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ABSTRACT

. The most important observation feature of solar dynamo is that active
regions only appear at low latitudes, which provides a crucial constraint to the dynamo theory, while Doppler imaging, the current

the stellar surface.
Aims. Fast rotating stars, which are young and active, are thought to operate with a different dynamo process than the Sun. We study

technique to spatially resolve stellar hemisphere, is difficult to distinguish the equatorial region .

Results. We fi

their LDAR and compare them with the Sun to reveal the underlying dynamo process.
Methods. Flares are drastic and observational activity events, which occur in active regions. Herdiicipioposclamicwinctnoaomsay]

.
. Our results provide

a crucial constraint to stellar dynamo, indicating that the solar-like dynamo also applies to fast rotating stars, even spanning different

stages of their evolution.

6694v1 [astro-ph.SR] 28 Jan 2025

< 1. Introduction
—i

One of the biggest mysteries in stellar physics is the dynamo
theory, which explains how a star produces and sustains its mag-
netic fields(Charbonneau|2020; [Hathaway|2015)). Until now, the
. . dynamo theory has been only well tested through observations of
= the Sun, which has been regarded as an extraordinary laboratory
'>2 for stellar physics. Nevertheless, the Sun is only one particular
sample, resulting in the fact that the constraints for dynamo the-
B ory are still very limited to date(Charbonneau|2020; [Choudhuri|
2017). Fortunately, this issue can be addressed by studying the
dynamo process of stars and comparing them with the Sun, i.e.
the solar—stellar connection method(Brun & Browning|[2017).
However, the biggest obstacle to investigating the dynamo pro-
cess of other stars is that they are spatially unresolved, resulting
in that the location information of the dynamo process is difficult
to detect.

On the Sun, the most prominent feature of the dynamo pro-
cess is that sunspots and active regions begin to appear at around
30° of latitude at the beginning of an activity cycle and propa-
gate towards the equator as the activity cycle progresses

250
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bonneau 2020, [Hathaway| 2015} [Nandy & Choudhuril 2002).

This feature presents the latitudinal distribution of active regions
(LDAR) of the Sun and provides a crucial constraint to the so-
lar dynamo. The technique of Doppler imaging, which is used to
reconstruct images of stellar surface on other stars, is difficult
to distinguish starspots near the equatorial region(Rice| 2002}
Berdyuginal 2003 [Piskunov et al.|[1990; [Roettenbacher et al
2016). It could also be affected by stellar activities, resulting in
spurious results (Berdyugina2003} [Strassmeier|2002; Bruls et al|
[1998). This causes the LDAR of other stars to be ambiguous and

controversial(Berdyuging2005).

Flares are a kind of drastic energy release event on the Sun
driven by magnetic reconnection(Hathaway|[2015). Their loca-
tions can be used to locate where active regions appear. Assum-
ing that flares on other stars originate from starspots, the loca-
tions of starspots can also be determined. The inclination (the
angle of the stellar spin axis with respect to the observer’s line
of sight.) determines what latitude range of a star can be ob-
served and which latitude has the greatest contribution to the ob-
servation. By combining flares and inclinations of fast rotating
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stars that have similar intrinsic activity levels, we propose that
the information of LDAR for spatially unresolved stars can be
revealed by the variation of the apparent flaring activity with the
inclination.

2. Data and method
2.1. Sample selection

In this study, we combined the flaring activities of stars and their
corresponding inclination to reveal the information of LDAR. It
requires three observational quantities: flare, rotation and pro-
jected rotation velocity(vsini), which are provided by the data of
the Kepler mission and the Apache Point Observatory Galactic
Evolution Experiment (APOGEE)-2 spectrograph (R ~ 22, 000)
of Sloan Digital Sky Survey(SDSS).

We firstly selected common stars from the catalog of
flaring stars (Yang & Liu| 2019) and the catalog of rota-
tion period (McQuillan et al|[2014) in the Kepler mission,
which were ~ 2200 stars. We then cross-match them with
the catalog data from the APOGEE DR17(Abdurro’uf et al.
2022). About 240 stars remained. To exclude poor-quality
data, we removed ~ 20 stars that have the following SDSS
quality flags: (ASPCAPFLAGS): VSINI_BAD, SN_BAD,
STAR_BAD, CHI2_BAD, VMICRO_BAD; (STARFLAGS):
BAD_PIXELS, LOW_SNR, VERY_BRIGHT_NEIGHBOR.
We also removed ~ 20 giants (logg < 3.5) whose spec-
trum broadening were dominated by macroturbulent veloc-
ity(Holtzman et al.[|2018)), and got the final sample of 201 stars.

