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ABSTRACT

We present a homogeneous analysis of rotational variability and spot properties in young stellar objects (YSOs) across
multiple star-forming regions observed by the HOYS (Hunting Outbursting Young Stars) project. From over 2000 candidate
members, we identify 144 YSOs with robust periodic signals and well-constrained multiband amplitudes. The sample has
a median age of ~1 Myr, effective temperatures of 3500-6500 K (masses ~0.6-2 M), and is dominated by Class 2 objects,
one third of which exhibit inner disc dust emission. The rotation period distribution is strongly bimodal, with 55 per cent
fastrotators (P < 5.5d)and 45 per cent slow rotators. Fast rotators are predominantly inner disc-less, whereas slow rotators
include both disc-bearing and disc-free systems, indicating that disc braking alone cannot explain the observed rotational
states. We derive spot properties from multiband amplitudes and find that, after correcting for observational biases, the
intrinsic cold-spot coverage distribution of fast rotators is well described by an exponential function. This implies that small
spot coverages are intrinsically much more common than large ones, consistent with stochastic magnetic flux emergence
governing spot formation. In contrast, slow rotators show a pronounced deficit of small cold spots. After considering
observational biases and alternative physical explanations, we conclude that small spots on slowly rotating YSOs have
significantly shorter lifetimes. These results provide new evidence that magnetic surface structure and its evolution depend
on stellar rotation, placing new empirical constraints on models of magnetic activity and angular momentum evolution
in young stars.

Key words: stars: formation -stars: pre-main-sequence - stars: rotation —starspots —stars: variables: T Tauri, Herbig
Ae/Be.

and star-disc interactions. Observations of young stellar objects
(YSOs) show a wide dispersion in rotation periods and associated
Stellar rotation is a key parameter in early stellar evolution, variability, indicating complex regulation mechanisms. Variabil-
governing angular momentum redistribution, magnetic activity, ity on time-scales of days is typically linked to structures within

the corotation radius or on the stellar surface (A. M. Cody et

al. 2014; D. Froebrich et al. 2021; C. Herbert, D. Froebrich &
* B-mail: df@kent.ac.uk A. Scholz 2023), while longer-term variability can arise from oc-
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cultations by circumstellar material on time-scales from days to
years (e.g. J. F. Lightfoot 1989; W. J. Fischer et al. 2023), or changes
in long-term accretion rates (e.g. M. Audard et al. 2014). The ro-
tation of a young star is initially inherited from its parent molec-
ular cloud, yet by the main sequence its angular momentum is
reduced by ~6-7 orders of magnitude (A. Belloche 2013). During
the first few Myr, rotation rates remain approximately constant
despite ongoing accretion, implying efficient angular momentum
loss, after which stars spin-up as they contract towards the zero-
age main sequence, reaching periods as short as ~0.2-0.3 d, be-
fore spinning down again due to magnetized winds (B. Reipurth,
D. Jewitt & K. Keil 2007; J. Bouvier et al. 2014). Thus, the observed
period distribution of YSOs is bimodal (e.g. W. Herbst et al. 2002,
2007; M. V. Rodriguez-Ledesma, R. Mundt & J. Eisloffel 2009,
2010; X.-L. Wang et al. 2023), indicating two distinct rotational
states and suggesting that the transition between them occurs on
relatively short time-scales.

A widely adopted explanation for this behaviour is disc brak-
ing, in which magnetic coupling between the star and its pro-
toplanetary disc regulates stellar rotation by extracting angular
momentum. This can be achieved in various ways, e.g. by disc
locking (A. Koenigl 1991), or accretion-powered winds (S. Matt
& R. E. Pudritz 2005). Observational evidence supports a link
between slow rotation and accretion, particularly for stars in the
mass range 0.4-1.2 M, (C. Fallscheer & W. Herbst 2006), and sug-
gests that the magnetically coupled region is confined to the vicin-
ity of the corotation radius (C. Zanni & J. Ferreira 2013). However,
the efficiency of this mechanism and its ability to reproduce ob-
served rotation distributions remain uncertain. The development
of a radiative core on time-scales of 0.5-10 Myr can alter the
stellar magnetic field topology, weakening the large-scale dipolar
component required for effective disc braking (F. Gallet, C. Zanni
& L. Amard 2019). Moreover, some studies find no statistically
significant correlation between accretion indicators and rotation
period (A. Sicilia-Aguilar et al. 2006), and the coexistence of fast
rotators with discs and slow rotators without discs indicates that
additional processes, such as magnetic field evolution, binarity,
or rapid disc dispersal, must play an important role. Together,
these results suggest that while disc braking provides a useful
framework, it does not fully account for the diversity of rotational
properties observed in YSOs.

