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A B S T R A C T 

Advances in high-precision spectrographs ha ve pa ved the way for the search for an Earth analogue orbiting a Sun-like star 
within its habitable zone. Ho we ver, the research community remains limited by the presence of stellar noise produced by stellar 
magnetic acti vity. These acti vity phenomena can obscure the detection of Earth-mass exoplanets and can create parasitic signals 
in transmission spectra. In this paper, we outline the need for a public forecast of stellar activity and produce a proof of principle. 
Using publicly available spectra we are able to forecast stellar minima several years ahead and reach a typical uncertainty on the 
timing of these minima of ±0 . 5 yr, similar to the precision reached on our own Sun’s magnetic cycle. Furthermore, we use our 
toy model to show that knowing when to observe can impro v e the sensitivity of HARPS-North’s Solar telescope to low-mass 
planets by up to an order of magnitude, and we show that the majority of exoplanets selected for Early Release Science and 

Guaranteed Time Observations on the James Webb will be observed close or during stellar maxima, incurring a higher risk of 
stellar contamination. We finish our paper by outlining a number of next steps to create a public forecast usable by teams around 

the globe, by telescope time allocation committees, and in preparation for spacecraft such as Ariel . 

Key words: techniques: photometric – techniques: spectroscopic – planets and satellites: atmospheres – planets and satellites: 
detection – stars: activity – stars: rotation. 

1

D
p
b
v  

r
f
t  

e  

a  

C  

c  

l
Z  

G
t
2
a
s
r

 

a
a
v
a

�

t
a

i  

r  

Q  

l
p  

s  

p  

K
M  

(  

a
a  

r  

n
2  

t  

f
F  

p  

(  

H
a

 

©
P
C
p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/514/2/2259/6595315 by U
niversity of Birm

ingham
 user on 30 June 2022
 I N T RO D U C T I O N  

ebates around detected exoplanets continue to flourish due to 
ossible confusion between the radial velocity signal produced 
y exoplanets and the induced shift in radial velocity created by 
ariations in stellar activity. Signals intrinsic to the star give rise to
adial velocity variability occurring at a wide range of time-scales 
rom minutes (e.g. asteroseismic p modes; Chaplin et al. 2019 ) 
o hours (e.g. stellar granulation, Del Moro et al. 2004 ; Bastien
t al. 2013 ). While signals created by stellar p modes are efficiently
veraged out by using longer exposure times (Dumusque et al. 2011 ;
haplin et al. 2019 ; K uno vac Hod ̌zic et al. 2021 ), stellar granulation
an add substantial noise to radial velocity time series because of
arger amplitude and longer time-scales than p modes (Schrijver & 

waan 2000 ; Kjeldsen et al. 2005 ; K uno vac Hod ̌zic et al. 2021 ).
ranulation noise is often reduced by observing the target several 

imes per night separated by several hours (e.g. Dumusque et al. 
011 ). The more challenging stellar activity signals for the detection 
nd characterization of exoplanets are produced by active regions on 
tellar surfaces producing variability on time-scales related to stellar 
otation (typically 10s of days, e.g. Dumusque et al. 2011 ). 

Signals in radial velocity can be caused both by dark stellar spots
nd by bright plages/faculae (Meunier, Lagrange & Borgniet 2017 , 
nd references therein). Additionally, most stars also experience 
ariability on time-scales of several months to years called magnetic 
ctivity cycles (Lindegren & Dravins 2003 ). Over a full cycle, 
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he number of active regions increases and decreases, leading to 
 periodic increase and decrease in stellar variability. 

Signals produced by stellar activity hinder exoplanet detection 
n two ways: by completely drowning out or by mimicking the
adial velocity signals of genuine exoplanets (Saar & Donahue 1997 ,
ueloz et al. 2001 , Desort et al. 2007 ). While there is abundant

iterature describing how to distinguish a change in radial velocity 
roduced by a planet from that produced by stellar activity, regularly
tellar activity trumps observ ers. F or e xample, the announcement of
lanets orbiting α Centauri (Dumusque et al. 2012 ; Hatzes 2013 ),
apteyn’s star (Anglada-Escude et al. 2014 ; Robertson, Roy & 

ahade v an 2015 ; Anglada-Escud ́e et al. 2016 ), and Barnard’s star
Ribas et al. 2018 ; Lubin et al. 2021 ) were lik ely artef act of stellar
ctivity. More recently work has had successes modelling stellar 
ctivity using photometry to predict the effect of stellar activity on
adial velocities (e.g. Aigrain, Pont & Zucker 2012 ), or by using
on-parametric models such as Gaussian Process (e.g. Rajpaul et al. 
015 ; Lalitha et al. 2019 ; Su ́arez Mascare ̃ no et al. 2020 ). Ho we ver,
hese methods tend to require sampling radial velocities at a very
requent cadence, shorter than the frequency of most activity effects. 
 or e xample, the new observing campaign of Proxima Centauri as
art of the guaranteed time on ESPRESSO by Su ́arez Mascare ̃ no et al.
 2020 ) was densely sampled. Similarly, the future observations with
ARPS-3 will be sampled at frequencies shorter than the associated 