The final sample includes 21 RS CVn binaries and 11 single-
lined spectroscopic binaries identified by the non-single star
and variability catalog of Gaia DR3(Eyer et al|2023)). We also
identified six double-lined spectroscopic binaries in our sample
(SB2;see Section [2.4.1). Binaries are plotted in Figure 1 with
triangles, but are not included in the further analysis.

2.2. Flaring activities of stars and the Sun

The Kepler mission has provided over 4-year continuous white-
light curves of 0.2 million stars with unprecedented precision.
About 3400 flaring stars produce 0.16 million flaring events
(Yang & Liu/[2019). For each star, the flaring activity Rgare iS
defined as the ratio of the total flare energy to total energy a star
emitted during the observation(Yang et al.[2017):

Z Efare _ Zﬂare

= . (1)
f Ly dt Lol

Rijare =

Here, Y Eqye is the sum of all detectable flare energies dur-
ing the whole observation; Ly, is the bolometric luminosity. The
definition of Ry is similar to the proxy of chromospheric activ-
ity Ry (Noyes et al.|1984) and coronal activity Rx(Wright et al.
2011) that is a normalized quantity that has removed the influ-
ence of stellar luminosity. The left panels of Figure 1 show an
example of flaring stars with different activity levels, which can
be visually distinguished from the frequency and size of flares.

The right panel of Figure 1 shows the rotation—activity rela-
tionship in terms of flaring activity, where the x axis is Rossby
number (Ro; the ratio of the rotation period to global convec-
tive turnover time) instead of rotation period. This canonical re-
lationship has been validated by various activity proxies(Noyes
et al.|[1984; [Wright et al.|2011} |Yang & Liu/2019; [Yang et al.
2017), which identifies two stages of stellar evolution: the satu-
rated (faster, with higher activity) and unsaturated (slower, with
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declining activity) regimes. In the saturated regime, the stellar
activity of those fast rotating stars becomes saturated, so that
they are thought to have the same intrinsic activity level.

However, given that the Kepler mission provides curves of
the white-light band, the flaring location (Watanabe et al.|2013)
and the limb darkening effect (Claret & Bloemen|2011) will be
the main factor that influence the observed flare energy and num-
ber and in turn determine the apparent flaring activity. Figure 2
shows the solar surface on which ~ 38000 solar flares from 1975
to 2017 are superimposed. We simulate observing the Sun as a
star by the Kepler mission from equator-on ( Figure 2a inclina-
tion i ~ 90°) to pole-on (Figure 2b i ~ 0°;see Section [2.5]for de-
tails of the simulation). The variation of inclination determines
whether and where each flare is observed on the hemisphere.
Thus, it results in a dramatic rise of the apparent flaring activity
with an increase in inclination for the latitudinal distribution of
solar flares (Figure 2c).

For comparison, we created three latitudinal distributions of
solar flares by taking the equator as the axis of symmetry and in-
creasing the latitude of flares by 20°, 40°, and 70°, respectively
( Figure [3). These three distributions correspond to the active
regions in mid-latitude, high-latitude, and polar regions, respec-
tively. Equally, we simulated observing them from different in-
clinations and obtain three distinct relationships between flaring
activity and inclination (Figure 3).

2.2.1. Flare detection and energy estimate

The flare detection is similar to previous studies(Yang et al.
2017, 2018; Yang & Liu| |2019). We briefly summarize the
method here. (1) A smoothing filter based on the spline algo-
rithm was used to fit the quiescent flux or the baseline, where an
iterative o-clipping approach was applied to remove all outliers.
(2) After detrending the baseline, several criteria were applied to
sort out flare candidates, including the amplitude and duration (at
least three continuous points higher than 307), the profile (the de-
cay phase should be longer than the rise phase) and the check of
false-positive signal (no break points within 3 hr, target pixel file
check, neighboring star check). (3) All of the flares were man-
ually checked especially for whose duration was comparable to
the rotation period. We reconstructed the quiescent fluxes using
the neighboring data points of rotation period. The left panels of
Figure 1 show examples of flare detection.

We estimated the flare energy by assuming a flare radiated
as a blackbody with an effective temperature of 9000 K per
unit area(Kretzschmar|2011)) and the flare area was estimated by
the flare amplitude, the stellar radius, the stellar effective tem-
perature, and the Kepler response function (Shibayama et al.
2013} |Yang et al.|2017; [Yang & Liu|[2019)). Its uncertainty is
~ 60%(Shibayama et al.[2013).