Cold surface spots on YSOs are the manifestation of strong stel-
lar magnetic fields that inhibit convection, analogous to sunspots
but on a much larger scale. Solar observations provide a useful
reference framework: sunspots trace a cyclic magnetic field with
well-defined polarity patterns (G. E. Hale et al. 1919), although a
small fraction deviate from this behaviour (J. Li 2018). In YSOs,
magnetic field strengths reach a few kilogauss (C. M. Johns-Krull
2007), significantly exceeding solar values (H. W. Babcock 1961),
leading to larger, more stable spots that can cover tens of per cent
of the stellar surface. These spots exhibit temperature contrasts
of several hundred to ~1400 K below the photosphere (K. N.
Grankin et al. 2008) and their overall coverage decreases with
stellar age (B. M. Morris 2020). Photometric monitoring demon-
strates that spot modulation is a dominant source of variability,
and most YSOs show signatures consistent with cold spot cover-
age (J. Bouvier et al. 1999; J. M. Carpenter, L. A. Hillenbrand &
M. F. Skrutskie 2001).

Hot spots arise from magnetospheric accretion, where disc
material is channelled along magnetic field lines onto the stel-
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lar surface, producing localized heating and variability. These
spots drive a range of observed light-curve morphologies, from
burst-like behaviour linked to episodic accretion (J. Stauffer et
al. 2016; A. M. Cody et al. 2017) to stochastic variability caused
by unstable accretion flows (J. Stauffer et al. 2016), and quasi-
periodic modulation reflecting rotation combined with evolving
accretion structures (A. M. Cody et al. 2014). Contrary to the
classical picture of small, very hot accretion shocks, observations
reveal a wide diversity in spot properties: temperature contrasts
can be only a few hundred Kelvin above the photosphere with
large filling factors up to ~40 per cent (e.g. A. Scholz et al. 2012;
1. Bozhinova, A. Scholz & J. Eisloffel 2016; A. Sicilia-Aguilar et al.
2023). In other cases, hot spots occupy less than 1 per cent of the
surface (L. Ingleby et al. 2013). Extended, low-density accretion
structures can also dominate optical emission (C. C. Espaillat et
al. 2021), highlighting the complexity of accretion-driven vari-
ability in YSOs.

The Hunting Outbursting Young Stars (HOYS) citizen sci-
ence project combines long-term monitoring (from multiyear to
decade long) with multiband optical photometry in standard fil-
ters, from a coordinated network of amateur and professional ob-
servers that enables high-cadence homogeneous coverage across
multiple regions (D. Froebrich et al. 2018; J. J. Evitts et al. 2020).
Thus, it provides a uniquely suited data set for investigating the
evolution of rotational variability in YSOs. Previous HOYS stud-
ies have demonstrated its capability to characterize rotational
variability and surface features in detail. For example, individual
objects such as V1598 Cyg exhibit rapid rotation and spot-driven
variability (D. Froebrich et al. 2020), while systematic analyses
in IC 5070 revealed a clearly bimodal period distribution and
allowed the derivation of spot temperatures and surface coverage
for sizeable samples of YSOs (D. Froebrich et al. 2021; C. Her-
bert et al. 2023, 2024). These works show that most variability
is dominated by cold spots with large filling factors, along with
a smaller population of warm or hot spots linked to accretion,
but are limited to individual regions and relatively modest sample
sizes.

The primary motivation of this study is to extend this analy-
sis across multiple star-forming regions within the HOYS data
set, thereby testing whether key observational features, such as
bimodal period distributions, spot properties, and the connec-
tion between rotation and circumstellar discs, are universal or
environment-dependent. Expanding the sample enables a sta-
tistically robust characterization of rotational and spot prop-
erties, while consistent period analysis across epochs provides
constraints on spot lifetimes and on the intrinsic distribution
of spot properties. By linking rotation periods, variability am-
plitudes, and disc indicators, this work aims to assess the role
of magnetic star-disc interaction in regulating angular momen-
tum and to disentangle the relative contributions of magnetic
activity, accretion, and circumstellar material in shaping YSO
variability.

This paper is structured as follows. In Section 2, we detail
the extraction and calibration of our HOYS data, the period and
effective temperature determination, and the spot property cal-
culations. The period distribution and the YSO properties are
discussed in Section 3. In Section 4, we discuss how our results
compare to previous work, and what the implications of the spot
property distributions are for the nature of the cold and warm
spots on YSOs.
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Table 1. HOYS target regions investigated for periodic YSOs. We list the region name, the three-digit
region ID, the nominal centre coordinates for the fields, the number of light curves Nic and slices Ngf,
investigated with sufficient data, and the number of light curves and slices found to show a periodic signal.

