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A B S T R A C T 

Stellar ages are elusive to measure, albeit being very important for understanding stellar evolution. We investigate the impact of 
photospheric activity on 2-min cadence light curves from the TESS /NASA mission of a selected sample of 30 solar-twins with 

well-determined ages. The photometric variability, A T ESS , of the light curves due to rotational modulations by the presence of 
activ e re gions was estimated and correlated with chromospheric activity (Ca II H&K lines from an e xtensiv e High Accurac y 

Radial velocity Planet Searcher (HARPS) at the European Southern Observ atory (ESO) HARPS/ESO acti vity time series) and 

ages. Moreo v er, these results were compared with the total solar irradiance amplitude behaviour during the solar magnetic cycles 
23 and 24, validating our findings for solar-twins. Our results show the photometric amplitude to be strongly correlated to the 
av erage lev el of chromospheric activity for the star sample. Also, we found a good correlation of A T ESS with stellar age (in Gyr) 
described by log t = + 12 . 239 − 0 . 894 log A T ESS . In conclusion, stellar photometric variability A T ESS may be used as a simple 
age diagnostic for solar-twins. 

Key words: techniques: photometric – techniques: spectroscopic – stars: activity – stars: solar-type. 
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 I N T RO D U C T I O N  

he brightness variability of stars on the time-scale of days is often
ttributed to dark spots crossing the stellar surface as the star rotates.
tellar acti vity, kno wn to be associated with the occurrence of spots,
epends on the age of the star (Barnes 2007 ). Young stars tend to be
uch more active and this activity decreases as the star ages. Some

tudies suggest that the solar photometric variability is significantly 
ower than that of other stars with similar age and temperature as the
un (Shapiro et al. 2013 ). Moreo v er, Reinhold et al. ( 2020 ) found

hat most stars with periods similar to solar values are more active
han the Sun, probably due to strong selection bias that it is not
ossible to measure the period from stars with solar like activity 
e vels. Ho we ver, this is not the case for most stars. In Basri et al.
 2022 ), the authors demonstrate that the non-periodic subset of the
epler solar-type sample, which constitutes o v er half of the total

ample, being the majority of stars with rotation periods comparable 
o the Sun, exhibits photometric variability that is similar to that of
he Sun. 

At the same time, Hall, Lockwood & Skiff ( 2007 ) and Hall et al.
 2009 ) showed that the chromospheric and photometric variabilities 
f the solar-twin 18 Scorpii, the closest and brightest known solar-
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win (Porto de Mello & da Silva 1997 ; Soubiran & Triaud 2004 ;
etit et al. 2008 ) are very similar to solar v alues. Ho we ver, solar
bservations are most of the time aimed at the equatorial plane,
emonstrating a slightly different behaviour if compared to a sample 
f stars observed in arbitrary directions (Schatten 1993 ; Radick et al.
998 ; Vieira et al. 2012 ). These factors could affect the apparent
ariability of solar-type stars and interfere directly in the comparison 
f solar with stellar photometric and chromospheric data. 
Solar-twins were initially predicted by Cayrel de Strobel et al. 

 1981 ) based on the hypothesis that there are stars with observable
pectroscopic parameters identical to the Sun, and the first known 
olar-twin were disco v ered by Porto de Mello & da Silva ( 1997 ). Be-
ause their fundamental properties show a remarkable resemblance 
o the Sun, the study of solar-twins offers multiple perspectives and
umerous applications. One of the most rele v ant application involves
heir utility as a reference for the properties of the Sun itself. 

Similarly, it is crucial to remember that calculating precise 
tellar ages has been a very arduous task (Soderblom 2010 ; Bazot
t al. 2018 ). Among the different methods, a frequently applied
echnique is the use of isochrones, whereas other indirect methods 
nvolve stellar rotation (Barnes 2007 ; Lorenzo-Oliveira et al. 2019 ,
020 ), stellar chromospheric activity (Mamajek & Hillenbrand 2008 ; 
orenzo-Oliveira et al. 2016a , 2018 ; Lorenzo-Oliveira, Porto de 
ello & Schia v on 2016b ), asteroseismology (Ulrich 1986 ; Silva
guirre et al. 2017 ), and chemical clocks (Nissen 2015 ; Spina et al.
018 ). Stellar ages are rele v ant for the study of stellar and Galaxy
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volution and the understanding of planetary systems formation and
volution. 

Our goal is to measure periodic variations in the amplitude of
tellar light curves due to stellar rotation using TESS data. Then,
orrelate these activity amplitudes with the average chromospheric
ctivity index of a sample of solar-twins aged 50 Myr to 8.5 Gyr. 

In the following section, we detail the solar-twin sample and the
ystematic trends that had to be corrected in the data. Measurements
f the activity indicators of the stars such as photometric variation am-
litude and chromospheric activity level are described in Section 3 .
heir relationship with stellar age is estimated in Section 4 . Finally,
ur results are discussed and the main conclusions are presented in
ection 5 . 