2.2.2. The flaring activity of the Sun

In order to quantify the flaring activity of the Sun (Ry,,), we
firstly used the data of GOES soft X-ray (SXR) peak flux (Fsxr)
to estimate the bolometric flare energy (Eq,re). The comparison
between Fsxr of SXR and Ejq,.(Kretzschmar| 201 1; Namekata
et al.[2017) can derive an empirical relation:

log(Efare) = a - log(Fsxr) + b
0.08
a=0.78"0

0.03
b = 344700

@
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Fig. 1. Left panels: An example of flaring stars with different activity levels. Red curves denote flares. Blue curves are fitted baselines. Black

curves are relative flux. Right panel: the rotation—flaring activity relationship. The x axis is Rossby number (Ro, the ratio of rotation period to the
global convective turnover time), that has removed the influence of stellar mass. Circle: dwarf; triangle: binary; five-pointed star: subgiant. The
green line (Ro = 0.08) separates the saturated and unsaturated regimes. The Sun is marked with an © symbol.

The NOAA [ﬂ has continuously recorded GOES SXR of
~ 77000 solar flares from 1975 to 2017. We converted their Fsxr
to Efare and calculated the flare activity Ry, of the Sun (Equa-
tion [I)) for each year (Figure ). Figure [ shows a 11-year cycle
of solar flaring activity that is the same as sunspots and other
activity proxies.

We then adopted the mean flaring activity of 33 years (three
flaring cycles from 1976 to 2008) and the standard deviation as
the flaring activity of the Sun and its uncertainty respectively.
The location of the Sun is marked with an © symbol in Figure|[T]
and its value is

log(Ryun) = ~7.83%0%. 3)

2.3. Rossby number and the global convective turnover time

The Rossby number is the ratio of rotation period to convective
turnover time. The convective turnover time cannot be observed
directly and instead has to be estimated using either empirical
fits(Noyes et al.|[1984; Wright et al|[2011)) or computations of
theoretical models (Spada et al.|2017; Kim & Demarque||1996).

We used a grid of stellar evolutionary tracks from the Yale-
Potsdam Stellar Isochrones(YaPSI) (Spada et al.|2017) to derive
the the global convective turnover time 7, by finding the best
match of them to physical parameters of each star. Our method
is similar to the previous study(Lehtinen et al.|2020). We firstly
remapped the YaPSI tracks as a function of uniformly spaced
“Equivalent Evolutionary Points"(EEPs)(Spada et al.|2017). We

! Available online: URL  https://www.ngdc.noaa.gov/stp/space-
weather/solar-data/solar-features/solar-flares/x-rays/goes/xrs/

then constructed a series of synthetic tracks by linearly interpo-
lating EEPs with steps of 0.02 M. We compared Tt and logg of
each star with tracks from 0.2M; to 3M; and obtained 7, from
the closest point of all the tracks to the star. In this way, we could
repeat the above procedures to match 7, for different metallici-
ties from -1.5 to 0.3. The final value of 7, was obtained by linear
interpolation in metallicity.

The traditional rotation—activity relationship usually uses the
local convective turnover time 7, but 7 should be preferred
with regard to this study because 7; is obtained by empirical
fits(Noyes et al.|1984; Wright et al.|201 1)) that have hardly taken
into account subgiants and giants. Our sample comprises sub-
giants which also conform to the rotation—activity relationship
in terms of 7, (Lehtinen et al.[2020). The relation between 7;
and 7, has been thoroughly discussed(Kim & Demarque|[1996;
Lehtinen et al.[2020; Spada et al.|[2017} |Landin et al.[2010; Mit-
tag et al.|2018). In mathematics,r, ~ 2.57;(Lehtinen et al.|[2020;
Mittag et al.[2018} |[Kim & Demarquel[1996} |Landin et al.[2010),
which makes the critical Rossby number that separates the satu-
rated and unsaturated regime to be ~ 0.1.

2.4. Inclination

The inclination of a star is the angle of the stellar spin axis
with respect to the observer’s line of sight. Its sine value can be
derived through the spectro-photometric method, which is gov-
erned by the following equation(Jackson & Jeffries||2010; [Healy
& McCullough|2020; |Healy et al.|2023)):

ysini - P

sini =
! 2R

“
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Fig. 2. Panel (a): About_38000 solar flares from 1975 to 2017 are superimposed on the solar hemisphere that is observed from edge-on. Panel
(b): The same as (a) but observed from pole-on. Panel (c): The observed flaring activity of the Sun varies with the inclination. The shaded region
represents the uncertainty caused by the maximum and minimum of the solar cycle.

