stars with
g <13 mag, and 44% (100 out of 228) of all host stars with
g < 14 mag. Most stars brighter than g = 13 mag we lost (i.e.,
having less than 100 good measurements) were lost due to
blending with neighbor stars, as expected in such a crowded

2013 PASP, 125:793-797
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FiG. 2.—Distribution of g band magnitudes for 997 Kepler planet-candidate
host stars from Borucki et al. 2011 (black dash-dotted line), 261 host stars with
at least 10 DASCH measurements (red solid line), and 109 host stars with at
least 100 DASCH measurements (blue dashed line). See the electronic edition
of the PASP for a color version of this figure.

field, with 74% of them (23 out of 31) having bright neighbor
stars with g < 14 mag within 1 arcmin. For comparison, for
g <13 stars with at least 100 good measurements, only
14% (10 out of 73) of them have g < 14 mag neighbor stars
within 1 arcmin.

We have carefully examined light curves of the 261 planet
candidate host stars, and none of them showed variations
(flares or dips) at the >30 level, where ¢ here is our absolute
photometric uncertainty with typical value of ~0.2 mag for
g > 13 objects, and up to 0.35 mag for g < 12 objects. Nor
did we see any long-term photometric trends. We also compare
the light curve rms of these host stars versus other stars with
similar magnitudes in the Kepler field, as shown in Figure 3.
The raw light curve rms versus g band magnitude for the 261
host stars with at least 10 DASCH measurements are shown as
blue dots. The black solid line shows the median light curve
rms of all the stars with at least 10 DASCH measurements in
the Kepler field, and the red dashed lines and green dash-
dotted lines show the 1o and 20 distributions, respectively.
The median, lo, and 20 distributions of light curve rms are
calculated in 0.5 mag bins, after three iterations of 4o-clipping,
to exclude variable stars and dubious light curves contaminated
by blending or plate defects. Stars with bright neighbors
(230% the flux of the star in KIC g band) within 30" are also
excluded in the calculation of median, 1o, and 20 distributions
to avoid contamination from blending. Note the drop of rms for
stars fainter than 14 mag is due to the fact that in general dee-
per plates are of better quality. Our plates are not a homoge-
neous sample. Stars with different magnitudes, even in the
same region of the sky, are actually covered by different plates.
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FiG. 3.—DASCH light curve rms vs. g band magnitude. The 240 Kepler
planet-candidate host stars with at least 10 DASCH measurements are plotted
as blue dots. Light curve rms percentiles of 59,453 stars with at least 10
DASCH measurements and no bright neighbors in the Kepler field are shown
for comparison; stars with bright neighbors (>30% the flux of the star in KIC g
band) within 30" are excluded to avoid contamination from blending. The 50th
percentile (median) is shown in black solid line, the 16th and 84th percentiles
(1o) are shown in red dashed line, and the 2.5th and 97.5th percentiles are
shown in green dash-dotted lines. The median, 1o, and 20 distributions of
light curve rms are calculated in 0.5 mag bins, after three iterations of 40-
clipping, to exclude variable stars and dubious light curves contaminated
by blending or plate defects. See the electronic edition of the PASP for a color
version of this figure.

For example, a 12th mag star is detected on all the plates dee-
per than 12th mag, while a 15th mag star is only detected on
plates deeper than 15th mag. Most of the deeper plates, such as
mc series, are of much better quality compared with the shal-
low plates, which leads to the decrease of typical (median, etc.)
light curve rms of fainter stars (¢ > 14 mag).

None of the planet candidate host stars have a light curve rms
more than 20 greater than the median rms of stars of similar
magnitudes. There is one planet host star, i.e., Kepler-21
(KIC 3632418, g = 8.74; Howell et al. 2012), with light curve
rms close to the 20 distribution. Further examination shows that
some images are marginally contaminated by a g = 11.43 mag
neighbor star located at 51" away from the star, and thus its rms
excess is dubious.

It has been suggested that the magnetic interaction between
hot Jupiters and their host stars should enhance stellar activity,
and may lead to phase shifts of hot spots on the stellar chromo-
sphere (Cuntz & Shkolnik 2002; Shkolnik et al. 2003, 2005;
Kopp et al. 2011; Poppenhaeger & Schmitt 2011). Given the
extremely long timescale covered by DASCH, it is interesting
to examine the light curves of stars hosting hot Jupiters. Among
the 261 planet candidate host stars with at least 10 DASCH mea-
surements, 21 of them host hot Jupiter planet candidates
(R 2 Ryypirer and a < 0.4 AU), and 9 of them have at least

100 DASCH measurements (4 are shown in Fig. 1 as examples).
DASCH light curve properties of these Jupiter planet candidate
host stars, including number of measurement, median magni-
tude, and rms in the light curves, are listed in Table 1. None
of them showed variations at the >30 level.

3. CONCLUSION

The Kepler mission has now discovered more than 2,000
planetary candidates (only the first 1,235 considered here)
and provided unparalleled precision light curves for their host
stars. Here we complement that database with much longer
timescale 100-year light curves from the DASCH project. De-
spite their inferior photometric accuracy, the DASCH light
curves sample such an extended period of time (e.g., tens of
solar-like cycles of activity), that rare or very slow phenomena
can be studied. From the statistical sample of the Kepler planet
host stars, limits on their long-term variations and rare flare
events, such as the X-ray/EUV flare from HD189733 (Lecave-
lier des Etangs et al. 2012), help us understand the planetary
environments around main sequence stars and the habitability
of exoplanets in general. We note that the HD189733 system
is not within the Kepler field and so has not yet been scanned
by DASCH. However, given the luminosity of the flare
(7 x 10% ergs™!; Lecavelier des Etangs et al. 2012), and the
relatively luminous (K1.5 V) host star, such a flare is beyond
the detection limit of DASCH. Relatively larger optical flares
would be expected for cooler stars with hot Jupiter companions.
Because Kepler is mostly targeting on Sun like stars, none of
M dwarf and hot Jupiter system is in the sample of the 261 host
stars we studied.

We have scanned and processed 3,735 plates taken from the
1880 to 1990 in or covering part of the Kepler field, and studied
the light curves of 261 planet host stars that have at least 10
good measurements on DASCH plates. We find no photometric
variations at the 3o level. We have released all the DASCH data
in the Kepler field to the public in DASCH Data Release
1 (DR1) which enable users to directly plot their own light
curves for differing data selection criteria.® DASCH light curves
over ~100 year timescales will continue to provide unique con-
straints for planet host stars, as well as any other interesting ob-
jects in the Kepler field.

We thank the anonymous referee for suggestions that have
helped improve this article. We thank Alison Doane, Jaime Pep-
per, David Sliski and Robert J. Simcoe at CfA for their work on
DASCH, and many volunteers who have helped digitize log-
books, clean and scan plates (http://hea-www.harvard.edu/
DASCH/team.php). This work was supported in part by NSF
grants AST0407380 and AST0909073 and now also the Cornel
and Cynthia K. Sarosdy Fund for DASCH.

% Please see http://dasch.rc.fas.harvard.edu for more information.
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