 T H E  TESS SOLAR-TWIN  SAMPLE  

he photometric flux of each star is obtained from the Simple
perture Photometry (SAP), the flux, after adding the calibrated
ixels within the ideal photometric TESS aperture. The TESS pipeline
efines the selected pixels around each target, and there may be an
xcess due to contamination of nearby stars. Thus, we restricted our
ample to the light curves with less than 1 per cent of photometric
ontamination from neighbouring stars ( CROWDSAP ≥ 0.99), pho-
ometric magnitudes less than 18 ( TESSMAG ≤ 18), and combined
ifferential photometric precision ( CDPP2 0 ) ≤ 50 000 ppm. 
Using these criteria, the remaining sample of selected stars by

ector varied between 4946 (sector 21) and 11 497 (sector 4), which
orresponds to a fraction between 29 and 60 per cent of the total
umber of stars in each sector. Moreo v er, each star had only one
ight curve per sector. These stars comprised the systematic control
ample from all available TESS Input Catalog (TIC) stars. 

For the variability analysis, we selected 30 stars observed by TESS
rom all 13 sectors in the first year of activity (Southern hemisphere)
nd one from sector 14 (Northern hemisphere), previously charac-
erized as solar-twins. The selection criteria for these objects was
ased solely on the fact that they were TESS target stars (TIC) and
ad their spectroscopic parameters determined from HARPS/ESO
pectrograph observations. 

The list of well-characterized solar-twins w as tak en from Lorenzo-
liveira et al. ( 2018 , 2019 ). As these are stars that have been

pectroscopically monitored o v er sev eral years, there is information
n the presence of orbiting planets (Bedell et al. 2015 ; Mel ́endez
t al. 2017 ), possible chemical anomalies (e.g. Gratton et al. 2021 ;
ana Galarza et al. 2021 ), age (Spina et al. 2018 ), chromospheric
cti vity le vels (Lorenzo-Oli veira et al. 2018 ), rotation (dos Santos
t al. 2016 ; Lorenzo-Oliveira et al. 2019 , 2020 ), and other precise
tmospheric parameters. The sample excludes spectroscopic binaries
nd stars with any chemical, rotational, or magnetic anomaly. We also
xcluded from the sample visual binaries that could still fall within
he TESS observation aperture. The list of the analysed solar-twins
nd stellar parameters are listed in Table 1 . 

 AC TIVITY  I N D I C ATO R S  

wo indicators of stellar activity are considered here: (i) the
hotometric fluctuations of the TESS light curves and (ii) the
hromospheric contribution of the Ca II H&K lines extracted
rom HARPS/ESO spectra. The latter observation yields indices of
agnetic activity and evolutionary properties, such as stellar age,
hich are listed in Table 1 , for the sample of 30 analysed solar-

wins. 
NRAS 522, 2675–2682 (2023) 
.1 Photometric variability amplitude: A T ESS 

s the star rotates, features on its surface such as dark spots or bright
aculae cause brightness modulations perceived in the light curve.
he periodicity of this modulation depends on the rotation period
f the star, whereas the amplitude of the variation is related to the
uantities and characteristics of the spots/faculae. These properties
re illustrated in Fig. 1 . 

Before the photometric variability can be calculated, ho we ver it
s necessary to estimate the systematic noise in the light curves.
his noise may be due to fluctuation ( jitter ) from TESS pointing,

n addition to inherent instrumental limitations. To remo v e these
ystematic trends in the observed TESS light curve, we built a tool
hat is explained in Appendix A . 

First, the raw photometric amplitude of stellar variability is
stimated in a similar way as McQuillan, Aigrain & Roberts ( 2012 )
nd Basri, Walkowicz & Reiners ( 2013 ), using the median, the lower,
nd upper flux level for each star. These are calculated from the
umulative distributions (50 per cent, 2.5 per cent, and 97.5 per cent
ercentiles) defined in equation ( 1 ): 

 

′ 
T ESS = 

f ′ P97.5 − f ′ P2.5 

2 f ′ P50 

. (1) 

Next, we mapped the instrumental photometric amplitude re-
ponse due to differences in the apparent magnitude of the stars
bserved by TESS , using the complete sample of each sector. As
xpected, we found an apparent trend in all observed sectors, shown
n the envelope in Fig. 2 for sector 10. The pink solid line represents
he average of the lower 1 per cent percentile of the sample. We
sed an individual exponential fit for each sector which provided
 baseline amplitude due to the systematic loss of sensitivity for
ainter stars. Then, this baseline amplitude was subtracted from the
easured a ′ T ESS for the selected solar-twins observed by TESS in

hat sector, yielding A TESS . 
Then, the rotation amplitudes, A TESS , derived from solar-twins

ESS light curves were converted into surface stellar fluxes
erg cm 

−2 s −1 ) through synthetic flux calibration using the Phoenix
odel of atmospheres (assuming [Fe/H] � and log( g ) = 4.5; Husser

t al. 2013 ). In short, for a given θ ( θ ≡ 5040/ T eff ), the surface flux
istribution f λ( θ ) is convolved with the TESS transmission function
 T λ) o v er its photometric band ( �λ = λ2 − λ1 ): 