Here, vsini is the projected rotational velocity measured from
spectral broadening of high-resolution (Abdurro’uf et al.|[2022),
R is the stellar radius which can be estimated from the isochrone
fitting(Somers et al.[2020), and_P is the rotation period measured
from lightcurve modulation(McQuillan et al.[2014).

2.4.1. Projected rotation velocity

We measured the vsini of stars in our sample by spectra of
APOGEE DR17(Abdurro’uf et al.[2022), which had covered the
Kepler field. We firstly generated theoretical templates through
1D LTE (local thermodynamic equilibrium ) MARCS ( Model
Atmospheres with a Radiative and Convective Scheme) stel-
lar atmosphere models. These templates were convolved with a
Gaussian kernel (R ~ 13 km s~!) to simulate instrumental broad-
ening. We then convolved these non-rotating templates with
varying profile of rotation to determine the best match of vsini to

Article number, page 4 of 13

the observation. In the matching process, we focused on five Fe
I lines (15207.54, 15294.56, 15621.65, 15980.73, and 16486.69
A) that exhibit minimal blending. The final result of vsini is the
mean value calculated from these Fe I lines.

In order to validate our measurement, we compared them
with values of vsini provided by the Apogee Stellar Parame-
ter and Chemical Abundances Pipeline (ASPCAP). Our results
generally show good agreement with ASPCAP’s findings, while
there is a systematic offset of ~ 3 km s~!( Figure EI) We plot
fitting lines of five stars whose difference of vsini between our
measurement and ASPCAP is larger than 5 km s~! (Figure .
Note that no matter which measurement is used, it will not
change the results. During our measurement process, we found
six SB2s which have seriously biased the measurements of AS-
PCAP(Figure [A72). We plotted them in Figure 1 with triangles,
but did not include them in the further analysis.
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Fig. 3. The flaring activity vs. inclination for different LDAR. Right panels show the flaring region in mid latitude, high latitude and polar region,
which are created by increasing the latitude of solar flares by 20°, 40°, and 70°, respectively. Left panels show their corresponding relation for the
flaring activity and inclination.

The mechanisms of spectroscopic broadening are mainly
from rotation and macro-turbulence. The solar macro-turbulent
velocity is ~ 3 km s™! and that of cooler stars is slightly smaller
(Doyle et al|2014). We therefore assumed the uncertainties of
vsini to be 3 kms™ or 10%, whichever was greater

let al|2015). Due to the resolution of APOGEE, the variance
of its vsini rapidly increases below 10 km s~ (Simonian et al.
2020). For stars of vsini < 10 kms~', we used the measure-
ments of ASPCAP and adopted a conservative policy by set-
ting the lower error bar and upper error bar to be 1 km s~! and
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covering fraction of spot is ~ 30% — 40% for G-type stars, and
is ~ 40% — 50% for K- and M-type stars(Fang et al|2016).
Therefore, we adopted the SPOTS tracks of fi,or = 0.34 for G-
type stars (Teg > 5000K), and fipor = 0.51 for K- and M-type
stars (Tex < 5000K). We also carried out the isochrone fitting
through the traditional models of PARSEC(Chen et al.[2014) and
YaPSI(Spada et al|[2017) and compared them with the SPOT-
derived radii. We found that traditional models underestimated
radii of rapid rotating stars,on average, by ~ 9% for G-type stars
and by ~ 11% for K- and M-type stars. The comparison is con-
sistent with previous studies on stars of open clusters(Somers &

Stassun|2017}; Jaehnig et al|2019).

1990
Time (Year)

Fig. 4. The flaring activity of the Sun from 1975 to 2017. The solar flare
energies are estimated based on the GOES soft X-ray data (Equation2).
The variation of the flaring activity shows a 11-year cycle.

-==- 16%: -4.36 km/s
==== 84%: -0.65 km/s

Number

vsin iour — vsin iAspCAp

Fig. 5. A comparison of vsini between our measurements and that of
ASPCAP for stars of vsini > 10 km s~!. The blue and read vertical
dashed line denote the 16th and 84th percentiles of the distribution re-
spectively.

10 km s~! respectively, although the detection limit of APOGEE
is ~ 5 km s~ (Deshpande et al.|[2013} Gilhool et al.|[2018).

2.4.2. Stellar radius

There is a widespread discrepancy between the radii of young,
active stars and model predictions, which is the so-called radius
inflation. This discrepancy is quite serious for fast rotating stars,
which is up to 20% (Jackson & Jeffries|2014;[Somers & Stassun|
[2017} Jaehnig et al.|2019). This is attributed to the fact that cur-
rent stellar models have a simple treatment on the surface con-
vection and do not account for the influence of magnetic activ-
ity on stellar parameters(Spada et al.|2013}; [Somers et al.|[2020).
For example, starspots inhibit convection, reducing the effective
temperature of a star. The temperature cooling will result in a
smaller radius in the isochrone fitting.