ctivity periods (Hall et al. 2018 ). 
The Sun has an activity cycle of 11 yr and the solar chromospheric

ctivity indicator log( R ’ HK ) varies from −4.75 during maxima to
5.0 during minima (Dumusque et al. 2011 ). The amplitude of

adial velocity perturbation can vary between 40 and 140 cm s −1 
is is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Mass of known radial velocity planets (green filled circles) and 
transiting planets (grey filled diamonds) as a function of the disco v ery year. 
The horizontal dashed lines represent the mass of Earth, Venus, Mars, and 
Mercury (from top to bottom). The black sloped line represents the plateaued 
sensitivity of exoplanet detection. 
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uring minimum and maximum solar activity phases (Meunier,
esort & Lagrange 2010 ). Hence, having a forecast would offer

he opportunity to mitigate activity signals by focusing data intakes
nly when the activity signal is reduced, and where inaccuracies in
odelling are less noticeable. 
Another aspect of exoplanetary research affected by stellar activity

s the atmospheric characterization of exoplanets, particularly trans-
ission spectroscopy, which is affected by changes in the host star

pectrum on time-scales of a planetary orbit (Agol et al. 2010 ; Sing
t al. 2011 ). The varying presence of flares, plages, and star-spots,
tc, and their distribution on the surface can modify a planet’s transit
epth. The planet-to-star radius can be underestimated by 10 per cent
n visible wavelengths due to an unocculted star-spot (McCullough
t al. 2014 ; Oshagh et al. 2014 ). 

Furthermore, if unocculted stellar surface features (such as spot)
re sufficiently cool they can introduce false molecular features (e.g.
 2 O) into an exoplanet’s spectrum (Barstow et al. 2015 ; Rackham,
pai & Giampapa 2018 ). Contamination has been suspected for

everal planets such as TRAPPIST-1 (Zhang et al. 2018 ), WASP-
9 b (Espinoza et al. 2018 ), and K2-18 b (Barclay et al. 2021 ) but
ith increasingly precise spectra from James Webb Space Telescope

 JWST ) and Atmospheric Remote-Sensing Infrared Exoplanet Large-
urv e y ( Ariel ; Tinetti et al. 2016 , MacEwen et al. 2016 ), this list is
ound to increase and contamination set to become a major hindrance
o interpret these spectra and extract robust molecular and elemental
bundances. Here too they are notable efforts to mitigate these effects
e.g. Wakeford et al. 2019 ), but a forecast can also inform when the
ost indicated time to collect data. 
Since the late 1980s (Latham et al. 1989 ) there has been a logarith-
ic impro v ement in the smallest exoplanet mass detected, linearly
ith time; until about a decade ago (see Fig. 1 ). Since sensitivity has
lateaued: Corrections in stellar activity have struggled to impro v e
xoplanet detection. With a few exceptions, for example, Faria et al.
 2022 ) announced the disco v ery of 0.26 ± 0.05 M ⊕ planet orbiting
round our nearest neighbour Proxima Centauri. 

Langellier et al. ( 2021 ) argued that a successful disco v ery
f an exo-Earth requires a more sophisticated stellar variability
odel, longer term instrumental stability and dense sampling of

bservations. This spawns a requirement for high-resolution spectra
NRAS 514, 2259–2268 (2022) 
aken at a high signal-to-noise ratio with high-cadence observations.
ost spectrographs are already o v ersubscribed. Obtaining a high

ignal-to-noise ratio a high-cadence, and high-resolution spectra is
ot sustainable. 
In this paper, we argue that there is another way to help solve the

tellar activity problem: to forecast when stellar minima happen. This
ill optimize the observing strategy of radial-velocity campaigns by

ocusing efforts on epochs when stars are quiet and activity can
e more accurately modelled. In parallel, both JWST and Ariel are
pacecraft with a limited lifespan. They require the most optimal and
cientifically interesting targets. We argue that this philosophy should
lso apply to observing strategy: JWST and Ariel should observe at
he most optimal and scientifically interesting times, hence the need
o target low activity period, and thus the need for a stellar activity
orecast shared amongst astronomers. 

In Section 2 , we demonstrate ho w dif ferent the sensitivity to small
lanets is affected by stellar activity by using publicly available solar
adial-velocities obtained by HARPS-North at the different moments
 v er a solar cycle. In Section 3 , we present a simplified forecast and
ho w ho w it can accurately predict stellar minima several years ahead.
hen, we use publicly available data to forecast the stellar activity for
WST ’s Early Release Science (ERS) and guaranteed time objects
GTO) in Section 4 . Finally, Section 5 discusses the limitation of our
urrent model, and the next steps we expect to take to improve our
tellar activity forecast, including plans to make this model and its
esults publicly reachable. 