 TESS ( θ ) = 

∫ λ2 
λ1 

f λ( θ ) T λδλ
∫ λ2 

λ1 
T λδλ

, (2) 

here F TESS represents the theoretical absolute flux in units of
rg cm 

−2 s −1 . We build a grid of theoretical fluxes for FGKM
pectral types (co v ering T eff range of 3000–6500 K, assuming solar
etallicity) and then, we calibrated the flux measurements as a

unction of T eff : 

log F TESS = 0 . 1564 θ3 − 0 . 4644 θ2 − 1 . 303 θ + 8 . 113 . (3) 

his photometric calibration is valid between 3000 and 6500 K,
hich includes completely the interval of T eff used for the stars

nalysed in this work ( T eff = 5600–5900 K). The flux fitting error
 σ fit 
F TESS 

) is 0.003 dex, which corresponds to a fractional error of ≈0.01
er cent. The absolute surface flux due to rotational modulation of
he stars is estimated as 

 TESS = A TESS × 〈 F 〉 TESS , (4) 

here 〈 F 〉 TESS is given by equation ( 3 ) from the values of T eff listed
n Table 1 . 
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Table 1. Parameters of the solar-twins used in this work. The age values were compiled from Lorenzo-Oliveira et al. ( 2019 ) and the atmospheric parameters 
from Spina et al. ( 2018 ). 

HIP T mag T eff [Fe/H] log( g ) Age Mass log R 

′ 
HK ( T eff ) 

(K) (dex) (dex) (Gyr) (M �) (dex) 

5301 7.83 5723 ± 3 −0.074 ± 0.003 4.395 ± 0.011 6 . 3 + 0 . 3 −0 . 3 0.96 ± 0.03 −5.08 ± 0.03 

8507 8.25 5717 ± 3 −0.099 ± 0.003 4.460 ± 0.011 4 . 9 + 0 . 3 −0 . 3 0.95 ± 0.03 −5.02 ± 0.03 

9141 7.42 5730 ± 50 0.000 ± 0.010 4.470 ± 0.010 0 . 05 + 0 . 01 
−0 . 01 1.00 ± 0.05 −4.314 ± 0.019 

9349 7.37 5818 ± 6 −0.006 ± 0.005 4.515 ± 0.011 0 . 4 + 0 . 3 −0 . 4 1.03 ± 0.03 −4.64 ± 0.05 

11 915 7.99 5769 ± 4 −0.067 ± 0.004 4.480 ± 0.011 3 . 0 + 0 . 3 −0 . 4 0.99 ± 0.03 −4.94 ± 0.04 

15 527 6.76 5779 ± 4 −0.064 ± 0.003 4.335 ± 0.011 7 . 4 + 0 . 4 −0 . 4 0.99 ± 0.03 −4.999 ± 0.019 

22 263 5.03 5870 ± 7 0.037 ± 0.006 4.535 ± 0.013 0 . 2 + 0 . 4 −0 . 2 1.06 ± 0.03 −4.59 ± 0.03 

29 525 5.85 5741 ± 9 −0.012 ± 0.007 4.520 ± 0.016 0 . 6 + 0 . 3 −0 . 3 1.00 ± 0.02 −4.528 ± 0.023 

30 476 6.06 5709 ± 4 −0.033 ± 0.003 4.280 ± 0.011 8 . 6 + 0 . 3 −0 . 3 1.01 ± 0.03 −5.141 ± 0.017 

30 502 8.04 5731 ± 4 −0.057 ± 0.004 4.400 ± 0.013 6 . 7 + 0 . 3 −0 . 5 0.96 ± 0.03 −5.084 ± 0.014 

30 503 5.77 5873 ± 18 0.070 ± 0.016 4.410 ± 0.040 3 . 0 + 0 . 7 −1 . 4 1.08 ± 0.03 −4.96 ± 0.03 

33 094 5.25 5629 ± 7 0.023 ± 0.005 4.110 ± 0.016 8 . 7 + 0 . 3 −0 . 4 1.07 ± 0.03 −5.229 ± 0.013 

36 515 6.06 5855 ± 12 −0.029 ± 0.009 4.555 ± 0.023 0 . 6 + 0 . 3 −0 . 4 1.02 ± 0.03 −4.44 ± 0.03 

43 297 6.82 5705 ± 4 0.082 ± 0.003 4.505 ± 0.009 0 . 4 + 0 . 4 −0 . 4 1.03 ± 0.03 −4.69 ± 0.06 

44 713 6.68 5759 ± 3 0.063 ± 0.004 4.280 ± 0.010 7 . 1 + 0 . 3 −0 . 3 1.04 ± 0.02 −5.022 ± 0.029 

49 756 6.93 5789 ± 3 0.023 ± 0.003 4.435 ± 0.009 4 . 9 + 0 . 3 −0 . 3 1.00 ± 0.03 −5.058 ± 0.014 

54 287 6.59 5714 ± 4 0.107 ± 0.004 4.340 ± 0.012 6 . 1 + 0 . 3 −0 . 4 1.02 ± 0.03 −5.14 ± 0.01 