In order to estimate radii of our rapidly rotating, active
stars, we used the Stellar Parameters of Tracks with Starspots
(SPOTS)(Somers et al.|2020) to fit the effective temperature and
logg of the APOGEE parameters. The SPOTS models include
the structural effect of starspots in solar-metallicity evolution-
ary tracks, ranging from spotless to a surface covering fraction
(fspot) of 85%. It was found that in the saturation regime, the
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2.4.3. Determination of inclination

Given that we determined sini through Equation [4] that involved
a comparison of two correlated parameters: the calculated v and
measured vsini, we thus performed Bayesian inference and de-
termined the posterior probability distribution (PPD) of sini for

each star (Masuda & Winn[2020)).

We used the calculated v, measured vsini and their uncer-
tainties to define the likelihood function of v and vsini, both of
which are assumed to follow a Gaussian distribution. We set uni-

form priors for sini and v(Masuda & Winn|[2020). We applied

Bayes’ theorem to set up an integral calculating p(sini|D) and
directly computed the integral for the PPDs
llough|2020). For each distribution, we adopted the median value
as the sini, with the 16th and 84th percentiles providing the un-
certainties.

2.4.4. Uncertainties of inclination

We summarize factors that may cause uncertainties in the pa-
rameters in Equation 4], which will result in an overestimate or
underestimate of sini.

Overestimate of sini: (1) differential rotation will cause
overestimate of rotation period P, if it is the solar-like differential
rotation (i.e. the pole rotates slower than the equator). (2) vsini
will be overestimated by turbulence and activity, which are seri-
ous for slowly rotators. (3) R is underestimated by stellar model
especially for fast rotators (Radius inflation).

Underestimate of sini: (1) differential rotation will cause
underestimate of rotation period P, if it is the anti-solar differ-
ential rotation (i.e. the pole rotates faster than the equator). (2)
differential rotation will cause underestimate of vsini by a factor
of ~ 5 — 10% in solar-like rotators (Hirano et al.|2014).

We have dealt with the item (2) and (3) of overestimate in
the above Sections by setting a proper uncertainty or taking ac-
count of the temperature cooling, while the item (1) of overesti-
mate and the underestimate of sini are more complicated. Firstly,
the study of asteroseismology on 40 solar-like stars shows that
one-fourth of them have anti-solar differential rotation (Beno-
imar et al.|2018), although the significance is not enough. Fur-
ther analysis on their significance of signals and theoretical ex-
pectation suggest that fast rotators are dominated by solar-like
differential rotation. We thus assume that stars of our sample are
solar-like differential rotation(Gastine et al.|2014). The overes-
timated period and the underestimated vsini will act in opposite
direction to change the determined inclination. Their effects will
partially cancel out and cause a mean systematic underestimate
of sini by 5.7% (Healy et al.]2023). We added this fractional er-
ror in quadrature to the upper error bar of our results.
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2.5. Observe the Sun as a star through the telescope of the
Kepler mission

We simulated observing the Sun through the Kepler mission
from different inclinations. We should consider two factors that
influence the observation of a flare. One is the visible fraction D
of a latitude with respect to an inclination angle. It is governed

by the following equation(llin et al|[2021):

—tanf tan(5 —i) < -1
arccos(—tanf tan(3 —i)), —1<—tanf tan(7 —i) <1.
, —tand tan(5 —i) > 1

ON— =

&)

Here, the inclination angle is i and the latitude is 6. This equation
determines the probability that a flare is observed at a given lat-
itude and inclination. We take it as the observed fraction of the
flare energy at the latitude.

Another factor is the limb-darkening effect in the Kepler
band(Claret & Bloemen|2011). We adopted the quadratic func-
tion of the limb-darkening law:

Iw

- I1—a(l-w-b-p
u = cos(¢) (6)
a=040
b=0.26

Here, I is the observed intensity, ¢ is the angle between the line
of sight and the normal to a given point of the stellar surface. The
parameters a and b are the limb-darkening coefficients obtained
under the condition that T.g = 5750K,logg = 4.5,[M/H] =
0, and micro-turbulent velocity is 2 km s™! (Claret & Bloemen|
201T). Note that the influence of magnetic activity on the limb-
darkening coefficients is less than 5%(Kostogryz et al.[[2024),
which is negligible in this study.

