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Abstract: The LOFAR mission announced the detection of a radio emission coming from the
M dwarf GJ 1151 which is consistent with the possible interaction of the star with an Earth-like
exoplanet with an orbit of 1 to 5 d. Combining new data from different radial velocity surveys we
calculate a new upper limit on the minimum mass of this possible companion at 0.9 M⊕ to 1.6 M⊕
for a 1.02 d to 5 d orbit. We also find evidence of a Neptune-like companion with a minimum mass
of 10.6± 1.5 M⊕ on a 396 ± 6 d circular orbit and a likely more massive Neptunian exoplanet with
a minimum mass of 24 ± 1.5 M⊕ on a 2093+130

−120 d keplerian orbit.

I. INTRODUCTION

The theory on auroral emission of stars with orbiting
exoplanets has been the focus of study for many years
[8], but with no observational evidence of such phenom-
ena until a low-frequency radio emission detection con-
sistent with an interaction of Gliese 1151 (GJ 1151) with
an orbiting exoplanet was found by Vedantham et al.
[20] with the LOFAR instrument. This type of emission
is consistent with the well-known Jupiter-Io sub-Alfvénic
interaction that has been studied by many researchers
in order to understand star-planet interaction radiation
by electron cyclotron maser instability [14, 19]. As ar-
gued by Vedantham et al. [20], other proposed scenarios
which rely on the stand-alone emission of the star via
stellar bursts fail to generate the radio power emission
detected, considering that GJ 1151 is a quiescent M4.5
dwarf, with a mass of 0.170 ± 0.01 M� [16]. Another
possibility would have been the interaction with a stellar
companion, but observations with FastCam [5] already
dismiss the presence of any stellar companion at a dis-
tance greater than 1 au. Following Vedantham et al.
[20], the most plausible scenario for the generation of
this emission seems the interaction with an Earth-like
exoplanet with a 1 to 5 d period.

As a result of this announcement, many exoplanets sur-
veys based on the radial velocity (RV) method started
searching for variations in the star. The RV method
consists in the detection of exoplanets by studying the
Doppler-shift on the star’s spectra provoked by them.
Pope et al. [13] with 20 RVs from HARPS data (High Ac-
curacy Radial velocity Planet Searcher) were not able to
detect any significant signal but set an upper limit on the
minimum mass of the possible planet at M sin i < 5.6M⊕
(being i the orbit’s inclination seen from Earth). Ma-
hadevan et al. [11] with 25 RVs extracted from near-
infrared HPF (Habitable-zone Planet Finder) spectra
added to the same 20 public RVs from HARPS claimed
the detection of a prominent RV signal consistent with
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an extra-solar planet of M sin i = 2.5± 0.5M⊕ at a 2.02
d orbit. Nevertheless, Perger et al. [12] reported that no
significant signal was present combining the same data
from HPF, HARPS and 70 new CARMENES (Calar Alto
high-Resolution search for M dwarfs with Exo-earths
with Near-infrared and optical Échelle Spectrographs)
RVs extracted from the visible arm of the instrument.
They set the detection limits on the data with a 99.9%
significance. It corresponds to an upper limit on the min-
imum mass of an exoplanet at 0.7 M⊕ to 1.2 M⊕ for an
orbit of 1 to 5 d, respectively. Moreover, the authors
found evidence of a long-period signal >300 d. This sig-
nal is likely to be caused by a planet because the star’s
rotational period is T=125 ± 23 d [5] and GJ 1151 is a
quiescent M dwarf with low activity so a strong stellar
contribution to the RVs is not expected.

With 9 newly obtained RVs from the CARMENES in-
strument between February 2021 to June 2021 we try to
achieve the following objectives:

1. Apply a multi-instrument fit to the data acquired
with CARMENES, HARPS and HPF.

2. Establish a new upper limit on the minimum mass
of the exoplanet claimed by Vedantham et al. [20].

3. Characterize the signals and planetary companions
present in the data.

II. DATA

We are analyzing data of GJ 1151 coming from three
different instruments: HARPS, CARMENES and HPF.
The HARPS data used by Pope et al. [13], Mahadevan
et al. [11] and Perger et al. [12] include 20 epochs over
approximately 3 months, December 2018 to Februrary
2019. The RVs were extracted from the spectra with
the HARPS-TERRA algorithm [1] following Perger et al.
[12]. The HPF data used by Mahadevan et al. [11] and
Perger et al. [12] include 25 epochs acquired from March
2019 to June 2020. The RVs were calculated with the
SERVAL code [23]. The majority from our measurements
came from the 70 epochs obtained with CARMENES by
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Perger et al. [12] with 9 new additional RVs. There-
fore, we analyze 79 epochs spanned over 4 years. The
CARMENES data can be divided into two blocks: 6
epochs from February 2016 to June 2016 and 72 epochs
from February 2020 to June 2021, with one stand alone
data point at January 2018. Therefore, there is some
overlapping with the HPF data. It was also analyzed
with the SERVAL code.