68 468 8.74 5845 ± 5 0.071 ± 0.004 4.330 ± 0.013 5 . 5 + 0 . 3 −0 . 3 1.07 ± 0.03 −5.106 ± 0.026 

69 645 8.78 5751 ± 3 −0.026 ± 0.004 4.435 ± 0.010 5 . 5 + 0 . 4 −1 . 1 0.97 ± 0.03 −5.06 ± 0.03 

74 389 7.15 5845 ± 3 0.083 ± 0.003 4.440 ± 0.011 2 . 7 + 0 . 3 −0 . 3 1.06 ± 0.03 −4.92 ± 0.03 

89 650 8.33 5851 ± 3 −0.015 ± 0.003 4.415 ± 0.011 4 . 1 + 0 . 4 −0 . 4 1.04 ± 0.03 −5.06 ± 0.03 

96 160 8.06 5798 ± 4 −0.036 ± 0.003 4.480 ± 0.012 2 . 8 + 0 . 4 −0 . 3 1.00 ± 0.03 −4.899 ± 0.029 

102 040 5.86 5853 ± 4 −0.080 ± 0.003 4.480 ± 0.012 2 . 7 + 0 . 3 −0 . 3 0.99 ± 0.02 −4.948 ± 0.026 

102 152 8.54 5718 ± 4 −0.016 ± 0.003 4.325 ± 0.011 8 . 1 + 0 . 3 −0 . 3 0.97 ± 0.03 −5.119 ± 0.026 

105 184 6.19 5843 ± 6 0.003 ± 0.004 4.510 ± 0.011 0 . 5 + 0 . 5 −0 . 5 1.04 ± 0.03 −4.70 ± 0.03 

108 158 6.80 5675 ± 4 0.055 ± 0.003 4.285 ± 0.011 7 . 6 + 0 . 5 −0 . 9 1.04 ± 0.04 −5.098 ± 0.013 

109 821 5.45 5747 ± 4 −0.108 ± 0.004 4.310 ± 0.011 8 . 3 + 0 . 4 −0 . 4 0.99 ± 0.03 −5.106 ± 0.013 

114 328 8.12 5775 ± 4 −0.017 ± 0.004 4.360 ± 0.012 6 . 5 + 0 . 6 −0 . 9 1.00 ± 0.03 −5.10 ± 0.03 

114 615 8.99 5819 ± 5 −0.063 ± 0.004 4.510 ± 0.009 1 . 1 + 0 . 5 −0 . 4 1.02 ± 0.04 −4.83 ± 0.03 

115 577 6.95 5694 ± 4 0.013 ± 0.003 4.260 ± 0.010 8 . 0 + 0 . 3 −0 . 3 1.04 ± 0.03 −5.170 ± 0.016 

Figure 1. Illustration of the brightness variation of a star due to the spots size and rotation period of the star, which reflect the age of the star. Younger stars tend 
to have larger spots and brightness modulation of almost 10 per cent, which decreases as the star ages. Schematics of the stars light curve brightness variation 
are shown for stars of 50 Myr (left-hand panel), 2 Gyr (middle), and 5 Gyr (right-hand panel). It is worth mentioning that in these model light curv es, an y spot 
evolution on time-scales of the rotational period is not considered. 
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M

Figure 2. Photometric amplitude response as a function of the stars’ visual 
magnitude observed in sector 10. The two solar-twins present in this sector 
are depicted by the cyan stars. The pink line shows the envelope of this sector 
and the amplitude trend dominated by noise. The dashed cyan line shows the 
amplitude detection limit due to photon noise. 
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.2 Amplitude variability of the Sun 

or comparison, we derive the amplitude modulation of the Sun’s
rightness due to solar photospheric activity. For that, the total solar
rradiance (TSI) measured by the variability of solar irradiance and
ravity oscillations (VIRGO; Andersen 1991 ) instrument aboard the
OHO satellite is used. First, the TSI needs to be converted before it
an be compared directly to the brightness variability of other stars,
hich typically co v ers much narrower wav elength bands. Therefore,

ccurate estimates of the solar variability in the TESS passbands are
ade following N ̀emec et al. ( 2020 ). 
TESS observations are made in sectors of just 27 d each, thus the
easured A T ESS may be smaller during a period of minimum stellar

ctivity cycle when compared to a period of maximum activity of
he star. Ho we ver, the magnetic acti vity cycle of our sample of solar-
wins have not been established yet, but the Sun may be used as a
eference. 

Since there are 22 yr of TSI data available, we investigate how
he variability measurements are affected by the phase of the solar

agnetic cycle. Ho we ver, the Sun is a middle-aged star and the
ample of solar-twins contemplates very young stars (of 50 Myr) to
tars much older than the Sun (up to 8.5 Gyr). Therefore, the Sun
ill not necessarily provide the level of variability of the A T ESS 

or solar-twins with different ages, which may vary according to its
ntrinsic level of magnetic activity. 