 EFFECT  O F  T H E  SUN’S  AC TI VI TY  C Y C L E  

N  T H E  DETECTA BI LI TY  O F  PLANETS  

 dominant characteristic of the Sun is the 11-yr activity cycle as
 result of evolving magnetic field (Balogh et al. 2014 ). During the
ctivity cycle, the Sun undergoes a phase of weak and strong activity.
uring activity minima, the evolution of the dark and bright features
n the solar surface is weak and vice versa during activity maxima
Chatzistergos et al. 2020 ; Nandy et al. 2021 references therein). 

Our goal in this section is to compare how activity minima and
axima of the Sun affect the detection of planets. We use the disc-

ntegrated solar spectra provided by the solar telescope at the High
ccurac y Radial-v elocity Planet Searcher built for Northern hemi-

phere (HARPS-N; Phillips et al. 2016 ; Collier Cameron et al. 2019 ).
e access the solar radial velocities obtained from the HARPS-N

pectrograph using the Data Analysis Center for Exoplanet (D A CE). 1 

e divide the data into solar maxima (JD ∼ 2 457 200 −2 457 400)
nd minima (JD ∼ 2 458 000 −2 458 315) based on a prediction by
howmik & Nandy ( 2018 ). Each season contains 482 measurements,
ith a individual average precision of 1 . 07 m s −1 (Dumusque et al.
021 ). The HARPS-N solar data during activity minima (JD ∼
 458 000 −2 458 315) contains 482 measurement. On the contrary
uring activity maxima between JD ∼ 2 457 200 −2 457 400, nearly
700 measurements were av ailable. Ho we ver, for simplicity we
andomly chose 482 measurements during this period. 

To compute detection limits, we use KIMA to fit Keplerian
unctions to the observed radial velocity data (Faria et al. 2018 ;
tanding et al. 2022 ). Based on a dif fusi ve nested sampling algorithm,
IMA samples the posterior distribution of Keplerian parameters,

ncluding the number of planets, N p , within a system. N p is sampled
ike any other free parameters (Brewer & Donovan 2015 ; Faria
t al. 2018 ). When there are no planets within a particular data

art/stac1446_f1.eps
https://dace.unige.ch
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Figure 2. The posterior distribution of radial velocity semi-amplitude plotted as a function of the orbital period to e v aluate the detection limit for an exoplanet 
signal during solar minimum (left-hand panel) and maximum (right-hand panel). The calculated detection limit for an individual run is shown as orange lines. 
The solid red line shows the detection limit calculated from combined posterior samples combined. The detection limit impro v es by an order of magnitude during 
activity minima. For comparison, we overlay the detection limit during solar maximum as grey curve (left-hand panel) and solar minimum in the right-hand 
panel. Diagonal blue lines are anticipated signals of an Earth, Neptune, and Jupiter mass planet. 
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et, and if KIMA is forced to find some, it then returns a posterior
hat includes all solutions that are compatible with the data but 
emain formally undetected. This posterior can be used to compute 
 99 per cent detection limit. We generally follow the procedure 
etailed in Standing et al. ( 2022 ) to analyse HARPS-N’s solar radial
elocities and produce detection limits. 

Compared to Standing et al. ( 2022 ) who forced N p = 1 to create
etection limits, instead, we let N p free with an upper limit of N p =
, which allows KIMA to explore the whole parameter space instead 
f converging on solar signals such as rotation. Like in Standing 
t al. ( 2022 ), we set KIMA ’s priors as log-uniform for the radial-
elocity semi-amplitude ( K ), and the orbital period ( P ). We use a
umaraswamy distribution for eccentricity (Kumaraswamy 1980 ). 
ur prior on eccentricity is α = 0.867 and β = 3.00 (Kipping 
013 ), while priors on the systemic velocity ( γ ) and the argument
f periastron ( ω) are uniform. We perform three independent runs
ith KIMA , each resulting in > 20 000 ef fecti ve posterior samples for
ata at solar minimum and repeat the procedure for solar maximum. 
ince our fit finds N p = 0, all signals (planetary or stellar) remain
tatistically undetected and we can use the posterior distribution to 
ompute a detection threshold. 

We plot the combined posteriors of all three runs in Fig. 2 , shown
s a log–log distribution of semi-amplitudes and the orbital periods 
uring solar minimum (left-hand panel) and maximum (right-hand 
anel). We extract the detection limit for each of the three individual
uns and plot them with yellow lines. The median of individual 
uns are depicted as orange lines. Doing so provides information 
bout the uncertainty on the location of the detection limit. The 
rbital periods of terrestrial Solar system planets are depicted as grey 
ertical lines. The green dotted–dashed lines represent the expected 
emi-amplitudes for Jupiter, Neptune, and Earth-mass planets as a 
unction of orbital periods. 