We compared the flare flux intensity F' and the flare du-
ration 7 by the solar and stellar flares (Namekata et al.|[2017;
Maehara et al|[2015) and obtained 7 ~ F>73. Given that the
relation between the flare energy E and the flare duration was
E ~ 73(Namekata et al.2017; Maehara et al. 2015), we got
E ~ F8'19.

Based on above relations, we got the relation between the
observed flare energy Eopserved and the intrinsic flare energy E:

Egpserved = E D+ (1 = a(l = ) = b(1 = *)*" )
By virtue of Equation[7} we calculated the apparent flaring ac-
tivity with decreasing inclination from equator-on to pole-on,
which are shown in Figure 2c.

We increased the latitude of solar flares by 20°, 40°, and
70° respectively, to simulate LDAR in mid-latitude, high-latitude
and polar regions (Figure3) and obtained three distinct relation-
ships between the flaring activity and inclination.

3. Result and discussion

3.1. The comparison between the Sun and stars on the
latitudinal distributions of flaring activities

We derive the inclinations of flaring stars in Figure 1 through
three observational quantities including the projected rotational
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Fig. 6. The relation between the flaring activity and the inclination in
the saturated regime (R0<0.08). Circles are dwarfs and five-pointed

stars are subgiants. Open circles represent M-type stars. The green line
denotes the variation of the solar flaring with the inclination and the
shaded region represents the uncertainty caused by the maximum and
minimum of the solar cycle. The other three dashed lines denote the
variation caused by the mock data, which correspond to the flaring re-
gion distributing at mid latitude(+20°), high latitude (+40°) and polar
region (+70°) respectively. All the dashed lines have been shifted verti-
cally for a comparison.

velocity (vsini) (Abdurro’uf et al.|[2022)), rotation period
Quillan et al.|2014) and stellar radius (Somers et al.|2020). The

values of sini greater than 1 are nearly equator-on stars or proba-
bly unresolved binaries (Healy et al.[2023}|Simonian et al.[2020).
We compare the inclination sini and the apparent flaring activity
in the saturated regime (Figure [6) and unsaturated regime (Fig-
ure 7).

In the saturated regime, the magnetic field strength of fast
rotating stars becomes saturated(Reiners et al.|2009)). Thus their
intrinsic activities are believed to be independent of rotation and
should have the same activity level (Noyes et al][1984} Wright
let al]2011}, [Yang et al]2017). However, the variation of the ap-
parent flaring activities we derived is found to be related to the
inclination (Figure [6). This most likely results from the LDAR
of those fast rotating stars. The comparison between the stellar
and solar variations with different latitude distribution of flares
(dashed lines of Figure[6) shows that, for F-, G- and K-type stars
(4000 K< T <6300 K) with a fast rotation, their LDAR is of
solar-like. For M-type stars (T <4000 K), although they have
a higher activity level, we do not have sufficient observations to
identify their relationship with the inclination.

In the unsaturated regime, we divide Rossby number into
three intervals to reduce the influence of rotation (Figure[7). In
each interval, we assume that stars have the same intrinsic flar-
ing activity and check if they conform to the solar relation. The
uncertainty of vsini increases rapidly as stars slow down and it
is even impossible to detect flaring stars with low inclination be-
cause of the exponential decay of the apparent flaring activity
along with decreasing inclination. In spite of that, we can still
find a trend (or a positive correlation) between the apparent flar-
ing activity and inclination, especially for relatively fast rotators
(0.08<R0<0.15 the top left panel). As the rotation decreases, this
trend becomes more and more ambiguous because of the obser-
vation limit. Given that stars in the unsaturated regime are sup-
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posed to be solar-like dynamo, they are more likely to have the
same relation as the Sun. We suggest that better observations
may validate this trend in the future.

3.2. Interpretation of the LDAR of fast rotating stars

On the Sun, very few flares were found outside of active re-
gions(Hathaway|2015). The latitudinal distribution of flares can
represent the LDAR. The similarity of flaring latitudes demon-
strates that the LDAR of fast rotating stars is highly similar to
that of the Sun (Figure|[6).

Various tests have shown that Doppler imaging is inefficient
for the equatorial region where spots are recovered with reduced
area and contrast (Berdyugina2005} [Rice[2002). Our results find
a crucial evidence for flares being mainly distributed at latitudes
of 6 < 30°. Moreover, our sample includes about 50 stars with
over 4 years of observations. Since a faster rotator has a shorter
stellar cycle(Boro Saikia et al.[|2018)), the four-year observations
may cover the whole stellar cycle of those stars. If their starspots
propagate poleward, the corresponding initial emergence lati-

On the other hand, since fast rotating stars tend to form initial
starspots at higher latitudes of 8 > 30° where the latitudinal dif-

ferential rotation is stronger and the toroidal field generation is
more efficient(Isik et al.