The amplitude variability measured for the Sun is denoted by
og A �, T ESS and measured from the TSI data in the same way as for
he other stars, using equation ( 1 ). First the temporal resolution of
he TSI data of 1 h is interpolated to match that of TESS of 2 min.
urthermore, the solar amplitude measured is multiplied by a factor
f 0.939, because the variability of the flux in the TESS band is about
 per cent lower than that of the TSI (see the conclusion, followed
y fig. 4 and tables 1 and 2 of N ̀emec et al. 2020 ). 
To measure log A �, T ESS , we used TSI data for two solar activity

ycles, 23 and 24, for a total of 22 yr. The solar variability,
og A �, T ESS , was estimated every 27 d simulating TESS observations
hroughout 301 sectors, which are shown in Fig. 3 . A histogram of all
og A �, T ESS is plotted in the top panel of Fig. 3 , whereas the evolution
f log A �, T ESS in time for two solar activity cycles is shown in the
NRAS 522, 2675–2682 (2023) 
iddle panel of Fig. 3 . The median of log A �, T ESS measurements
ound was 

og Ā �, T ESS = 2 . 87 + 0 . 27 
−0 . 4 . (5) 

The lower limit for the solar amplitude variability was estimated
rom the TSI uncertainty of ∼2.47 W m 

−2 and, as can be seen in
he middle panel of Fig. 3 , the photometric solar variability can be
etected throughout the solar cycle due to the presence of active
egions on the Sun. 

In the bottom panel of Fig. 3 , the calculated log A �, T ESS (black
urve) is overplotted on the observed TSI (magenta curve). As can
e seen from the middle and bottom panels, the log A �, T ESS roughly
ollows the solar cycle. There are some outliers, such as the maximum
mplitude variation during the descent of solar cycle 23 near 3000
n JD-245000, when a group of very large active regions caused
 decrease of 0.34 per cent in TSI. During the end of October and
eginning of 2003, the Sun produced a few very energetic solar flares
nd coronal mass ejections, which became known as the Halloween
vents (Mannucci et al. 2005 ; Cid et al. 2015 ). 

.3 Chromospheric activity: log R 

′ 
HK 

he average chromospheric activity, log R 

′ 
HK , for the stars in our

ample is listed in the last column of Table 1 and was obtained from
ARPS/ESO spectrograph observ ations (Lorenzo-Oli veira et al.
019 ). The correlation between this average chromospheric activity
ith A T ESS from the sample of stars and the Sun is shown in the

eft-hand panel of Fig. 4 . The Pearson correlation coefficient ( ρ)
etween the two distributions is ρ = 0.84 ± 0.05, with its respective
 -value = 2.7 × 10 −7 , thus indicating that the probability that ρ is
ull, in this case is very low. 
In Fig. 4 , the coloured sidebar shows the distribution of the

tars ef fecti ve temperature, e videncing no apparent bias. The black
un’s symbol, �, represents the median of 301 amplitudes of log

og Ā �, T ESS (see equation 5 ) measured every 27 d o v er 22 yr of TSI
bservations (see Section 3.2 ). 
The results show that stars with larger photometric amplitude
 T ESS are also the ones with larger log R 

′ 
HK , which is consistent

nd within what is expected for very active stars. Moreover, it has
lso been confirmed for the Sun, which falls within the observed
orrelation. This relation is well explained by the presence of a
igger number of magnetic structures on the stellar surface, which
auses larger modulation of the stellar brightness (see Fig. 1 ). 

We found that photometric variability is quite common for stars
ith high chromospheric activity, reinforcing the strong connection
etween chromospheric and photospheric acti vity. For inacti ve stars,
 theoretical transition from photometric dominance between spots
younger stars) and faculae (older stars) is expected. According to
ecent work (e.g. Shapiro et al. 2020 ), this phenomenon must have
ccurred in the Sun at around ∼3 Gyr old, depending on the spectral
egion analysed. From the point of view of the chromospheric age–
ctivity relation of solar-twins (Lorenzo-Oliveira et al. 2018 ), this
ge range corresponds to a chromospheric acti vity le vel of log R 

′ 
HK 

−4.9, coinciding with the first non-detections of variability that
e found in our work. Spots and faculae have distinct effects in

he light curves, thus hindering the physical connection between
mplitude measurements and photometric activity levels. Another
oint to emphasize is that spectroscopic measurements have greater
ensitivity than photometric ones, even when considering the state
f the art available photometric instrumentation, such as TESS . 
The typical detection limit for log A T ESS in our analysis is around
3, depending on the apparent magnitude of the star. For this
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Figure 3. Top: Histogram of log A �, T ESS measured for 301 hypothetical sectors of TSI observations during 22 yr. Middle: Temporal evolution of log A �, T ESS 

throughout the solar activity cycles 23 and 24. Bottom: TSI observations (magenta curve) and log A �, T ESS estimates (black curve) for solar activity cycles 23 
and 24. 