From Fig. 2 , we take the following lessons: the likelihood of
etection of planets with orbits < 1 d during activity minimum and 
aximum appears to be similar. Ho we ver, for orbital periods > 10 d

he detection limit is an order of magnitude greater at solar activity
aximum compared to solar activity minimum. For instance, at 
 orb ∼ 100 d, the detection remains at Jupiter mass during activity 
aximum. 
For solar minimum, the KIMA posterior shows an approximately 

at detection limit until P = 180 d, which corresponds to the time-
pan of the data we analyse. The posterior is denser around P = 22 d,
hich likely corresponds to the solar rotation. Beyond P = 180 d,

ensitivity decreases rapidly with orbital period, which is expected 
nd also seen by surv e ys computing detection limits at orbital periods
 xceeding the surv e y’s time-span (e.g. Howard et al. 2010 ; Mayor
t al. 2011 ; Bonfils et al. 2013 ; Standing et al. 2022 ). The main
oint to take from this analysis is that during solar maximum, at
 = 180 d the sensitivity to planets is ∼100 × worse than during
inimum. While some of the activity signals can be modelled, not

aving to correct means that modelling efforts can be focused on
educing stellar noise still present during minima instead. 

 C O N S T RU C T I O N  O F  A  SIMPLE  STELLAR  

C TI VI TY  C Y C L E  FORECAST  

e now detail tw o to y models forecast the stellar activity cycle, the
rst using spectroscopic data, and the second using photometry. In 
rinciple, a forecast model should use all stellar activity indicators 
t once but for demonstration purposes we preferred isolating those. 
n future publications, we plan to impro v e our forecast model and
nclude other spectroscopic indices (such as H α), and combine them
ith photometric time series, and UV/X-ray observations. 

.1 Chromospheric activity cycle forecast 

o produce a first forecast we here focus only on the widely used Ca
I H & K lines. We follow the Mount Wilson Observatory procedure
o investigate the stellar activity. We define two triangular pass bands
ith a full-width half maxima of 1.09? Å for the Ca II H & K lines

entred at 3968.47 and 3933.664 Å. Additionally, we define two 
ontinuum bands with 20 Å at 3901.070 and 4001.070 Å (Noyes 
t al. 1984 ). The S -index is defined as 

 = α
H + K 

R + V 

(1) 

here H and K represent the total flux at the line centres, R and
 represent the total flux in the continuum band pass, and α is a
alibration constant adjusted at 2.3 (Duncan et al. 1991 ). 

The calcium S -index is related to the activity scale R HK . We define
 HK as the total flux at the stellar surface in the narrow band H and K

ines normalized by the bolometric flux of the star. We converted the
MNRAS 514, 2259–2268 (2022) 
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Figure 3. The Mount Wilson solar Ca II H&K index time series since 1966. 
Depicted in grey is the sinusoidal model predicting the solar activity cycle. 
Each panel illustrates the impro v ement in the model with the inclusion of an 
additional subset of s-index data. 

Table 1. The length of activity cycle and the forecasted next activity minima 
epochs for individual subsets of solar s-index data. 

Subsets 
Cycle length 

(days) Forecasted minima epoch 

Subset 1 (Cycle 20–21) 3259 ± 151 2 442 121 ± 241d 
Subset 2 (Cycle 21–22) 3736 ± 93 2 446 274 ± 227d 
Subset 3 (Cycle 22–23) 3725 ± 25 2 449 917 ± 186d 
Subset 4 (Cycle 23–24) 3716 ± 13 2 453 776 ± 174d 
Subset 5 (Cycle 24–25) 4038 ± 14 2 458 204 ± 177d 

Figure 4. Regression plot between the STACCATO based solar activity 
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stimated S index to R HK using the prescription given by Lorenzo-
liveira et al. ( 2018 ) and references therein. 
We then carry out an analysis of the activity time series using

 generalized Lomb–Scargle periodogram (Zechmeister & K ̈urster
009 ) and compute false alarm probabilities to determine the
ignificance of the observed signal. The individual point on the
eriodogram with N degrees of freedom and a frequency ω is 
alculated as 

ower = z( ω) = 

N − 3 

2 
× p( ω) (2) 

ith: 

( ω ) = 

χ2 
o − χ2 ( ω ) 

χ2 
o 

, (3) 

nd where χ2 is the squared difference between the observed activity
ndicator y i and the model y ( t i ) is calculated as 

2 = 

∑ [ y i − y( t i )] 

σ 2 
i 

. (4) 

To estimate the false alarm probability (FAP) associated with every
oint on the periodogram we use 

AP = 1 −
[ 

1 −
(

1 − 2 P 

N − 1 

) N−3 
2 
] M 

(5) 

here P is the power of the significant period detected, N is the size
f the data set, and M is the number of independent frequencies. 
Using the rotation–activity cycle period relationship by Su ́arez
ascare ̃ no, Rebolo & Gonz ́alez Hern ́andez 2016 (henceforth

M2016), we obtain a prior on the expected activity cycle pe-
iod ( P cyc, prior ). The minimum frequencies for the periodogram
re chosen to be f min ∼ 1 

α P cyc , prior 
. The factor α = 1.5 chosen 

rbitrarily. 
We fit a simple sinusoidal model to the data with Markov Chain
onte Carlo using the emcee package (F oreman-Macke y et al. 2013 ).
e fit four parameters: the amplitude of the activity cycle ( A cyc ),

eriod of the cycle ( P cyc ), the mean level of activity indicator ( μcyc ),
nd the epoch of minimum activity level. 