All the data together is presented in Fig. (2) and
statistics are shown in Table I. We can see that it is
unevenly sampled and extended over time so we can in-
vestigate long term variations such as the presence of a
linear trend.

HARPS HPF CARMENES All

Nobs 20 25 79 124

rms (m/s) 2.61 4.65 3.44 3.61

δRV (m/s) 1.85 3.00 1.88 2.11

∆t (d) 3.6 19.5 25.0 13.1

T (d) 69 468 1953 1953

TABLE I: Updated table presented by Perger et al. [12] with
the new CARMENES data. Nobs is the number of observa-
tions, rms is the root mean square of the RVs, δRV is the
average uncertainty of the data, ∆t is the average time sam-
pling of the data and T is the time baseline.

III. METHODS

Exoplanet searches tend to reduce to a problem of
finding a true keplerian signal in data with correlated
and non-correlated noise by the instrument or the stellar
host. There is also the effect of the employed frequentist
search techniques such as aliasing. In order to distinguish
between true and false signals, we have used several sta-
tistical methods in our research:

A. Lomb-Scargle Periodogram

The Lomb-Scargle (LS) Periodogram is an algorithm
for the study of periodic signals in unevenly sampled
data. Its definition and statitiscal properties were mainly
discussed by Lomb [10] and Scargle [15] in order to give
a powerful technique for the study of periodicities. In
our research we will use the generalized Lomb-Scargle
periodogram (GLS) [22] as it is a more robust method.
It consists in fitting the data with a sinusoidal and a
constant via the least-square methods. According to the
goodness of the sinusoidal fit to our data, we assign a
normalized power value at each frequency so the highest
power frequencies correspond to the most prominent sig-
nals. When calculating this powers, we assign a weight
on every data point according to the uncertainties on the
measurements so the GLS corrects the fact that the LS
method ignores non-zero mean values and errors.

Both the LS or GLS generate very noisy periodograms.
In order to distinguish between true and false signals,
we must know the power distribution of our data and
calculate its false alarm probability (FAP). We evaluate
the FAP of the signals via the bootstrap method [6, 9].
However, we are not able to distinguish between alias
and true signals with the FAP. Alias will be peaks in our
periodogram associated to harmonics of true signals or
by the contribution of the sampling of the observations,
i.e. the window function. The most prominent alias is at
1 d. It is caused by the lack of astronomical observations
during daytime.

The calculations of the GLS and the FAP have been
obtained with the astropy code [2].

B. Maximum Likelihood Method and Bayesian
Evidence

Our main interest is applying a multi-instrumental fit
to our data so we can combine all the available data in
order to set an upper limit on the minimum mass of a
possible exoplanet at around 1 to 5 d period. This fit is
needed as the RVs from every instrument have a different
defined zero of measurements. Therefore, we search for
the best model to our data so we can find the relative
RV offsets between the different RV sets. The Maximum
Likelihood Method (MLM) [3] is based on constructing
a Maximum Likelihood Estimator (MLE) which the best
fitting model will maximize. The MLE is defined as

ln(L) = − X̃
2κ
− N lnκ

2
− 〈lnω〉

2
+ C (1)

where L is the MLE, X̃ = κX = 〈ω(v − ν)2〉 being κ
the error variance for the unit weight, v the RVs mea-
surements, ω are the weights of every data point and
ν = ν(t,θ) (2) is the model we are fitting depending on
θ which is the vector that contains the model parameters.
In this model we incorporate linear trends and keplerian
signals by numerically solving the Kepler problem (5, 6).
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The model parameters can be divided into:
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1. Physical parameters:

(a) γ: slope of the linear trend.

(b) t0: time of transit.

(c) f : angle.

(d) K: semi-amplitude of the orbit.

(e) a: semi-major axis.

(f) m1: mass of the star.

(g) m2: mass of the exoplanet.

(h) i: orbit inclination.

(i) E: eccentric anomaly.

(j) M : mean anomaly.

2. Instrument parameters:

(a) µ: RV offsets of the RVs of different instru-
ments.

(b) σ: jitter term of RVs of different instruments.
These are additive errors particular to each
instrument so we can adjust the relative im-
portance of every dataset in our fitted model.