Figure 4. Correlation between the photometric index A T ESS and the chro- 
mospheric activity index log R 

′ 
HK . The black point, �, is the median of 

301 amplitudes of log A �, T ESS measured every 27 d over 22 yr of TSI 
observations. The red dashed line is a fit to the correlation given by equation 
( 6 ). 
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eason, we have amplitude detection superimposed on non-detected 
mplitudes for the same range of stellar activity. This limit is due to
he signal saturation of the photometric variability, which is already 
ery low (e . g . older stars) and within the uncertainties. Besides,
he TESS observation window (27 d) does not necessarily co v er the
ntire rotational period of these stars (when only in one sector), as
hey rotate much slower. 

Although the limitations stated abo v e are rele v ant factors for our
nalysis, the strong correlation between photometric amplitudes and 
evels of chromospheric activities is evident for the stars considered 
ere. Therefore, we use solar-twins with amplitude detection to fit 
he relationship between A T ESS and log R 

′ 
HK : 

log A T ESS = α + β log R 

′ 
HK ( T eff ) , (6) 

hich yield α = 13.9 and β = 2.15, with typical errors of ∼0.2 dex.
his power law, log R 

′ 
HK ( T eff ) ∝ A 

2 . 15 
T ESS , is plotted in Fig. 4 as a red

ashed line. 
MNRAS 522, 2675–2682 (2023) 
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M

Figure 5. The evolution of A T ESS with age. The red dashed line is the 
forecast for the evolution of photometric amplitude (see equation 9 ). The 
black point referring to log Ā �, TESS , is the median of the amplitude values in 
the 301 ‘sectors’ TSI measured o v er 22 yr. 
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The correlation between photometric and chromospheric vari-
bility may be understood as an evolution of the stellar dynamo.
nheriting angular momentum from the primordial molecular cloud,
oung stars have high activity and rotation rate. Over time, these
tars lose angular momentum due to a magnetized wind, decreasing
heir rotation and magnetic acti vity le vel (illustrated in Fig. 1 ).
his close relationship between the evolution of stellar rotation and
cti vity le v el is the ke y for constructing stellar chronometers based on
he amplitude of photometric variability. However, different activity
eatures that depend on specific astrophysical conditions, may evolve
aster/slower on different time-scales (Ribas et al. 2005 ). This seems
o be the case of the photospheric activity measured by TESS light
urves, which is dominated by the fraction of surface spot co v erage.
s an example, simultaneous measurements of solar activity features

ndicate that spots decay faster than facular co v erage as a function of
a II S-index activity (Shapiro et al. 2014 ). Hence, on secular time-

cales, the steep dependence β ∼ 2 found in this work also evidences
 faster decrease of spot contribution on solar-twins. Ho we ver, for
istant stars unlike the Sun, the detected spot contribution emerges
nto basal instrumental noise levels at earlier evolutionary stages in
omparison to the chromospheric counterparts, such as the Ca II

ines. This result will be further discussed in Appendix B . 

 RELATION SHIP  O F  A T ESS WITH  AG E  

n Fig. 5 , the correlation between ages and A T ESS is shown for
olar-twins and the Sun. The stellar ages were calculated using
recise atmospheric parameters and Gaia DR2 parallax to obtain
he best evolutionary trajectories. The coloured sidebar represents
og R 

′ 
HK confirming the pattern in all three dimensions. 

A decrease of the photometric amplitude with age is clearly seen
n Fig. 5 . Next, we combined the relationship of the photometric
mplitude and chromospheric acti vity, gi ven by equation ( 6 ), with the
hromospheric age–activity relation derived from a previous study
f a large sample of solar-twins by Lorenzo-Oliveira et al. ( 2018 ), to
btain a phenomenological relation between photometric amplitude
nd age. The Lorenzo-Oliveira et al. ( 2018 ) age–activity relationship
s given by equation: 

log ( t HK ) = γ + δ log R 

′ 
HK ( T eff ) , (7) 

here γ = 0.0534, δ = −1.92, and t HK is the age in years. By
ombining equations. ( 6 ) and ( 7 ) , we can predict the evolution of
hotometric activity without a new calibration, a v oiding propagating
ore free parameters. After isolating the term of interest that is the

tellar age, assuming t HK ≡ t , one obtains the stellar chronometer
NRAS 522, 2675–2682 (2023) 
quation: 

log t = + 12 . 239 − 0 . 894 log A T ESS (8) 

r, by isolating the activity term: 

log A T ESS = + 13 . 69 − 1 . 12 log t, (9) 

here the typical age dispersion found is ±2.1 Gyr. Equation ( 9 )
s shown as the red dashed curve in Fig. 5 . This relation should
e interpreted as a prediction of the photometric amplitude decay
ith stellar age. In comparison to the Skumanich-like relation

activity ∝ t n , where n ≈ −0.5), the equation ( 9 ) has a steeper decay
f photometric variability with n = −1.12. 
For comparison, we also plot the known values of the Sun as a

lack circle in Fig. 5 . It is remarkable that the location of the Sun
oint, which was built using the TSI data, is exactly on top of the age
orecast curve (in red). We can calculate the age of the Sun from the
mplitude given by equation ( 8 ) t � = 4 . 5 + 5 . 1 