.1.1 Case study 1 – Solar activity cycle 

e use our Sun as a benchmark star to test our method of the
orecasting activity cycle. We use the Mount Wilson solar s-index
ata Egeland et al. ( 2017 ) co v ering multiple activity cycles. Based on
unspot cycle numbers given in McIntosh et al. ( 2020 ) and Hiremath
 2022 ), we divide the solar s-index data into five subsets to predict
he cycle period and forecast the next activity minima. In Fig. 3 , the
-index data of all the subsets are shown. We search for periodic
ignals in each of these subsets using a generalized Lomb–Scargle
eriodogram and fit a sinusoidal model using MCMC. At each step
e include the previous subset to impro v e the cycle prediction.
able 1 provides the s-index cycle length and the forecasted next
ctivity minima. The results indicate that the uncertainty on the
orecasted minima epochs ranges between 0.5 and 0.8 yr. Ho we ver,
n Appendix B , we treat each subset individually to obtain the cycle
ength and activity minima epochs. 

In Fig. 4 , we compare the STACATTO forecasted minima epochs
ith the epochs of sunspot-less days in the literature (Nandy, Mu ̃ noz-

aramillo & Martens 2011 ). Our predictions are consistent with the
iterature value. 
NRAS 514, 2259–2268 (2022) 

minimum epoch versus the sunspot-less days reported by Nandy et al. ( 2011 ). 
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Figure 5. Left-hand panel: Periodogram of Ca II H&K time series for HD 51608. The vertical dotted lines indicate the rotation period and the potential cycle 
period. While the horizontal dashed lines represent the 10, 5, and 1 per cent false alarm probability levels. Right-hand panel: The phase fit for the long-term 

activity cycle with a period of 1439 ± 89 d (3.9 ± 0.2 yr). Grey circles depict the HARPS s-index and red circles is monthly av erage HARPS s-inde x. The green 
block indicates the period of next activity minima. The blue dashed line indicates the phase of the activity cycle during the launch of JWST in 2021 December. 
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.1.2 Case study 2 – HD 51608, a star with an obvious activity 
ycle 

D 51608 is a 0 . 8 M � star known to host at least two Neptune-
ike planets with masses 12.7 and 14 . 3 M ⊕ orbiting every 14.1 and
5 . 9 d, respectively (Udry et al. 2019 ). The host star is a moderately
ctive star with log R 

′ 
HK = −4 . 98 ± 0 . 02 and a stellar rotation period,

 rot = 40 ± 4 d (Udry et al. 2019 ). Using the SM2016 rotation-cycle
eriod relationship, we predict the length of the magnetic activity 
ycle to be ∼1556 d. 

We collect public data from the HARPS ESO public archive. 
D 51608’s HARPS data spans 2570 d. We used the already reduced

pectra for HD 51608 and performed our own measurement of the Ca
I H&K index using equation ( 1 ), producing a time series of activity
ndicators. In Fig. 5 (left-hand panel), we plot the periodogram with 
ve significant peaks. The signal with period P ∼ 38 d corresponds

o the rotation period of the stars ( P rot = 40 ± 4 d). The longest
eriod is likely induced by magnetic activity of the star. The Ca
I H&K index data shows a very strong peak at P ∼ 1400 d. The
odulation in Ca II H&K shows a clear modulation with false alarm

robabilities smaller than 0 . 1 per cent . On fitting the longest period
ignal to the activity index and subtracting it, except the 40 d periods
ll the intermediate periods disappear. Furthermore, our MCMC run 
ields the cycle period of 1439 ± 89 d (3 . 94 ± 0 . 24 yr) and forecasts
he next epoch of activity minima JD ∼ 2 460 485 −2 461 011 (2024-
6-23 to 2025-12-01) in Fig. 5 (right-hand panel). We interpret that 
re vious observ ations co v er at least two activity minima phases. 

.1.3 Case study 3 – stellar activity cycle of LHS 1140 

HS 1140 is an M4.5 star hosting at least two transiting planets with
 . 48 and 1 . 77 M ⊕ orbiting every 24.7 and 3.77 d (Dittmann et al.
017 ; Ment et al. 2019 ), respectively. LHS 1140 has been intensely
onitored by instruments such as HARPS and ESPRESSO. The 
SO archiv e pro vided in total 159 spectra spanning o v er 1368 d (116
ARPS spectra spanning o v er 671 d and 43 ESPRESSO spectra

panning o v er 303 d). The host star LHD 1140 is an inactiv e slow
otating star. Using HARPS and ESPRESSO radial velocity data sets 
illo-Box et al. ( 2020 ) found the rotation period of LHS 1140 to be
131 d. Using the SM2016 rotation-cycle period relationship, we 
redict the length of the magnetic activity cycle to be ∼1850 d. 
We begin by analysing the HARPS data set obtained only between

D ∼ 2 457 349 −2 458 020 (2015 No v ember 22–2017 September
3), a span of nearly two years. The Ca II S-indices for HARPS
bservations are depicted in Fig. 6 top panel. Our best-fitting MCMC
odel yields a period of ∼3 . 74 ± 0 . 48 yr with the next minimum

ctivity epoch at JD = 2 458 805 ± 175 which is represented with a
re y sinusoidal curv e in Fig. 6 (top panel). Although a large period
rend is present in the data, the nature of the signal still remains
ncertain and might originate from an incompletely sampled activity 
ycle. 

