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ABSTRACT

We report on the detection of three transiting small planets around the low-mass star
LP 358-499, using photometric data from the Kepler-K2 mission. The three detected
planets have orbital periods of ca. 3, 4.9, and 11 days and transit depths of ca. 700,
1000, and 2000 ppm, respectively. We determine the spectral type of the host star
to be M1V from multiband photometry. Using the transit parameters and the stellar
properties, we estimate that the innermost planet may be rocky.
Key words: planets and satellites: detection – techniques: photometric – planets and
satellites: general
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INTRODUCTION

Small stars provide a very favourable opportunity to study
the properties of planets orbiting around them. A planet
transiting a small star will cause a deeper transit signature than in a system with a larger, more massive host
star; equally, with a low-mass host star, a planet causes a
stronger radial velocity signature in the stellar spectrum.
Furthermore, habitable zones around the host star, i.e. orbital distances at which water in liquid form could be present
on planets, are located relatively close to the star, making
discoveries of temperate planets easier. Two notable examples of recent planet discoveries around M dwarfs are Proxima Centauri b (Anglada-Escudé et al. 2016) and the multiplanet system around Trappist-1 (Gillon et al. 2017).
Here we present the discovery of three transiting planets
around the low-mass star LP 358-499, also known as 2MASS
J04403562+2500361, NLTT 13719, and EPIC 247887989.
The star is located near the ecliptic plane; its basic astrometric properties are listed in Table 1. The star is not located
in a crowded field; there are no other bright sources visible
within a 10 00 radius, as shown in the 2MASS image in Figure 1. We describe our data analysis methods in section 2,
our results in section 3, and discuss our findings regarding
the nature of the planets and the stability of the system in
section 4.
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Figure 1. 2MASS image of the star LP 358-499 and its vicinity;
the circle around LP 358-499 has a radius of 10 arcseconds. No
potential blends are visible in the image.
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METHODS

The target LP 358-499 was observed during Campaign 13 of
the K2 mission (Howell et al. 2014) for 80 days, between
March 08 and May 27 2017. Pre-search Data Conditioning (PDC) light curves were obtained on August 28 2017
when they became available from the Kepler team. PDC
light curves have been corrected for common trends between
many stars, although these still include stellar variability
and detector-position systematics. To remove these effects,
but leave the transit signals untouched, we detrended the
light curve using the k2sc code (Aigrain et al. 2016) which
models the flux as a Gaussian process formed of three components. The first component depends on the star’s two-
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Figure 3. Spectral energy distribution of LP 358-499, using the
photometric measurements from Table 1 (see text for details).
Figure 2. Systematics in the light curve of LP 358-499 observed
in campaign 13. From top to bottom: flux corrected for the timedependent trend, flux corrected for position-dependent trend and
flux with both trends removed. The data are shown as black points
and the models are shown in red. The vertical dotted lines show
the points where the direction of the roll-angle variations reverse.
The coloured markers are placed at times of the transits of each
planet: b - green, c - blue and d - red.

dimensional (x, y) position on the detector, which changes
due to the radiation pressure from the Sun causing a slight
drift of the telescope which is periodically corrected by
thruster firings. We use values of 9.42 and 45.42 days from
the campaign start as the points where the direction of these
variations reverse. The second part depends on the time of
the measurement and represents the stars variability plus
any time-dependant systematics. The final term consists
solely of white noise. Fig. 2 illustrates the algorithm for the
target of this work. The photometric precision was 1082 ppm
before detrending and 286 ppm after; an improvement of approximately 3.8 times. As we will show in section 3, the three
transit signals identified have depths which range from ca.
700 to 2000 ppm.

3
3.1

RESULTS
Properties of the host star LP 358-499

The star LP 358-499 has been observed in several optical and
infrared bandpasses (see Table 1), which we use to derive the
basic physical properties of the star.
We begin by showing the spectral energy distribution
(SED) of the star in Figure 3. No infrared excess is observed.
The values for the V and B band, as reported by Kharchenko
& Roeser (2009) (K09 from here on), have significantly larger
uncertainties than the other photometric measurements, and
seem systematically brighter than expected from the other
data points in the SED. For comparison, we used the transformations from Jester et al. (2005) to calculate the expected
V and B band magnitudes from the available high-precision
SDSS ugriz photometry. This yields calculated values of
Vcalc = 14.288 ± 0.010 and Bcalc = 16.114 ± 0.031. We display
those calculated values in the SED as well; they seem to be