−1 . 9 billion years, which is
ery consistent with the known solar age ( t � = 4.6 Gyr). 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

e have analysed the photometric variability, A T ESS , of 30 solar-
wins using light curves from TESS . These results were correlated
ith the average chromospheric activity index log R 

′ 
HK and stellar

ges to propose a potential new stellar age indicator. The measured
hotometric variability, detected on TESS light curves, is thought to
e due to the rotational modulation of active regions, especially the
resence of starspots and faculae on the stellar surface (see Fig. 1 ).
n the process, we built a new tool that optimizes the removal of
ESS instrumental systematics, so as to maximize the amplitude of
hotometric variability (see Appendix A ). 
Our results have shown that the photometric amplitudes of the

olar-twins in our sample are strongly correlated with levels of
hromospheric activity as well as with age. This result agrees with
he banana-like trend found by Lorenzo-Oliveira et al. ( 2018 ), who
stablished a robust relationship between age and chromospheric
ctivity of solar-twins. Finally, we understand that A T ESS can be
sed as a stellar chronometer for solar-twins observed by TESS ,
ummarized in equation ( 8 ). 

There are some possible degeneracies that may affect our results.
ne of them is the inclination angle of the stellar spin-axis along

he observer line of sight. Although the photometric variability and
he estimate of the stellar rotation period depend strongly on the
nclination of a star (N ̀emec et al. 2020 ), the chromospheric activity
hows a much weaker dependence (Shapiro et al. 2014 ). In particular,
f a star is observed with a relatively low inclination angle (i.e. almost
ole-on), its rotational variability would be significantly reduced, and
erhaps classified as non-periodic, hence its calculated A T ESS would
e much smaller than expected for its level of chromospheric activity.
till, the trend and the observed age refers to the behaviour observed
y dos Santos et al. ( 2016 ), when studying the evolution of the
otational velocity projected along the line of sight of a sample of
olar-twins. 

Moreo v er, stars present cyclic magnetic activity with periodicity
f years. Thus, the phase of the cycle when the star is observed by
ESS may also affect the level of A T ESS measured for the same age
r average activity level. If the star is observed at a time of maximum
ctivity cycle, its light curve would naturally tend to show a larger
 T ESS than if it had been observed at a time of minimum of the

ctivity cycle. This behaviour was studied in detail for the Sun, and
orroborated the influence of the cycle phase on the activity index. 
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Furthermore, very young and extremely active stars may present 
 saturation of active regions on their photosphere. Such stars would 
ave a surface so crowded with spots that no rotation modulation in
heir light curve would be identified. In these extremely young and 
ctive stars, the A T ESS may be underestimated or saturated, due to 
he small contrast between regions without spots (higher brightness) 
r with spots (lower brightness). Also, differences in spot size and 
ntensity can cause de generac y in the determination of A T ESS . For
xample, a star covered by weaker (small contrast) but very large 
pots would yield the same A T ESS value as another star with smaller,
ut darker spots. This is because the light curve brightness deficit 
ue to large area of lighter spots can be similar to a small very dark
rea. 

The age of a star is difficult to estimate, albeit being a very
mportant parameter in stellar and planetary system evolution. Here, 
e proposed a very simple method to estimate the age of a star
hich appears to work for stars with a broad range of ages, from
oung (50 Myr) to stars older than our Sun (8.5 Gyr). Hopefully, this
asy to use stellar chronometer can be applied to a broader sample
f stars. 
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PPENDI X  A :  REMOVA L  O F  SYSTEMATIC  

R E N D S  IN  E AC H  TESS S E C TO R  

ur main objective was to build a tool that optimizes the removal
f instrumental systematics from the TESS mission, maximizing the 
alculation of the amplitude of photometric variability due to the 
assage of active regions on the stellar surface. Since TESS is a
pacecraft, the pointing of the data acquisition cameras provides 
n extra systematic error compared to ground-based telescopes. In 
ddition to this, other sources of noise include the photon counts
f stars and also of the background (zodiacal light, weak stars, and
nresolved objects that may appear in the background), CCD dark 
urrent, ev en if v ery small, in addition to readout noise and additional
ystematics errors that cannot be corrected by any removal method. 
he most important source of systematic noise arises from variations 

n random pointing caused by the spacecraft jitter. 
The variability due to long-term pointing across the TESS ’ sectors

an affect the o v erall observ ed stellar flux. For this, we use the PCA
ethod, or principal component analysis. PCA is a mathematical 

rocedure that uses vectors orthogonalization to convert a set of pos-
ibly correlated variables in a set of linearly independent variables, 
alled principal components. The idea here is to find the components
esponsible for the larger variations of the light curves of the control
tar sample. Thus, we identify these components responsible for the 
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nstrumental systematics, that is, which do not result from stellar
hysical processes. 
For this, we used the reduction of linear dimensionality using the

ingular value decomposition to project in a smaller dimensional
pace. Before determining the main components, it was necessary
o perform some intermediate steps. In each sector, we define a
rid of i constant steps in time for all light curves. We ensured
hat for missing cadences, the flux value f SAP 

i was defined from the
inear interpolation between the neighbouring cadences ( f SAP 

i−1 and
 

SAP 
i+ 1 ). To make the dimensionality reduction procedure independent
f the scale adopted, we standardize the measurements of f SAP , thus
nsuring that flux variations in each light curve were between −2
nd + 2. 