We then add the first season of ESPRESSO observations (22 
pectra from JD ∼ 2 458 416 −2 458 510) and recalculate a forecast
odel to verify our earlier forecast of the next activity minima.
e now find P = 4.13 ± 0.36 yr, and the next minimum at

D = 2 458 712 ± 132, consistent with the first forecast. Finally,
e add a second season of ESPRESSO data (JD = 2 458 674 to
 458 719) and this time, we obtain a cycle with P = 4 . 04 ± 0 . 28 yr
ith a predicted minimum at JD = 2 458 734 ± 104, consistent with

he two previous attempts demonstrating that our toy model is 
redictive. 

.2 Photometric activity cycle forecast 

or stars with sparse chromospheric/spectral observations, there 
xists publicly available photometric observations such as the All- 
k y Automated Surv e y 2 (ASAS; Pojmanski 2002 ) that can be
mployed for forecasting stellar activity cycle. 

In our case study, we demonstrate such a forecast for a young
ctive star HD 174429. This star is also called PZ Telescopii (PZ
el) a well known BY Draconis variable with a projected rotational
elocity of 80 km s −1 and rotation period of ∼0.943 ± 0.002 d (Maire
t al. 2016 ). The ASAS data co v ers nearly 3000 d of observations.
e search for periodic signals in the photometric data by computing

he power spectrum using a generalized Lomb–Scargle periodogram. 
MNRAS 514, 2259–2268 (2022) 
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Figure 6. The Ca II H&K index time series for LHS 1140. Top panel: 
The activity indicator observed by HARPS along with the sinusoidal model 
depicting the long-term trend in the data set. Middle and bottom panel: The 
HARPS and ESPRESSO data season-wise along with their sinusoidal models 
are depicted in grey, orange, and blue, respectively. The red circles depict the 
monthly average s-indices. The cyan region indicates the activity minima 
forecast from each observing run. The blue dashed line indicates the launch 
date of JWST in 2021 December. Depicted in green are the next forecasted 
activity minima for LHS 1140. 
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Figure 7. The long-term photometric cycle of HD 174429 with a period of 
1228 ± 39 d ( ∼3.4 yr). The black filled circles show the measure V mag given 
by the publicly available ASAS database. The red circles are the quarterly 
binned V mag . The sinusoidal activity cycle model is depicted as a black curve. 
The blue dashed line indicates the launch of JWST. The green block depicts 
the next forecasted activity minima. 
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e are able to detect a long-term period of 1228 ± 39 d. Fig. 7 shows
he phase fit for the bona fide long-term signal. We fit this detected
ignal with a sinusoidal model using MCMC. Depicted as a grey line
s the predicted activity cycle with a length of 3 . 4 ± 0 . 1 yr. Based
n our analysis we think HD 174429 is currently transitioning from
ctivity minima to maxima. However, we forecast the next activity
inima between JD ∼ 2 460 436 −2 460 832 (2024-05-05 to 2025-

6-05) and is expected to produce lower RMS in radial velocities and
hotometry, convenient for an eventual exoplanet detection survey
ocused on active stars. 

 APPLICATION  O F  A  STELLAR  AC TIVITY  

ORECAST  TO  PLANNED  JWST  TRANSIT  

B SERVATIONS  

ecently James Webb launched. The spacecraft is due to begin
cience operation around summer 2022. There are two sets of
xoplanetary systems we already know are planned to be observed,
hose selected by Guaranteed Time Observations (GTO) and those
rom the Early Release Science programme (ERS). 

During the first months of JWST science operation, nearly 500 h
f director’s time have been allocated for ERS of which 135 h are
edicated to exoplanetary science (80.2 h are allocated for Transiting
xoplanet communities and 54.8 h for High contrast imaging; Bean
NRAS 514, 2259–2268 (2022) 
t al. 2018 ). 3 The objective of the ERS program will be (a) to
rovide quick first-look data for a wide community, (b) performance
erification of instruments, and (c) to prepare the community for
pen time proposals. 
The transiting exoplanet ERS community will exercise the time-

eries modes of all four instruments onboard JWST . Three targets to
e observed as part of JWST ’s ERS program are W ASP-43, W ASP-
8, and WASP-79. 
WASP-43 is the most active star in the JWST ERS sample with a
easured log R 

′ 
HK = −4 . 17 ± 0 . 10 (Staab et al. 2017 ) and rotation

eriod of 15 . 6 d (Hellier et al. 2011 ). The log R 

′ 
HK of WASP-18 is

5.43 (Knutson, Howard & Isaacson 2010 ) with a rotation period
f 5 . 6 d (Hellier et al. 2009 ). The rotation period of WASP-79 is
 . 0 ± 0 . 8 d (Smalley et al. 2012 ). Our analysis of HARPS archi v al
ata for WASP-79 yields log R 

