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Figure 3. Cool stars have the closest planets. 
Planetary radius vs. orbital period, P, of confirmed 
(black) and candidate (grey) ultra-short-period planets 
(USPs), with period histograms above. The dashed 
red line is the expected fall-off (~P10/3, Lee and Chi-
ang, 2017) if orbital decay driven by stellar tides alone 
were responsible for producing USPs; note the differ-
ence in the confirmed and candidate distributions.

Figure 1. Entirely to scale (RSun = 1).  All confirmed 
or (candidate) systems with at least one planet with 
P<1 day, around stars with R* < 0.7 RSun.

Abstract
Planets with orbital periods less than a day, or ultra-short-period planets 
(USPs), are unique laboratories for observation and planet formation and evo-
lution theories, but the planets’ origins remain unclear. Competing origins theo-
ries make different, testable predictions: for instance, USPs may be the rem-
nants of tidally disrupted hot Jupiters, or they may have been brought in from 
farther out by orbital decay driven by tides raised on their host stars. If USPs 
were brought in by tidal decay and interactions with other planets, that would 
mean USP systems would often (perhaps always) host additional planets. The 
characteristics of the ultra-short-period planet population can therefore be used 
to directly test the predictions of competing planet formation theories. Over 60 
candidate or confirmed USPs have been identified around stars with radii 
smaller than 0.7 solar radii (about a quarter of all known USPs). M dwarfs are 
also a quarter of the stars with at least one identified companion planet, while K 
dwarfs are somewhat overrepresented. None of the 14 systems with 3 or more 
planets orbits a star more massive than the Sun. The Short Period Planet 
Group (SuPerPiG) is working to discover and confirm USPs and to explore the 
implications of USP population characteristics for planet formation theories. 

Figure 2. Same scale as Figure 
1, but for 0.7 ≤ R* < 0.96 RSun

The Short Period Planet Group, or SuPerPig, has been working to discover and confirm 
ultra-short-period planets using Kepler and K2 data (Jackson et al. 2013, Adams et al. 
2016, 2017), and eagerly anticipates TESS data. Over 240 candidates have been iden-
tified to date, with more candidates in the pipeline from additional K2 campaigns, rean-
alyzing previous work with EVEREST photometry (Luger et al. 2017), etc. But much 
work remains to be done on this sample to accurately test theories, especially in vali-
dating and de-biasing the USP sample:

1. More systems need observations for accurate stellar and planetary parameters. Status of fol-
low-up observations of all USP candidates from Kepler or K2: 
a. have RV masses:                               5% (10) 
b. have spectra:                                    52% (113 of 219) 
c. have high-resolution images:            63% (139 of 219) 

2. We need to fully quantify the discovery biases for Kepler/K2 planets: how representative is 
this sample of the true population of USPs? 

3. As a result, only ~40% of systems are confirmed or validated. In addition, up to 25% of can-
didates listed in databases are likely false positives.  

4. SuPerPiG plans to validate every USP and produce de-biased distributions with planet or-
bital and physical parameters … stay tuned!
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Figure 8. Validation results for K2-106 b, aka EPIC 220674823 
(Adams et al. 2017) using the vespa software package (Morton 2015). 
In this case, all false positive scenarios were very definitively ruled out, 
validating the system as planetary. 

Spectra + imaging + photometry constraints = validated planets
[Fe/H]) by minimizing the χ2 difference between the observed
and the synthesized SME spectra. This can be a very effective
and efficient method for deriving uniform and self-consistent
stellar parameters for large samples of spectra (e.g., Valenti &
Fischer 2005). All three of these techniques work best on
spectra of relatively high S/N and high spectral resolution.

The analysis of lower-S/N spectra requires special approaches
in order to achieve useful and self-consistent results. When the
spectra are sufficiently noisy that individual stellar absorption
lines cannot be measured reliably, then one must adopt a
technique that will treat large sections of the spectrum together.
The most successful of these methods involve some form of
spectral matching, where the observed spectrum is compared to a
library of spectra, and a comparison algorithm determines the
“best” match to the observations. In some cases, the library is a
set of observed spectra with carefully and self-consistently
determined stellar properties, as in the SpecMatch code used
by Petigura et al. (2013). For this to work well, the library of
observed spectra must be obtained with the same instrument as
the target spectrum, they must all be of high S/N, and they need
to cover the parameter space of Teff, log g, and [Fe/H] rather
uniformly. A viable alternative to this technique is use a library
of synthetic model spectra, rather than observed spectra. This
ensures that the relevant ranges of parameter space are well
covered, and that all of the library spectra are completely self-
consistent and noise free. However, one must model the
spectrograph instrumental function in order to compare an
observed spectrum with the library spectra. This approach of
synthetic spectra has been used by Buchhave et al. (2012) to
perform a uniform analysis of relatively low-S/N spectra from
different spectrographs. A new version of SpecMatch now
uses a grid of synthetic models (Petigura et al. 2016, in
preparation).