We fit different models of increasing complexity to our
data. Starting from just a simple linear trend to the
combination of trend and multi-planetary signals. When
trying to compare models with different number of pa-
rameters we use Bayesian theory in order to obtain the
best fit model. The Bayesian evidence (Z) [18] is the
integral of the MLE over the prior volume which the
best-fitting model maximizes. The prior volume is the
parameter space over which we evaluate the models. Z
allows us to compare models where we have adjusted a
different number of parameters as it penalizes more com-
plex models. Calculating the Bayes factor, defined as the
difference between the logarithm of the Bayesian evidence
(lnZ) of the models we are comparing, and relating this
value to the Jeffreys scale [18], we favor a more complex
model when it improves lnZ>2.5, indicating a moderate
improvement.

In our study we have used the juliet code [7]. This is
an open-source python code for the fitting of photometric
and RV data via the MLM combined with Bayes theory.
Juliet is able to calculate Z in wide volume priors and ob-
tain the posterior distribution of the parameters of the
model fitted in just a few minutes. It does that by tak-
ing advantage of Monte-Carlo sampling methods. They
allow to effectively calculate the evidence by shrinking
the volume prior by evaluating new samples of increasing
likelihood at each iteration until the stopping criteria de-
fined by the user is met. The samples are the points over
we evaluate the integral. In particular juliet can evaluate
this integral by the classical Nested Sampling method or
by the Dynamic Nested Sampling. The last one is imple-
mented by dynesty [17] and it is the one used it in our
study. The main difference between the two methods is
that the number of samples over which dynesty evalu-
ates the evidence is not previously defined and will be

modified across iterations, exploring more effectively the
volume prior.

IV. RESULTS

Using the statistical tools presented in the previous
section, we look for periodicities in our data in order to
find the best multi-instrumental fit. We aim to improve
the detection limits derived by Perger et al. [12] so we
can update the upper limit on the minimum mass of an
exoplanet with a 1 to 5 d orbit.

A. Model discussion

In order to combine the three data sets we search for
the best fitting model with juliet. The previously known
feature in our data is the existence of a signal > 300
d and a linear trend [12]. This linear trend could be
an even longer-period exoplanet with a period similar to
our time baseline of ∼ 6 y. Therefore, we set restrictive
priors over the short-period exoplanet and let the other
priors wide. In Table II we show the obtained lnZ for the
different models. Following the criteria established by the
Jeffrey scale (lnZ>2.5) we find that the best model is the
2 planets model (lnZ=-304.6 ± 0.4) while also setting the
shorter period exoplanet to e=0. From all models with
-304.6 > lnZ > -302.1, this is the model with the lowest
complexity.

B. 2 planets model

As we see from the obtained parameters (Table III),
the best model consists of two Neptune-type exoplanets
with orbits of 396 ± 6 d and 2093+130

−120 d (Fig. 2). The
first Neptune, with a minimum mass of 10.6 ± 1.5 M⊕
and semi-major axis 0.584 ± 0.006 au (Eq. 3 and 4),
is present in all the models which incorporate planetary
companions. This give us confidence on the existence of
this planet. Although we have certain evidence of its low
eccentricity, we are not able to determine it with precision
because the observations have not equally explored all
phases of the orbit (Fig. 1). The second exoplanet, with
a minimum mass of 24±9 M⊕ and semi-major axis 1.77±
0.07 au, its existence it is not so certain. An exoplanet
with such long orbit, barely over the time baseline, can
be confused with a linear trend. More observations are
needed in order to confirm or propose another scenario.

After applying the RV offsets and jitter terms obtained
with the best fitting model, we subtract the 2 plan-
ets signal from our data so we can obtain the residu-
als. These residuals do not include any significant signal
(FAP<0.1%) into our periodogram (Fig. 3) so it can be
considered that all remaining data consists of noise.
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Model lnZ

No Signal -344.7 ± 0.3

Linear Trend -334.0 ± 0.3

1 Planet e=0 -319.0 ± 0.4

1 Planet -318.1 ± 0.4

Linear Trend+1 Planet e=0 -308.1 ± 0.4

Linear Trend+1 Planet -309.8 ± 0.4

2 Planets e1=0 -304.6 ± 0.4

2 Planets -307.2 ± 0.4

Linear Trend+2 Planets e1=0 -303.2 ± 0.4

Linear Trend+2 Planets -303.5 ± 0.4

3 planet e1=0 -302.9 ± 0.4

3 planet -305.1 ± 0.5

Linear Trend+3 Planets -304.8 ± 0.5

TABLE II: Logarithm of the bayesian evidence with its error
for each model.