more in line with the remaining data points in the SED. We
will use the SDSS-calculated Vcalc and Bcalc magnitudes as
the preferred values in the remainder of our analysis, but
will give results using the K09 magnitudes for comparison
as well.
To estimate the stellar parameters we use the empirical relationships by Mann et al. (2015). The stellar effective
temperature can be calculated (for targets where the metallicity is not known a priori) from the empirical relationship
Teff = a+bX+cX 2 +dX 3 +eX 4 + f (J−H)+g(J−H)2 , with X being
the V − J colour, and the coefficients a through g being 2.769,
−1.421, 0.4284, −0.06133, 0.003310, 0.1333, and 0.05416, respectively – note that an erratum has been published on
these values, see Mann et al. (2016). Using the 2MASS J and
H magnitudes, and our SDSS-calculated Vcalc magnitude, we
find an effective temperature of Teff = 3655 ± 80 K. For comparison, using the K09 V magnitude and its uncertainty, the
effective temperature estimate changes to Teff = 3802±116 K.
We verified this empirical estimate by fitting the SED
based on the photometric measurements listed in Table 1
with the VOSA SED fitting tool (Bayo et al. 2008). We fitted
a BT-Settl-CIFIST model (Baraffe et al. 2015) to LP 358499’s fluxes, finding a best fit at an effective temperature of
Teff = 3700 K and a surface gravity of log g = 5.5; a model
with the same effective temperature and a surface gravity of
log g = 5.0 produces a similarly good fit.
In the following, we adopt the effective temperature of
Teff = 3655 ± 80 K, found through the empirical relationship
by Mann et al. (2015), as our estimate for LP 358-499. Using the tabulated stellar properties by Pecaut & Mamajek
(2013), we estimate LP 358-499’s spectral type to be M1V,
corresponding to a stellar mass of 0.52 M , an absolute J
band magnitude of MJ = 6.54, and a bolometric luminosity
of Lbol = 1.455 × 1032 erg/s, which is 3.8% of the solar bolometric luminosity. This implies a stellar radius of 0.49 R .
Comparing the absolute and apparent J band magnitudes places LP 358-499 at a distance of 80 pc. The proper
motion of LP 358-499 is rather large with µRA = 187mas yr−1
and µDec = −45mas yr−1 , i.e. a total proper motion of µ =
195mas yr−1 . Given our distance estimate, this corresponds
to a tangential space velocity of ca. 74 km/s. This is somewhat fast for ordinary stars in the solar neighbourhood, but
MNRAS 000, 1–5 (2017)

LP 358-499
Table 1. Stellar properties of LP 358-499. See text for details.
Property

Value

Source

04 40 35.63
+25 00 36.1
187
-54

SIMBAD
SIMBAD
SIMBAD
SIMBAD

15.633 ± 0.204
13.996 ± 0.151
17.283 ± 0.01
15.265 ± 0.004
13.626 ± 0.003
12.915 ± 0.001
12.719 ± 0.005
16.114 ± 0.031
14.288 ± 0.010
11.084 ± 0.021
10.487 ± 0.021
10.279 ± 0.018
10.173 ± 0.022
10.072 ± 0.021
9.991 ± 0.071
>8.586

K09
K09
SDSS
SDSS
SDSS
SDSS
SDSS
calc.
calc.
2MASS
2MASS
2MASS
WISE
WISE
WISE
WISE

Astrometry:
R.A.
Dec
µRA (mas yr−1 )
µDec (mas yr−1 )
Photometry:
B (mag)
V (mag)
u (mag)
g (mag)
r (mag)
i (mag)
z (mag)
Bcalc (mag)
Vcalc (mag)
J (mag)
H (mag)
K (mag)
W 1 (mag)
W 2 (mag)
W 3 (mag)
W 4 (mag)
Derived properties:
Teff
spectral type
stellar radius
stellar mass
distance

3644 ± 80 K
M1V
0.49 R
0.52 M
80 pc

not completely uncommon. For comparison, Barnard’s star
has a tangential velocity of ca. 90 km/s.
The star LP 358-499 has not been observed with modern
X-ray telescopes (XMM-Newton and Chandra). Its position
has been observed in the ROSAT All-Sky Survey for 450
seconds, but the star was not detected in X-rays. ROSAT
places an upper limit of FX < 3.0 × 10−13 ergs/s/cm2 on its
X-ray flux and a limit of LX < 2.2 × 1029 ergs/s on its X-ray
luminosity. This is fairly non-restrictive for an early-type M
dwarf; M and K stars at the age of the Pleiades (100 Myr)
have already decreased their X-ray luminosities enough to
display an average LX around 1029 ergs/s, see Preibisch &
Feigelson (2005). We can conclude that the system is not
extremely young, as M dwarf in the Orion Nebula Cluster
with an age of 2.5 Myr are typically X-ray brighter than the
upper limit for our target star.
3.2