′ 
HK = −4 . 68 ± 0 . 10 (see Appendix A

or details). 
Using the SM2016 relationship we estimate the activity cycle

engths to be ∼1390 d for WASP-43, ∼1117 d for WASP-18 and
1870 d for W ASP-79. Initially, W ASP-39 was planned to be

bserved ho we ver, a delayed launch for JWST forced a switch to
ASP-79. Using these estimated cycle lengths and combining them
ith archi v al photometric data to find the phase of the activity cycle,
sing the method described in Section 3.2 . Our results are shown in
ig. 8 . Based on the activity forecast, WASP-79 (depicted in green)

s better suited to be observed between 2022 June and December
ue to its predicted activity minima phase which corresponds well
o its planned ERS observ ations. Ho we ver, for WASP-43b (purple)
nd WASP-18b (purple), the current period of observation will,
nfortunately, coincide with the highest part of their host star’s
agnetic c ycle. An y e xoplanetary atmospheric observations carried

ut during this phase will have to be interpreted cautiously due to
ikelier stellar activity contamination. This is particularly important
ince those ERS observations are meant to inform the community
hich JWST observation modes are best suited. 

art/stac1446_f6.eps
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Figure 8. Stellar activity forecast for WASP 43 (purple), WASP 18 (orange), 
W ASP 79 (green), and W ASP 39 (c yan). The v ertical dotted line represents 
the launch of JWST and the grey shaded region represents the JWST’s ERS 
observation phase. 
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Furthermore, we identify 21 unique exoplanet hosts to be observed 
pectroscopically with JWST as part of its GTO, to characterize 
he atmosphere of these planets. Most of these targets have been 

onitored spectroscopically and photometrically with public data 
o v ering a large time-scale. They also have a well-defined rotation
eriod meaning we can once more use Suarez Mascare ̃ no relation. 
e forecast the evolution of the activity c ycles o v er the next 10 yr.

n Fig. 9 , we show the optimal observing time for JWST ’s GTO
argets o v er the ne xt 10 yr. The redder the re gion indicates that the
tar is in higher activity state (activity maxima) leading to a more
ikely contamination and less optimal for observation. The ideal 
bserving times for each of the star is indicated in blue, during a low
cti vity state (acti vity minima). Currently, W ASP-127, W ASP-52, 
ASP-121, GJ 1132, GJ 3470, WASP-107, and HD 149026 (from 

he top of Fig. 9 ) are in a high activity state (maxima). We forecast
t least 6 more targets heading towards activity maximum in the 
ext 6–8 months. The GTO will be scheduled amongst the first
bservations carried out by JWST . Indicating potential contamination 
f observations due to high levels of stellar activity. 
Within the GTO lists, the planet more ideally observable for 

ransmission spectroscopy is at the bottom of Fig. 9 are WASP- 
9, TOI-193, HAT-P-26, WASP-77, WASP-17, and ROSS 458. We 
ote that these forecasts are indicative only at this stage since they are
ased on a limited number of repeat visits. With additional activity 
ndices/observations, and more dedicated monitoring, there is scope 
o impro v e the forecasting accurac y. 

 C O N C L U S I O N S  A N D  F U T U R E  

EVELOPMENTS  

irst, we show how the activity cycle affects the detection efficiency 
f planets in the solar case. The detection of a low mass planet
ecreases by an order of magnitude during solar activity maximum. 
ence, the successful disco v ery of Earth analogues and their charac-

erization would be impro v ed with a more optimal observing strategy
ased on a forecast of stellar activity. 
We then present a no v el method to characterize the magnetic activ-

ty cycle of a few stars using archi v al data and use this to accurately
orecast when the next stellar minimum will be, years ahead. This
llows for a more optimal schedule of observations, be they for
xoplanet detection or atmospheric transmission spectroscopy. Even 
hen the amount of available archival data is limited, we can use

hem in combination with the relationship between the rotation period 
nd activity cycle periods from SM2016 to obtain the phase of the
agnetic activity cycle for any star and thus produce a first forecast

f the next minimum. Like any forecast we expect that its accuracy
ould increase with an increasing amount of data and proximity to

he target date (here stellar minima). We note ho we ver that the solar
axima are only predicted to be about ±0 . 5 –1 yr ( ∼5 −10 per cent ;
itiashvili 2016 ; Chowdhury et al. 2021 ), a precision that other stars

re likely to match. 
Our current method for forecasting stellar activity cycles has a 

umber of simplifications. For instance, it assumes the SM2016 
otation/magnetic period relation holds for all stars and relies on 
hese stars having regular activity cycles. Despite its simplicity, our 
ethod none the less could produce activity cycle forecasts for stars

rom G to M types surprisingly well. 
Following this proof of concept, we envisage several obvious 

ubsequent steps to impro v e our forecasting model and broadcast
ts results, which we expect to detail and test in forthcoming papers.

