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ABSTRACT

The light_curves of old G-dwarfs obtained in the visible and near-infrared wavelength ranges are

highly irregular. This significantly complicates the detectability of the rotation periods of stars similar

to the Sun in large photometric surveys, such as Kepler and TESS. In {HiSiStudysveISicwItatilisht

[P8EBES Motivated by the observation that_the Sun’s rotational period is clearly discernible in the

UV part of the spectrum, we studv the wavelength dependence of the rotational period detectability.

We employ the Spectral and Total Solar Irradiance Reconstructions model, SATIRE-S, to characterize
the detectability of the solar rotation period across various wavelengths using the autocorrelation
technique. We find that at wavelengths above 400 nm, the probability of detecting the rotation period

of the Sun observed at a random phase of its activity cycle is approximately 20%. The probability

increases to 80% at wavelengths shorter than 400 nm. These findings underscore the importance of

ultraviolet stellar photometry.
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1. INTRODUCTION

The rotation period is one of the key characteristics
of a star. In particular, it defines the efficiency of the
stellar dynamo and various manifestations of stellar ac-
tivity, such as brightness variations, flare frequency, or
UV emission (Basri 2021). Thus, knowledge of the ro-
tation period of a star is important for assessing the
conditions on its planets and for distinguishing between
stellar and planetary signatures in observations.

The rotation period of a star can be used to derive
its age (Skumanich 1972; Barnes 2003). This is because
stars spin down over their main sequence lifetime due
to the loss of angular momentum through magnetized
stellar winds. Furthermore, identifying a large sample
of stars with near-solar rotation periods is needed for
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solar-stellar comparison studies and, in particular, for
constraining the full range of solar activity and variabil-
ity (Reinhold et al. 2020; Santos et al. 2023).

As the star rotates, active regions on the stellar sur-
face transit across the visible stellar disk, causing quasi-
periodic variations in the light curve. These variations
allow for detecting rotation periods with the autocorre-
lation function (ACF, see, e.g. McQuillan et al. 2013),
Lomb-Scargle periodogram (Reinhold et al. 2013), or
Gaussian process techniques (Angus et al. 2018). Con-
sequently, the analysis of light curves measured by large
space-based telescopes (in particular, by Kepler) has
made possible the detection of rotation periods of many
tens of thousands of stars (McQuillan et al. 2014; Santos
et al. 2019, 2021; Reinhold et al. 2013, 2023).

However, on slowly rotating stars like the Sun, the life-
time of most of the spots is shorter than the rotation pe-
riod (van Driel-Gesztelyi & Green 2015). Furthermore,
on such stars, the rotational signal from dark spots
is partly compensated by the signal from bright facu-
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lae, making the detection of rotation periods even more
challenging (Shapiro et al. 2017; Reinhold et al. 2021;
Amazo-Goémez et al. 2020b; Witzke et al. 2020). Conse-
quently, the probability of detecting the correct rotation
periods of sun-like stars (early G-type stars with sun-
like rotation periods) for different inclination angles and
metallicities using the commonly applied ACF technique
by McQuillan et al. (2013) is only 3% (Reinhold et al.
2021). This significantly complicates solar-stellar com-
parison studies (see e.g., Reinhold et al. 2020; Vasilyev
2024).

One way to solve this problem is to observe stars at
wavelengths where brightness variability is dominated
by faculae. Facular features live much longer than spots;
for example, solar facular features can persist for mul-
tiple solar rotations. As a result, the pattern of the
brightness variability caused by faculae is much more
regular than that caused by spots. For instance, stel-
lar rotation periods could be readily determined from
the monitoring of the S-index (see e.g., Stimets & Giles
1980; Wright et al. 2004; Hempelmann et al. 2016; Mit-
tag et al. 2017) which is a measure of the emission in the
cores of the Ca1r H& Klines and is caused by faculae
for a wide selection of stars (Sowmya et al. 2023). Sim-
ilarly, the solar rotation period is prominently reflected
in variations of solar UV irradiance, which originates
in the facula-dominated upper atmosphere of the Sun.
Observations of UV irradiance over time have clearly
revealed this periodicity (Rottman et al. 1982; London
et al. 1984; Rottman 1999).

The facular brightness contrast and, consequently, the
facular contribution to brightness variability has a com-
plex wavelength dependence. It generally increases to-
wards the shorter wavelengths, but it is also strongly
amplified by various molecular line systems and atomic
lines. Consequently, one can expect a strong dependence
of the detectability of the rotation period on the wave-
length. Here we study this dependence in the exemplary
case of the Sun. We apply the autocorrelation algorithm
developed by McQuillan et al. (2014) to time series of
solar irradiance (from ultraviolet to infrared) taken from
SATIRE-S reconstruction (Yeo et al. 2014). The struc-
ture of the manuscript is the following. Sect. 2 describes
the solar irradiance time series we use. Sect. 3 describes
the setup of the autocorellation method. In Sect. 4 we
present the results and, finally, we summarize our con-
clusions in Sect. 5.