Zhang et al.

Another interesting and still controversial feature in stellar
Doppler images are large polar spots or cool active regions over
the stellar poles, which are the so-called polar cap

2002} Berdyuginal[2005). This feature is explained by the sce-
nario that faster rotators give rise to higher latitude of active re-

gion (Strassmeier] 2002} [Berdyuginal[2005). Our results do not
support the scenario of polar cap for F-, G-,and K-type stars
because it will result in a totally different relation between the
flaring activity and inclination (the blue dashed line in Figure|[6).

Admittedly, the prevailing viewpoint based on the Doppler
imaging and simulations believes that polar spots were
widespread(e.g., [Schuessler & Solanki| [1992; [Choudhuri &
Gilman|[1987} [Strassmeier|2002), which contradict our results.

tudes should be at latitudes of 8 < 10° to ensure that they are
always at low latitudes of 6 < 30° through a whole stellar cycle.
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Fig. 8. The amplitude of lightcurve modulation S ,,(McQuillan et al.|[2014) vs. inclination for different range of Rossby number.

lines((Unruh & Collier Cameron| [1995)), the uncertainty of
vsini(Berdyugina [1998)), or the differential rotation(Hackman
et al[[2001), although these factors are not a general explana-
tion for all the polar cap. Moreover, the capacity of Doppler
imaging to recover features near the equator is seriously weak-
ened because of the less differential rotation, reduced area and
contrast(Berdyuginal[1998], |2005} Rice|2002). Features near the
equator are smeared and only the strongest features can be re-
covered(Rice et al.|[1989; Rice||2002). Those disadvantages of
Doppler imaging indicate that our result of LDAR near the equa-
tor could be more reliable. Another potential explanation for the
contradiction is that polar spots are more stable (or difficult to
erupt), so that flares of polar cap are rare. This explanation may
be supported by [Younes et al.| (2020), which finds that a flare
of the polar cap was triggered by the global dipolar pattern im-
plying that it is difficult to erupt. However, we suggest that, to
settle the contradiction, further studies on flares of those famous
polar-cap stars can provide critical information.

The previous study on fast rotating M dwarfs found that
their magnetic field geometries had two states: dipole and multi-
pole (Gastine et al.[2013} [Kochukhov|2021). The magnetic field
strength of the multipole state saturates at about 4 kG, while that
of the dipole state could exceed 4 kG and does not exhibit a
saturation (Shulyak et al.|2017). The difference of the magnetic

field strength of the two states was also revealed by the activ-
ity proxy of X-ray luminosity(Shulyak et al.|[2017). M dwarfs
with dipole state may account for their higher activity level as
shown in Figure [} However, the different activity levels of the
two states make it difficult to determine the relationship between
the activity and inclination for M-type stars. Nevertheless, given
that M dwarfs with the dipole state are associated with the polar
cap(Morin et al.|2010) and that giant flares have been found at
high latitudes of fully convective stars (Ilin et al.[2021)), we sug-
gest that M-type stars may have different LDAR with the Sun.
The uncertainty of the inclination of M-type stars increases
rapidly as vsini declines with decreasing stellar mass. Their
low luminosity is also unfavorable to be observed with high-
resolution spectroscopy and high-precision photometry. To ver-
ify the relationship between the flaring activity and inclination
for M dwarfs, more high-precision observations are required.

3.3. Can the LDAR be revealed by other proxies?

The flaring activity is probably the unique proxy that can re-
veal LDAR of stars under the current conditions of observation
because: 1) It only reflects the contribution from active regions.
The chromospheric activity Ry, and coronal activity Rx include
the contribution from the whole stellar hemisphere (Regardless
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of whether there is an active region or not, a local stellar region
will have a contribution to the activity proxy R}, and Rx). This
may greatly dilute the contribution of active regions, resulting
in that the variation of those proxies is small. For example, the
variation of R}, between the maximum and minimum of a so-
lar cycle is ~ 18%(Egeland et al.|[2017)), while the variation of
flaring activity is at least 360%(Figure [4)). We have investigated
the relation between R}, and inclination and did not find any
solid relation. ii) The observation of a flare is independent of
the inclination. For example, the proxy of lightcurve modulation
(McQuillan et al.|2014; |Santos et al.[|2021) caused by starspots
only reflects the contribution from active regions. However, its
amplitude S, depends on the inclination. It will be smaller if
observed from pole-on and larger from equator-on (Figure[§), as
the invisible region decreases. In other words, we cannot iden-
tify whether the variation of the amplitude is caused by LDAR
or inclination from Figure [8] However, the top left panel of Fig-
ure [§]can validate the calculation of inclination for fast rotating
stars(lower inclination should have smaller S,) and indicates
S pn and the flaring activity have a strong correlation.