In this paper, we present Kea, a code that we developed at
McDonald Observatory to compare high-resolution, low-S/N
spectra of KOI stars to a massive grid of synthetic stellar
spectral models in order to determine the fundamental stellar
parameters of the Kepler target stars. Our paper is organized as
follows. Section 2 describes the our spectroscopic observations
and data reduction. In Section 3, we detail how we created a
grid of synthetic spectra using the MOOG spectrum synthesi-
zer. In Section 4, we describes the calibration of Kea using 100
well-characterized stars from the Kepler stellar properties
catalog (Huber et al. 2014, hereafter H14), the so-called
“platinum” star sample. Finally, in Section 5, we present a
comparison of Kea results from our McDonald Observatory
reconnaissance spectra with stellar parameters derived from
higher-S/N Keck/HIRES spectra of the same KOI.

2. Reconnaissance Spectroscopy and Data Reduction

We use the Tull Coudé Spectrograph (Tull et al. 1995) at the
Harlan J. Smith 2.7 m Telescope at McDonald Observatory to

obtain the reconnaissance spectra. We observe with a 1.2-
arcsecond slit, which yields a spectral resolving power of R= λ/
δλ = 60,000. The complete visual spectrum (3750–10200 Å) is
imaged on a 2 k × 2 k CCD detector.
After flat fielding, bias subtraction, and order extraction,

using standard IRAF routines, we divide each order by the
appropriate blaze function. We determine the shape for the
blaze function for each night using high-S/N flat-field lamp
exposures. This division removes the large-scale curvature due
to the blaze. We then apply an additional correction to each
order to remove any residual curvature in the continuum.
The uncertainty of each pixel σpixel in the extracted spectrum

is calculated as

s s= +N n . 1pixel pixel readout
2 ( )

Where ctspixel is the total number of detected photoelectrons, n
is the number of pixels in a column that were combined during
order extraction, and σreadout is the readout noise. For the Tull
spectra we use n = 5 and σreadout = 3.06 electrons.
Finally, we flux normalize the spectral orders to unity,

scaling the pixel uncertainties accordingly. Figure 1 shows an
example of one order of a typical KOI reconnaissance spectrum
before and after these preparatory steps.

3. Synthetic Spectral Library

We computed a large grid of model stellar spectra using the
“synth” mode of the LTE stellar spectral line analysis and
spectrum synthesis MOOG. We used the Kurucz (1993) stellar
atmosphere grid, with the “ODFNEW” opacity distribution
function. Spectra were synthesized from 3450 Å to 7000 Å.
The complete spectral grid covers a range of Teff from 3500 K
to 7000 K in 100 K steps, and from 7000 K to 10,000 K in

Figure 1. Example of a KOI reconnaissance spectrum before (top panel) blaze
division and residual continuum flattening and after (bottom panel). The S/N
of this spectrum at the top of the blaze of the order is S/N ≈ 17 : 1.
(A color version of this figure is available in the online journal.)
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HD50692. The stellar parameters from each observation and
our adopted values of Teff , log(g), and [Fe/H] are shown in
Table 2. No RV differences were seen within uncertainties
(Figure 4). We used the observed Teff and the models of
Boyajian et al. (2012) to estimate the �R , and the stellar mass
was estimated from those using the Dartmouth models and
assuming a stellar age of 5 Gyr (Dotter et al. 2008).