2. DATA

We used the solar spectral irradiance (SSI) recon-
structed with the Spectral and Total Irradiance REcon-
struction (SATIRE-S, with “S” standing for the Satel-

lite era; Fligge et al. 2000; Krivova et al. 2003; Yeo
et al. 2014) model. SATIRE-S is a physics-based semi-
empirical model, which reproduces the measured vari-
ability of the solar total and spectral irradiance on time
scales of days to decades (Krivova et al. 2006; Unruh
et al. 2008, 2012; Yeo et al. 2015). To reconstruct ir-
radiance variations, SATIRE divides the solar surface
into four components: quiet Sun, faculae, sunspot um-
bra, and sunspot penumbra. The intensity of each com-
ponent was computed with the radiative transfer code
ATLAS9 (Kurucz 1970) from the corresponding semi-
empirical model atmospheres (Unruh et al. 1999). Con-
tinuum observations and magnetograms were used to
derive the distribution of sunspots and faculae on the
solar surface, respectively.

We used two space-based sets of observations: the He-
lioseismic and Magnetic Imager (HMI; Scherrer et al.
2012) onboard the Solar Dynamics Observatory (SDO;
Pesnell et al. 2012) and the Michelson Doppler Imager
(MDI; Scherrer et al. 1995) on board the Solar and He-
liospheric Observatory (SoHO; Domingo et al. 1995).
The SoHO/MDI data used here cover the period be-
tween 2 February 1999 and 29 April 2010, while after
30 April 2010 the SDO/HMI data were used. The com-
puted daily SSI covers the spectral range from 115 nm
to 160000 nm. However, here we restrict our analysis to
the spectral range 200 nm to 1000 nm, with a typical
step of 1-2 nm.

In addition to SSI, we also used individual facular and
spot contributions to the SSI variability. These were
computed by considering only either faculae or spots
while treating the locations of the other component as
the quiet Sun (QS).

3. METHOD
3.1. Time Series Analysis

To mitigate the impact of long-term variations (solar
cycle and longer), we detrend the time series of solar ir-
radiance by subtracting its 81-day moving average. This
is done at each wavelength separately.

From the detrended time series, we select 1000 seg-
ments of 180 days each, randomly distributed in time.
For each data segment, we compute the ACF.

3.2. Rotation period determination

We follow the method by McQuillan et al. (2013,
2014) used to measure the rotation periods of tens of
thousands of Kepler stars. We identify the highest lo-
cal extrema in the ACF. However, correlated noise and
residual systematics can introduce underlying long-term
trends, which means the absolute peak height is no
longer a good diagnostic. To overcome this, we focus
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Figure 1. Determination of solar rotation period using the autocorrelation function. Top panels: 180-day long time series of
SSI averaged over 441-442 nm spectral interval (left) as well as the facular (middle) and spot (right) contributions to this time
series. The long-term trends from these three time series were removed by subtracting the 81-day running mean. Bottom panels:
Autocorrelation functions computed for the time series shown in the respective top panels. Red markers indicate the highest

peaks for each case (at a non-zero time lag).

on the “local peak height” (LPH), defined as the height
of the primary ACF peak with respect to the troughs
on each side. To accurately identify real periods and
reduce false positives, we establish a threshold of 0.25
for the LPH. If the highest peak in the ACF exceeds
LPH > 0.25, we designate the lag of this peak as the
rotation period. We only search for peaks at periods
shorter than 70 days (McQuillan et al. 2014). Follow-
ing the definition of Reinhold et al. (2021), if the highest
ACF peak lies between 24 and 30 days, we count it as the
true rotation period detection. This interval is centered
on the Carrington rotation period (a 27 days), with
the lower boundary of 24 days corresponding roughly
to the solar rotation period at the equator and the up-
per boundary set at 30 days, symmetrically around the
mean.

Since the time series have a cadence of 1 day, the mea-
sured rotation period has an inherent uncertainty of 1
day. Furthermore, time evolution of sunspots and fac-
ulae, introduces additional uncertainties. By allowing
a margin of +3 days around the Carrington period, we
account for these uncertainties while maintaining robust
period determination.