Properties of the planet candidates

We searched for transit signals in the detrended light curve
with periods longer than 1 day using the PyBLS1 python
package for the Box Least Squares (BLS) algorithm of
Kovács et al. (2002), smoothed with a median filter. We iteratively identified signals with a Signal Detection Efficiency
(SDE) greater than 10, fit the light curve with a transit
1
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model and then subtracted the transit model from the light
curve to search for further planet candidates.
We display the results of the BLS algorithm applied to
LP 358-499’s Kepler-K2 light curves in Figure 4. We identify
three transiting exoplanet candidates with orbital periods of
ca. 3, 4.9, and 11 days, having 26, 16 and 7 transit events
covered in the light curve, respectively.
The resulting planetary periods yielded by the BLS algorithm were then used in a more detailed light curve fit,
using the analytic transit light curve models by Mandel &
Agol (2002) as implemented in the fitting package of PyAstronomy2 . We performed MCMC fits of the analytic light
curve models to the data, varying the orbital period, transit mid-point T0 , ratio of planetary to stellar radius Rp /R?,
and orbital inclination. The semi-major axis was linked to
the orbital period through the stellar parameters derived
above. We used a quadratic limb-darkening law with coefficients fixed at 0.5079 and 0.2239 as given by Sing (2010);
we tested varying the limb-darkening coefficients, but found
that our fits were not very sensitive to them.
We list all derived properties of the three planets in
Table 2. Specifically, we give the fitted orbital period, the
transit mid-point, the radius ratio Rp /R?, and the inclination. We furthermore list the semi-major axis a, the transit depth, the transit duration, the planetary radius, stellar
flux received by the planet, and the the planetary equilibrium temperature. Those quantities rely in part on the stellar properties we determined in the previous section.
Phase-folded light curves for each planet are given in
Fig. 5, where the best fit limb darkened transit model from
Mandel & Agol (2002) is overplotted using the PyAstronomy
python package.

4

DISCUSSION

4.1

Planetary masses

Radial velocities are often used to rule out false positives for
planetary transits; those might be low-mass stars in a grazing transiting orbit, or eclipsing binaries in the background
which are blended with the target star in the telescope’s
point spread function. Here, we do not have radial velocity measurements of the target system as of yet. However,
we detect three different transit signatures around the star
LP 358-499. It is extremely unlikely that a non-planetary,
false-positive system configuration could produce those three
different transit signatures. We therefore assume that the
transiting bodies are indeed planets, with their radii given
as in Table 2.
Without direct mass measurements, statistical considerations about the planetary masses can still be performed.
Rogers (2015) report that transiting planets with radii above
1.6 Earth radii are typically not rocky, but rather have a
gaseous envelope. Our analysis shows that the innermost detected planet may be rocky, with a radius of 1.38 R⊕ , while
the third planet with 2.12 R⊕ is likely to have a gaseous
envelope, placing it in the super-neptune class. The second
planet falls into the intermediate regime with 1.56 R⊕ , where

2
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Table 2. Planetary parameters of the candidates. Uncertainties
are given at the 95% confidence level.
Property

Value

Planet b
Period (days)

2457821.3168+0.0012
−0.0017

T0 (BJD)

0.0257+0.0007
−0.0007

R p /R?
Inclination

3.0712+0.0002
−0.0001

(◦ )

87.36+0.06
−0.06

Duration (hours)

1.22

Depth (ppm)

710

a (AU)

0.0332

Radius (R ⊕ )

1.38

Flux (F ⊕ )
Teq (K)

34.4
616

Planet c
Period (days)

Figure 4. BLS spectra of the planets found, in the order which
they were identified. The top panel shows the BLS spectrum for
the detrended light curve and subsequent panels show the BLS
spectra where the transit signals of the previously identified planets have been removed. The final panel shows the BLS spectrum
of the light curve with all three planets removed, where no further
significant periodic signals are found.

2457823.7657+0.0022
−0.0010

T0 (BJD)

0.0291+0.0009
−0.0006

R p /R?
Inclination

(◦ )

Duration (hours)
Depth (ppm)
a (AU)

a rocky and a gas envelope nature are both similarly likely
for the planet.