With an rms error of 110 m s−1, we can place an upper limit
on the planets’ masses of <M 0.43p1 MJup and

<M M1.22p2 Jup (Jupiter masses) using Equation (14) from
Lovis & Fischer (2010, pp. 27–53). If we assume that the
planets are entirely rocky, we can estimate the approximate
masses using the mass–radius relation from Lopez & Fortney
(2014): ( ): :»M RM Rp p

4, which yields masses of 4.5 and
41 M⊕ for p1 and p2, respectively. The large radius for p2
suggests that it likely harbors a substantial gaseous envelope
(Rogers 2015) and, following the mass–radius relationship
described in Adams et al. (2008), would have a mass of about
20M⊕, depending on the core composition and gas fraction. So
we also provide an estimated RV signal if both planets had
substantial volatiles, using half the core-only estimates, or 2.3
and 20.5 M⊕ for p1 and p2, respectively. The RV half-
amplitude estimates are 3.5 and 11 -m s 1 for p1 and p2,
respectively, for the larger masses, and 1.7 and 5.5 -m s 1

respectively, for the smaller masses, as shown in Figure 4.
Even the smaller mass estimate is within reach of the best
world-class instruments today.

3.2. Adaptive Optics Observations

We observed EPIC 220674823 in i’ band with Robo-AO at
Kitt Peak (Baranec et al. 2014; Salama et al. 2016) on 2016
September 19 and 25. Each observation comprised a sequence
of full-frame-transfer detector readouts of an electron-multi-
plying CCD camera at the maximum rate of 8.6 Hz for a total
exposure time of 90 s. Individual frames are dark- and flat-field
corrected before being registered to correct for the dynamic
image displacement of the target that cannot be measured with
the laser guide star, and co-added. We detected no stellar
companions within 2 mag at 0 2, nor within 4.5 mag at 1 0 of
the primary target.

We made additional observations with the NIRC2 camera
behind the Keck II adaptive optics system in natural guide star
mode on 2016 October 16. We obtained six frames, 2×15 s
exposures at each of three different dither positions in the Kp
filter. After sky subtraction and flat-field calibration, the
frames were co-added into a single image based on the
automatic detection of the location of the target star in each
dither frame. Using the same methodology of Ziegler et al.
(2016), a custom locally optimized point-spread function
was subtracted from the image, which was run through an
automatic companion detection pipeline. This allowed even

tighter constraints to be placed: there are no companions as
faint as D =M 2 at a separation of 0 08 and D =M 8 at 1″
and beyond. A plot of the full Keck detection constraints
is shown in Figure 5. A full description of the methodology
for the automated search and the generation of the contrast
curve can be found in Sections 3.5 and 3.6 of Ziegler
et al. (2016).

Table 2
Spectra of EPIC 220674823

UT HJD Teff [Fe/H] log(g) ( )v isin RV (km s−1) Notes

2016 Aug 15 09:46:54 2457615.9038 5580±86 0.040±0.03 4.62±0.16 2.62±0.18 −15.86±0.13 McDonald
2016 Sep 08 09:17:37 2457639.9016 5600±55 0.010±0.02 4.50±0.10 2.23±0.23 −16.01±0.10 McDonald
2016 Oct 11 07:27:13 2457672.8187 5660±60 −0.010±0.02 4.62±0.07 3.08±0.21 −15.798±0.28 McDonald

5590±51 0.025±0.02 4.56±0.09 Adopted average

5814±181 −0.283±0.25 4.409±0.085 EPIC (Huber et al. 2016)

Figure 4. Recon spectra of EPIC 220674823 show no stellar RV signal within
errors ( = -rms 110 m s 1). The combined estimated RV signal of the two
planets is plotted for reference (assuming masses of 4.5 and 41 M⊕ in blue and
2.3 and 20.5 M⊕ in red). The bottom panel shows a zoomed-in version of the
estimated signal, which, with an estimated amplitude of 2–11 -m s 1, is easily
accessible by more precise RV instruments.

Figure 5. The AO image of EPIC 220674823 in K band with Keck/NIRC2
revealed no additional stars. Blue stars in the sensitivity curve are the measured
minimal brightness of a possible companion consistent with a 5σ detection; the
black dashed line is a fitting function.
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Figure 4. Most known multi-planet USP sys-
tems are around cool stars. The fraction of sys-
tems with USPs (grey) varies modestly with stel-
lar type, with K stars most common among USP 

hosts. The preference toward smaller stars is 
more pronounced with multi-planet systems; 

among systems with 3+ known planets, only one 
is not around an M or K dwarf.

Figure 5. More candidates expected 
with improved photometry. The K2SFF 
pipeline (top) was used for our original 
searches, but the EVEREST pipeline 
(bottom) is expected to return up to twice 
as many candidates based on prelimi-
nary results.  (Luger et al. 2017)

Figure 7.