Parameter Median Priors

P1(d) 396+6
−6 U(350,450)

t01(d) 2457389+22
−24

U(2457219.67815,

2457619.67815)

K1(m/s) 3.0+0.4
−0.3 U(0,10)

ω1 230+80
−113 U(0,360)

P2(d) 2093+130
−120 U(1500,2500)

t02(d) 2457366+98
−90

U(2457219.67815,

2457619.67815)

K2(m/s) 4.1+1.6
−0.9 U(0,10)

e2 0.33+0.19
−0.15 U(0,1)

ω2 175+38
−57 U(0,360)

µCARMENES(m/s) −1.7+0.5
−0.5 U(-10,10)

µHARPS(m/s) −5.0+1.1
−1.2 U(-10,10)

µHPF (m/s) −3.3+0.9
−1.0 U(-10,10)

σCARMENES(m/s) 0.5+0.3
−0.3 U(0,10)

σHARPS(m/s) 2.1+0.6
−0.5 U(0,10)

σHPF (m/s) 2.6+0.8
−0.9 U(0,10)

TABLE III: Parameters from Eq. 2-6 for the 2 planets model
with the assumed priors.

C. Detection limits

In order to derive the detection limits of a short-period
exoplanet, we follow the method applied by Zechmeister
et al. [21] and Bonfils et al. [4]. After no significant sig-
nal was found in the period range of interest (1 to 5 d),
setting as a criteria no signal with FAP<0.1%, all remain-
ing data is noise. Then, we inject artificial planet orbits
with the same time sampling of our data at different 12

FIG. 1: Phase folded representation of the data for the 396±6
d period exoplanet with the 2093+130

−120 d exoplanet subtracted.
Half of the phase is not well explored.

FIG. 2: Final fit for the combined data modelled as a 2 planets
signal. The jitter term is added as a thinner error bar.

FIG. 3: LS periodogram of the residuals after subtracting the
2 planets signal. The horizontal lines represent (from top to
bottom) the 0.1%, 1%, 10% FAP.

equi-spaced phases. Starting with the semi-amplitude of
the most prominent signal within the range of study, we
look for the minimum semi-amplitude that provides a
significant signal at the frequency that we have injected.
Therefore, we see the upper limit on the minimum mass
an exoplanet hidden by our noisy data could have. We
inject planets from 0.2 to 0.98 d−1 with 390 equi-spaced
steps of 1/500 d−1. We do not evaluate for 1 d because
of the 1 d alias. We obtain a detection limit by impos-
ing the FAP threshold on the 12 phases. The detection
limit calculated as a semi-amplitude is K=1.9 ± 0.5 m/s.
This translates into a minimum mass of 0.9 M⊕ and 1.6
M⊕ for the 1.02 d and 5 d period, respectively (Fig. 4).
Therefore, we are not able to discard the existence of the
terrestrial exoplanet proposed by Vedantham et al. [20].
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FIG. 4: Upper limit on the minimum mass of a planet orbiting
with a 1.02 to 5 d period around GJ 1151. The red lines
represent the mean value and its 1-σ error.

V. CONCLUSION

After Vedantham et al. [20] reported the detection of
a radio emission which had most likely been generated
by the interaction of an Earth-like planet with its star,
many exoplanet surveys put their focus on detecting such
planet. With the data gathered by HARPS, HPF and
CARMENES we perform a multi-instrument fit. Then,
we subtract the best-fitting model so we can calculate
our detection limits: K=1.9 ± 0.5 m/s. With Eq. 3 we
convert this into an upper limit on the minimum mass
of a possible companion at 0.9 M⊕ to 1.6 M⊕ for a 1.02
d to 5 d orbit. This constraint does not rule out the
scenario proposed by Vedantham et al. [20], as an Earth-
type exoplanet would still be able to produce the radio

emission detected by LOFAR.
We also manage to find evidence of a Neptune with a

minimum mass of 10.6 ± 1.5 M⊕ and with an orbit of 396
± 6 d and a likely more massive companion at 2093+130

−120

d and 24 ± 1.5 M⊕. Such long orbits would not be able
to produce a radio emission by the sub-Alfvénic interac-
tion with GJ 1151 as proposed by Vedantham et al. [20].
There is a strong evidence for this 2 Neptunes model as it
improves the lnZ for lnZ > 40 compared to the no signal
model (Table II).

For further research we expect to better constrain the
eccentricity of the first exoplanet as we better explore
regions of the phase with less observations (0.3 < phase <
0.7). This window of less explored phases of the orbit will
correspond to October 2021 to March 2022. Therefore, in
the next CARMENES season of observations we will be
able to improve the fit in our data. Moreover, with more
observations we aim to gather more information about
the nature of the longer keplerian signal.
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