4.2

88.44+0.08
−0.13
1.63
979
0.0452

Radius (R ⊕ )

1.56

Flux (F ⊕ )

18.6

Teq (K)

529

Planet d

Stability of the system

We tested the dynamic stability of the system using the
“Mercury” orbital dynamics package (Chambers 1999). Using the derived planetary and stellar parameters we estimated the planetary masses using the radius-mass relationship from Fabrycky et al. (2014), assuming α = 2.6. We
ran the orbital dynamics code for 1,000 years (in system
time) using the hybrid symplectic/Bulirsch-Stoer integrator
assuming initially circular and aligned orbits. The eccentricities of the planets all stay below 0.0003, and the inclination of the orbital planes do not change. We repeated the
stability analysis with a replaced planetary mass for the innermost planet in case it is indeed rocky, where we assumed
an Earth-like density. We found that the results were similar to before, and hence we conclude that the system is not
strongly dynamically unstable.

4.3

4.8682+0.0001
−0.0002

Equilibrium temperature of the planets

As a rough estimate, we assume that the planets emit like
black bodies, only heated by the stellar irradiation. The ratio
of the flux received at a planet to the flux received from the
Sun by Earth is given by FF = La?2 , where L? is the stellar
⊕
luminosity in solar units and a is the semi-major axis of the
planet’s orbit in AU. Similarly, the effective
q temperature of
1
4

R?
2a

a planet is then given by Teq = T?(1 − A)
, where T? is
the effective temperate of the star, A is the albedo and R?
is the radius of the star.

Period (days)

2457826.1738+0.0007
−0.0012

T0 (BJD)

0.0397+0.0005
−0.0008

R p /R?
Inclination

11.0235+0.0006
−0.0004

(◦ )

89.36+0.09
−0.04

Duration (hours)

2.34

Depth (ppm)

1902

a (AU)
Radius (R ⊕ )

0.0779
2.12

Flux (F ⊕ )

6.3

Teq (K)

402

We assume an Earth-like albedo of 0.3 in our calculation; the resulting temperatures are listed in Table 2. Our
calculations show that all three planets are too hot to host
water in liquid form on their surface. This is in line with
more detailed habitable zone models by Kopparapu et al.
(2013), which report the habitable zone for a star with a
mass of 0.5 M to range from semi-major axes of ca. 0.15 to
0.3 AU; the three detected planets are closer to their host
star than that.
4.4

The system as a testbed for planet evolution

Our radius estimates for the three planets suggest that the
innermost planet might be rocky, while the outer two planets are more likely to have gaseous envelopes. Measurements
MNRAS 000, 1–5 (2017)
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Figure 5. Phase-folded transit light curves for each planet. K2 data points are shown in blue with the best fitting transit model
overplotted as black lines. The the planetary parameters of these fits are given in Table 2.

of the planetary masses will allow a density estimate for
the planets to investigate if this is actually the case. Especially the pair of planets b and c is interesting with regard
to planet evolution and evaporation – given the planetary
semi-major axes, planet c receives about half of the stellar
flux that planet b receives. Planet d, being in a substantially
wider orbit, receives only about 20% of the stellar flux compared to planet b. Lopez & Fortney (2013) have shown that
the densities of planets are likely sculpted by evaporation;
while the stellar irradiation is an obvious driver of evaporation, the core mass of a planet plays a significant role in the
planet’s ability to retain its gaseous envelope. In systems
where planets with similar semi-major axes exist, such as
the Kepler-36 system (Carter et al. 2012), the differences in
the current planetary densities are likely driven by different
core masses. The LP 358-499 is a new interesting laboratory
to investigate how densities of small planets evolve in the
radiation field of an M dwarf.

5

CONCLUSIONS

We have presented an analysis of Kepler-K2 light curves of
the star LP 358-499. We have determined the star to be of
spectral type M1V from photometric archival observations,
and estimated the distance to the star to be 80 pc. We have
identified three transiting planets in the system, with orbital
periods of ca. 3, 4.9, and 11 days and transit depths of ca.
700, 1000, and 2000 ppm. Given the properties of the host
star, the smallest of the planets may be rocky. All planets are
closer to the host star than the inner edge of the habitable
zone in that system. We note that this planetary system is
located close to the ecliptic plane and is in fact located in
the transit zone of Mercury (Wells et al. 2017, accepted by
MNRAS), meaning that transits of Mercury are observable
from the location of the LP 358-499 system.
MNRAS 000, 1–5 (2017)
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