We applied the method described above to measure
the rotation period across each of the 1000 180-day-long
detrended SSI segments. To better interpret the results,
we also conducted this analysis on two additional data
sets created for the same wavelength range as SSI: one
including only a contribution from faculae and another
featuring the spot contribution alone.

In Figure 1, we show the rotation period determina-
tion in the SSI data and in the data containing only
facular and spot contributions, both averaged over the

441-442 nm spectral range and covering the same time
interval. Only in the facular data is there a strong peak
(LPH = 0.62) at 27 days, corresponding to the correct
solar rotation period.

4. RESULTS

We define the probability of detecting the true rota-
tion period at a given wavelength at a random phase
of its activity cycle as the ratio of the number of data
segments exhibiting peak heights LPH > 0.25 at peri-
ods within the 24 to 30 days range to the total number
of considered data segments, which is 1000. The prob-
abilities computed for the overall SSI, as well as for the
facular and spot contributions to it are presented in Fig-
ure 2a.

In the SSI data, the percentage of detections of the
true rotation period depends strongly on the wave-
length. For A < 300 nm, the true period is recovered in
approximately 80% of cases except for two deep drops at
270 and 290 nm. At wavelengths A > 400 nm, the prob-
ability of detecting the correct rotation period drops to
around 20%.

To understand these results, we looked at the individ-
ual contributions of spots and faculae to the variabil-
ity. When only the facular component is considered,
the probability of recovering the true rotation period is
around 80% for the entire considered wavelength range.
This high probability is due to the lifetimes of faculae,
which are longer than the solar rotation period. Modu-
lated with rotation they make light curves more regular,
leading to higher LPH values. However, even in such
cases, the correct rotation period is not necessarily as-
sociated with the highest ACF peak. For example, due
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Figure 2. Recovery of the solar rotation period at various wavelengths (a). Shown are probabilities of detecting the true solar
rotation period using the autocovariance technique in the original SSI data (black), its facular (red), and spot (blue) components
at a random phase of the activity cycle. For illustrative purposes we also show disc-integrated facular (b) and spot (c¢) contrasts,

and the spot-to-facular contrast ratio (d).

to the center-to-limb brightening of faculae, the highest
ACF peak can appear at half of the rotation period.

When only the spot component is considered, the
probability is around 20% and it does not strongly de-
pend on the wavelength, because the spot contrast is
less wavelength-dependent than the facular contrast (see
Figure 2b and ¢). Such a low probability (compared to
the facular case) is caused by the short lifetime of most
spots, which reduces the light curve regularity.

In the SSI data, at wavelength ~ 400 nm there is
a transition from the faculae- to the spot-dominated
regime of rotational variability (Shapiro et al. 2016) (see
also Figure 2d). At wavelengths shorter than ~ 400 nm
the rotational variability is primarily driven by faculae.
The sharp peaks in the 280-400 nm range, correspond to
the narrow molecular CN, NH, and OH bands which are
within the faculae-dominated regime of solar variability
on the rotational timescale due to the strong temper-
ature sensitivity of the molecular lines (see details in
Shapiro et al. 2015, 2016). The peak at around 430 nm

associated with the molecular CH G-band has basically
the same cause.

In Figure 3, we show the detectability of the solar
rotation period, as well as the values of LPHs and
the corresponding periods as functions of wavelength
and time derived from SSI changes, including contri-
butions from both spots and faculae. At wavelengths
> 400 nm, approximately 60% of the LPHs exceed the
upper threshold, whereby the corresponding periods are
randomly distributed across the parameter range. At
shorter wavelengths, the LPHs are systematically high-
est and are mostly close to the true period. We found
short time intervals when the true solar rotation period
can still be measured across all wavelengths (see the
2700 — 2900 days and 7200 — 7500 days intervals). These
short intervals are close to the end of the activity cy-
cle (see the corresponding TSI time series in the bottom
panel of Figure 3). During these intervals, the facular
component is the main source of variability on the rota-
tional timescale at all considered wavelengths.
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Figure 3. Recovery of the solar rotation period as a function of time (abscissa) and wavelength (ordinate). a) Measured local
peak heights. (b) Measured rotation periods. (c) White patches indicate wavelengths and times where the true rotation period
is recoverable, while grey patches represent the wavelengths and times where it is not. d) The TSI time series covering the same

time interval for comparison.

During the solar cycle minimum (see the time intervals
3400 — 3750 days and 7500 — 7700 days), there are time
intervals, when the correct rotation period cannot be
measured at any wavelength. These intervals correspond
to the QS observations, i.e. an absence of spots and a
very weak facular component.