3.4. Implication to the dynamo theory

In the dynamo simulation of the Sun, the most important feature
that needs to be reproduced is that sunspots appear at low lati-
tudes and propagate equatorward(Charbonneau|[2020; [Nandy &
Choudhuri|2002)). LDAR is a direct and strong evidence of the
underlying dynamo process(Roettenbacher et al.|2016). In our
sample, the similarity of LDAR between fast rotating stars and
the Sun demonstrates that they may have the same dynamo pro-
cess, thus providing a crucial constraint to the stellar dynamo
theory and simulation.

Our results are contrary to the expectation of previous dy-
namo simulations(Isik et al.|[2018; |Zhang et al.[2024)). They pre-
dict that faster rotators have higher latitudes of active regions
and form an inactive gap near the equator because of the weak
latitudinal shear and the low efficiency of the toroidal field gener-
ation near the equator. To settle this discrepancy, the distribution
of the latitudinal differential rotation and the role of the radial
shear need to be reconsidered(Nelson et al.|2013)).

On a wider scope of the dynamo theory, the popular view-
point on the stellar dynamo is that stars in the saturated and
unsaturated regime have different dynamo (the convective and
solar-like dynamo), which is based on the activity dependence
on rotation(Noyes et al.||1984; Wright et al.|[2011; Wright &
Drake|2016} |[Barnes|2007). Our result challenges this viewpoint
because the convective and solar-like dynamo give rise to similar
results as found here. If this is correct, it necessitates to establish
a unified solar-like dynamo that spans the whole evolutionary
stage of a star.

The previous study also finds that fully convective stars have
the same activity dependence on rotation with partially convec-
tive stars, indicating that they are the solar-like dynamo (Wright
& Drake|2016). Since fully convective stars do not have the
tachocline, it questions the canonical scenario that the tachocline
is crucial for the solar dynamo in the unsaturated regime. Be-
cause our stars are in the saturated regime that are very young
main sequence or pre-main sequence stars(Barnes|[2007), they
also do not have the tachocline probably due to that the radiative
core and convective envelop have not been coupled yet(Brun &
Browning|2017} [Barnes|[2007). Hence, our results further chal-
lenge the importance of tachocline in the solar-like dynamo, sup-
porting the unnecessary of tachocline as proposed by recent dy-
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namo simulations(Charbonneau|2020; Nelson et al.[2013; Fan &
Fang|2014; Zhang & Jiang|2022).

4. Conculsion

In this study, we calculate the flaring activity and inclination of
about 200 stars through the 4-year lightcurves of the Kepler Mis-
sion and the spectra of APOGEE. We also use about 40 years
of solar flaring data to simulate observing the Sun through the
Kepler Mission from equator-on to pole-on and obtained the re-
lationship between the apparent flaring activity of the Sun and
inclination. We compare the relationship with flaring stars with
different inclinations and found that fast rotators(Ro<0.08) have
similar relation with the Sun, which indicates that their LDAR
are solar-like, while the relation of slow rotators(Ro>0.08) need
to be verified in the future due to the data quality and observation
limit.

Our results provide a crucial constraint to dynamo theory and
its simulation, and also imply that fast rotators have the same dy-
namo process as the Sun, contrary to the numerical simulations.
Meanwhile, it provides a strong implication on the dynamo evo-
lution that the solar-like dynamo may be applied to the whole
evolutionary stage of a star, which is also contrary to the popular
viewpoint.

Moreover, our results contradict the prevailing viewpoint that
polar spots are widespread in fast rotators. Although we present
several potential reasons for the contradiction, we cannot obtain
a solid and general explanation. We suggest that to settle this
issue, further studies on flares of those famous polar-cap stars
can provide critical information.
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are plotted. Each row shows a star including five Fe I lines that exhibit minimal blending. Blue lines represent the our best-fit. Red lines represent
the best-fit of ASPCAP.
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Fig. A.2. Illustrated examples of six visual SB2s identified in our sample. Each row shows a star including five Fe I lines that exhibit minimal
blending. The vertical blue lines denote the possible companion feature. Red line represent the best-fit of ASPCAP. Those six binaries are plotted
with triangle in Figure 1, but are not included in the further analysis.
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