We built a matrix X 

SAP defined by the standardized matrix of the
alues f SAP 

ij containing all the sector light curves. Each cadence t i 
s given by the matrix lines, while f SAP 

j from each j observation
ompose the columns of X 

SAP . To derive the matrix containing the
ain systematics in the light curve emsemble, X 

PCA , we use the SVD
atrix decomposition in X 

SAP , to estimate the respective eigenvalues
nd eigenvectors. These elements provide valuable information
n the reconstruction of a reduced dimensional space based on
tatistically significant characteristics common to the original data
atrix. In other words, these characteristics can be understood as

ystematic effects present in the light curves, that must be eliminated
rom the original photometric flux X 

SAP : X 

′ 
ij = X 

SAP 
ij − X 

PCA 
ij . X 

′ is
efined as the matrix containing the light curves after systematics
ubtraction, where the stellar intrinsic variability is maximized. As
 result, light curves that initially showed systematic jumps, after
assing through the process of detrending presented a smoother
spect. 

Also, the detection limits may be impro v ed by modifying the
inning of the light curves, for example, increasing from 2 min
adence to 30 min. Within this time interval, a considerable TESS
tability would be reached; otherwise, it could introduce errors
orrelated with the pointing. After that, the amplitude error would
each a distribution close to Poisson, possibly decreasing the baseline
imit of detection of the rotational TESS amplitudes by a factor of
 

15 , or ∼3.9. 

PPENDIX  B:  C O M PA R I S O N  WITH  T H E  

I T E R ATU R E  

orris ( 2020 , M20) presented an age photometric amplitude ( A M20 )
elation for FGK stars in six associations ranging in ages from 10 Myr
o 4 Gyr. The author found A M20 ∝ t −0.46 (see his equation 1) which
s very close to the Skumanich-like relation ( ∝ t −0.5 ). On the other
and, the exponent n = −1.12 found in our work indicates a faster
ecrease in spot contribution until ≈3 Gyr, at least. This means that,
n relative terms and overevolutionary time-scales, the photometric
mplitudes will decrease more rapidly than other activity metrics
hat are well-known to follow the Skumanich-like trend [as it can
e evidenced by equation ( 6 )]. We stress that the methodology and
he sample (Kepler space mission) employed in Morris ( 2020 ) are
ifferent from those presented in this w ork. Therefore, a w ord of
NRAS 522, 2675–2682 (2023) 
igure B1. Filling factor as a function of stellar mass (in units of solar mass)
or stars in M67, and the Sun (black open circle). The fit to the red points is
iven by the equation in the box with the ±2 σ shown by the dashed lines.
he horizontal dashed green line represents the average result of 0.8 per cent

rom Morris ( 2020 ). 

aution should be taken, when one tries to compare both studies. The
pparent disagreement on the age–activity slope may be caused by
he different samples adopted. Our sample stars are very close to the
olar parameters ( T eff ∼ T eff, � ± 100 K and [Fe/H] ∼ [Fe/H] � ± 0.1
ex, see Table 1 ) unlike those studied by M20 [FGK; 4500 � T eff (K)
 6500], which describes the evolution of solar-type stars in general.
The inclusion of stars o v er a wide range of T eff tends to blur the

ge–activity relations owing to their different photospheric properties
hat increase/decrease the measured photometric amplitude as we
onsider cooler/hotter stars. To evidence this behaviour, we retrieved
 eff , log( g ), masses and other rele v ant properties by cross-matching

he M20 with Gaia DR3 samples. In Fig. B1 , we show how the stellar
asses are strongly correlated with the photometric amplitudes, or
lling factor obtained from using his equation 12 ( ρ = −0.9, p -
alue < 10 −14 , N = 38). For a given age, low-mass stars show higher
hotometric amplitudes ranging from 0.02 per cent ( M /M � ∼ 1.2)
p to 0.3 per cent ( M /M � ∼ 0.7). To match the solar properties, we
tted a log–log linear regression for M67 data: 

log A M20 ( 4 . 2 Gyr ) = −5 . 784 log M/ M � − 1 . 306 (B1) 

nd then, estimated one solar mass photometric variability to be
 M20 ( 4 . 2 Gyr ) = 0 . 05 + 0 . 02 

−0 . 02 %. This value corresponds to a photomet-
ic filling factor of 0 . 2 + 0 . 1 

−0 . 2 per cent for M67. 
Also, this is likely to be the reason why some old Kepler stars

trongly deviate from the M20 proposed relation (see his fig. 9).
here is a strong tendency to o v erpopulate the cool T eff domain ( T eff 

T eff, �) photospheric contrast detection bias is strong, leading to
n o v erpresence of cool stars, which tend to increase the average
cti vity le vel. 
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