All in all, this indicates that detectability of the cor-
rect period depends not only on wavelength but also
on the spatial coverage of active regions and the facu-
lae to spot ratio that are functions of the activity cycle
phase. One straightforward way to significantly increase
the chance of recovering the true period is by placing a
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spectral filter toward wavelengths s shorter than 400 nm,
i.e. in the UV (see details in Appendix 6.1)

5. DISCUSSION AND SUMMARY

We studied the detectability of the solar rotation pe-
riod across various wavelengths using the SATIRE-S
model. We found that at the wavelengths observed by
the Kepler telescope (400-900 nm), the correct period
can be detected in only 20% of cases (noiseless case).
We note that this value is higher than the 10% reported
in Reinhold et al. (2021) for the noiseless case (see their
Table 1). This is because we opted to stick to the Sun
observed from its equatorial plane. In contrast, Rein-
hold et al. (2021) considered the effect of observations
from the out of the equatorial plane and also stars with
non-solar metallicity. Consequently, the sample of Rein-
hold et al. (2021) also contained stars with non-solar
patterns of variability (Witzke et al. 2018, 2020).

All in all, the low probability of detecting rotation pe-
riods from observations in the visible spectral domain
agrees with the explanation given by Reinhold et al.
(2020, 2021), accounting for why most rotation peri-
ods of solar-like stars remain undetected in Kepler and
TESS stellar samples (see van Saders et al. (2019) and
Claytor et al. (2024) for Kepler and TESS estimates,
respectively).

In the visible spectral domain, the brightness variabil-
ity of solar-like stars is dominated by the spot contribu-
tion. The main limiting factor for detecting the rotation
period is the irregularity of the light curve due to the
generally short spot lifetimes. Furthermore, the bright-
ness changes caused by the dark spots and bright facu-
lae partly compensate each other, which further reduces
the amplitude of the rotational signal (Shapiro et al.
2017; Witzke et al. 2020; Nemec et al. 2020). An excep-
tion from this general tendency is epochs of low solar
activity when the rotational variability is attributed to
facular features. They typically last longer than the so-
lar rotation period, making the light curve pattern more
periodic.

We showed that the probability of detecting rota-
tion period strongly increases in the UV spectral do-
main (namely, shortward of the CH violet system at
430 nm), reaching 80% at several spectral bands. We
believe this finding is of importance for future stellar
observations in the UV, such as those by the Ultraviolet
Explorer (UVEX) (Kulkarni et al. 2021), Mauve (Majidi
et al. 2023), Large Ultraviolet Optical Infrared Surveyor
(LUVOIR) (The LUVOIR Team 2019), and Wide Field
Spectroscopic Telescope (WST) (Mainieri et al. 2024).

Another way to increase the detectability of the rota-
tion periods is to improve methods for rotation period

detection (see, e.g. Shapiro et al. 2020; Amazo-Gdémez
et al. 2020c; Santos et al. 2021). For example, San-
tos et al. (2021) combined wavelet analysis with the
ACF method and measured rotation periods for 39592
G- and F-dwarfs and subgiants. Later, Reinhold et al.
(2023) complemented the ACF method with the gradi-
ent of the power spectrum of variability (GPS method,
see Shapiro et al. 2020) to obtain rotation periods of
67163 Kepler stars. In contrast to standard frequency
analysis methods, the GPS method does not rely on the
regularity of the light curves and thus is well suited for
measuring rotation periods of stars similar to the Sun
(Amazo-Gémez et al. 2020c; Reinhold et al. 2022).

UV observations have a great potential to detect rota-
tion periods of an even larger sample of solar-like stars.
Furthermore, combining periods detected in UV with
the GPS method will allow constraining properties of
stellar activity cycles (Amazo-Gémez et al. 2020a; Rein-
hold et al. 2021, e.g., the ratio of the stellar areas covered
by facuale and spots).



6. APPENDIX
6.1. Period detectability with rectangular filter

Here, we consider a rectangular filter with 100% trans-
mission characterized by two parameters: the central
wavelength and the width. We change the central wave-
length of the filter within the range 275-1000 nm with
a step of 25 nm and the width within 5-150 nm with a
step of 7 nm. We compute the light curve in each filter,
apply the time series analysis, measure the rotation pe-
riod as described above, and compute the probability of
detecting the correct rotation period.

In Figure 4, we show the probability of detecting
the correct rotation period as a function of filter width
and filter location. We find that for all considered fil-
ter widths that are centered at wavelength longer than
425 nm the probability is around 20%. Centering the
filter at wavelengths shorter than 400 nm increases the
probability to 40-70%. Generally, for determining the

7

correct rotation period the filter location plays a bigger
role than the filter width.
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