(i) Whilst, Ca II H and K lines have been the most widely used
hromospheric indicator, they are of decreasing use for low-mass K 

nd M stars. They are redder and intrinsically fainter than Sun-like
tars producing severely reduced signal-to-noise ratios in Ca II H &
 region. Therefore, other activity sensitive lines such as H α, the Na

 doublets, and the He I lines are obvious elements of an improved
nd more widely applicable forecasting model. 

(ii) So far we have only used photometry sparsely, ho we ver,
hotometric measurements are usually more easily available (i.e. 
ESS and PLATO ) and are a natural next step to impro v e the accurac y
nd reach for our model. 

(iii) Our model only applies sine curves to the amplitude of the
ariability. An impro v ed model should also e xtract information from
he periodic variability of the scatter of spectroscopic and photo- 

etric measurements since rotational variability is more pronounced 
uring activity maxima. 
(iv) Our model uses literature values for the rotation period. An 

mpro v ed model should measure that rotation period directly and
pply the Suarez Mascare ̃ no relation simultaneously. 

(v) A useful forecast is an available forecast. We also plan to open
 searchable web service providing a forecast for all stars data can be
athered for. Forecasts will regularly be updated as new data become
eriodically available. 
(vi) For stars with multiyear activity time series applying deep- 

earning algorithms might helps forecast the amplitude of upcoming 
ctivity cycles. 

While forecast can be ef fecti ve in increasing the efficiency of
etection of exoplanets as well as their chemical species on ongoing
rojects, the method has potential for application in other uncharted 
reas of exoplanetary science. Two possible prospective applications 
f such a forecast are 

(i) A transition in radial velocity survey from inactive to active 
tars: Because of their age, young active stars are ideal candidates
or providing a novel environment within which the consequence 
f planet formation can be witnessed, enabling us to deepen our
nderstanding of the evolution of planetary systems. Due to chal- 
enges posed by stellar activity, ongoing RV surv e ys do not include
oung active stars. Activity cycle-based forecast of the optimal 
bserving time of young active stars will produce a lower root mean
MNRAS 514, 2259–2268 (2022) 
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Figure 9. Forecast for optimal observations of JWST ’s guaranteed time objects for the next 10 yr. The red and blue regions indicate the duration of activity 
maxima and minima, respectively. Depicted in grey from left to right are the launch of JWST , ERS phase and planned launch of ARIEL, respectively. 
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quare scatter in radial velocity. Hence, increasing the probability of
etecting radial velocity planets around these stars. 
(ii) Systematic detection of auroras in exoplanets: Since auroras

re generated by solar events like bright flares and coronal mass
jection, we see more auroral activity on Earth during solar maxima.
ence, forecasting the activity maxima for host stars could present
 good prospect for auroral detection in exoplanets. 

Collecting all these stellar activity data is also an opportunity
o open new lines of enquiry, extending the Mount Wilson sur-
 e y to thousands of systems. With this information, it might be
ossible to establish a correlation between the photometric cycle
nd chromospheric activity level. This relationship between the
asal chromospheric activity level and the photometric activity
ycle is crucial for stars with low cadence data and without any
easured rotation period. Secondly, only about 30 solar cycles have

een properly recorded in human history and the probability of
vents such as the Maunder minimum is unknown. Cycles collected
or thousands of stars might re veal ho w regularly such patterns 
ccur. 
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PPENDI X  A :  M E T H O D  DESCRI PTI ON  F O R  

og R 

′ 
HK 

C A L C U L AT I O N  

e used the method described in Schr ̈oder, Reiners & Schmitt ( 2009 )
or removing the colour dependence and contribution of photospheric 
omponent in the activity indicator. The S index is transformed into
 HK as follows: 

 HK = 1 . 34 × 10 −4 H cf S . (A1) 

For main-sequence stars with 0.3 ≤ B –V ≤ 1.6, the conversion 
actor C cf is given by (Middelkoop 1982 ; Rutten 1984 ) 

og H cf = 0 . 25( B − V) 3 − 1 . 33( B − V) 2 + 0 . 43( B − V) + 0 . 24 

(A2

The correction for the photospheric contribution to the Ca II line
ore fluxes were applied using (Noyes et al. 1984 ) relationship 

og R phot = −4 . 898 + 1 . 918( B − V) 2 − 2 . 893( B − V) 3 . (A3) 

The photospheric corrected R 

′ 
HK is given by 

 

′ 
HK = R HK − R phot . (A4) 

PPENDI X  B:  SOLAR  S-INDEX  C Y C L E  

he solar s-index data (Egeland et al. 2017 ) is divided into subsets
nd modelled individually to obtain the activity cycle lengths and 
ctivity minimum epochs (Fig. B1 ). The predicted minimum epochs 
nd lengths are consistent within 0.5–1 yr. 
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Figure B1. The Mount Wilson solar Ca II H&K index time series since 1966. 
Depicted in grey is the sinusoidal model predicting the solar activity cycle. 
Each panel illustrates the model for an individual subset of s-index data. The 
combined subsets along with the impro v ed forecasted model are shown in 
the bottom panel. 
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