Region RA/Dec. (J2000) Sufficient data Periodic
Name ID h:m:s NLC NSL NLC NSL
NGC 1333 001 03:29:02 +31:20:54 20 - - -
1C 348 002 03:44:34 +32:09:48 79 - - -
M42 003 05:35:17 —05:23:28 74 155 9 34
NGC 2264 004 06:40:58 +09:53:42 285 1 - -
o Ori 005 05:38:45 —02:36:00 69 324 17 90
A Ori 006 05:35:06 +09:56:00 18 - - -
L1641 N 007 05:36:19 —06:22:12 108 130 11 22
NGC 2244 008 06:31:55 +04:56:30 58 - - -
Berkeley 86 110 20:20:12 +38:41:24 229 25 - -
P Cyg 111 20:17:47 +38:01:59 196 15 - -
IC 1396 N 114 21:40:42 +58:16:06 150 405 17 71
IC 1396 A 115 21:36:35 +57:30:36 187 528 25 78
NGC 7129 116 21:42:56 +66:06:12 25 24 1 4
IC 5070 118 20:51:00 +44:22:00 136 970 31 211
IC 5146 119 21:53:29 +47:16:01 65 121 9 19
V898 Ori 202 05:40:26 —07:05:37 13 30 3 8
YY Ori 203 05:34:48 —05:57:57 52 160 9 32
V555 Ori 210 05:35:09 —04:46:52 80 226 10 48
Gaia 19 fct 213 07:09:21 —10:29:35 145 409 2 3
Gaia 19 eyy 214 08:30:42 —41:33:43 58 229 - -

2 DATA AND METHODOLOGY

In this section, we provide a brief overview of the data and
methodology used. They are mostly identical to what has been
done in our previous work in IC 5070 (D. Froebrich et al. 2021; C.
Herbert et al. 2023, 2024), but they are applied here to all HOYS
fields. Any differences are detailed in the following.

2.1 Data, calibration, and object selection

All photometry data used are from the HOYS citizen science
project (D. Froebrich et al. 2018), which monitors 25 young (age
less than 10 Myr) and nearby (distance less than 1 kpc) star
clusters and star-forming regions with a combination of amateur,
university, and professional telescopes. The aim of the project is
to obtain daily images in optical broad-band filters over about
25 yr. The images are calibrated relative to a set of reference
images taken under photometric conditions in the V, R¢, and
Ic filters. These will be referred to as V, R, and I, throughout,
for simplicity. Data in other filters (U, B, and H«) are avail-
able but not used in this work. All data are colour-corrected
(in case of non-ideal observing conditions or non-standard fil-
ters) following the procedures established in J. J. Evitts et al.
(2020).

In D. Froebrich et al. (2024), we used Gaia Data Release 3
(DR3) data (Gaia Collaboration 2016, 2023) to generate a full list
of cluster members in all HOYS target regions based on their
astrometric properties (parallax and proper motion). These ob-
jects therefore have distances and space motions consistent with
membership of the respective young star-forming regions, mak-
ing contamination by unrelated foreground or background stars,
including evolved giants, very small. In that work, a total of just
over 3000 objects were selected as potential HOYS cluster mem-
bers for investigation. Their light curves were extracted from our
data base on 2022 October 21 and calibrated using the procedures
detailed above. Light curves with at least 100 data points in each

of the three filters are available for 2047 of these. Only those are
investigated in this work.

For all potential cluster members, we used Gaia DR3 (Gaia
Collaboration 2016, 2023) cross-matches to the Two Micron All-
Sky Survey (2MASS; M. F. Skrutskie et al. 2006) and the Wide-
Field Infrared Survey Explorer (WISE) All-Sky Catalogue (R. M.
Cutri et al. 2013) to obtain their near-infrared (J, H, and K) and
mid-infrared (W1, W2, W3, and W4) magnitudes and colours. In
some cases, the objects did not have any K-band data available
in 2MASS. For these, we extracted data from the UKIRT Infrared
Deep Sky Survey (UKIDSS; A. Lawrence et al. 2007), in particular
from the Galactic Plane Survey (GPS; P. W. Lucas et al. 2008).

A note on notation: throughout the paper, we are investigating
the light curves, or parts of them, for our objects in multiple filters
(V, R, and I). In some cases, we will only need to refer to data in
an individual filter, and in others to the entire set of data in all
filters. Thus, for simplicity and to maintain the notation used in
C. Herbert et al. (2024), we will denote these data sets using {}
around the symbol for the shortest wavelength filter included in
the set. For example, {V'} refers to the data set in the filters V, R,
and I.

2.2 Light-curve slicing

We plan to investigate the spot properties on the observed YSOs
over time. For this purpose, all light curves have been dissected
(sliced) into blocks of 6 months’ length. This has been done with
an oversampling of two. In other words, a 6-month-long slice is
created every 3 months for all light curves. This follows the pro-
cedure developed for the field IC 5070 in C. Herbert et al. (2024).
The earliest data point in any of our light curves is from 2013. For
each object, the starting date for the first slice is therefore set on
the date of its worst observability in the Northern hemisphere in
2013. This is the date when it has the lowest altitude at midnight.

For all objects, only slices that contained at least 50 data points
in each of {V'} were retained. The majority of light curves did not

MNRAS 551, 1-17 (2026)
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4  D. Froebrich et al.

have the necessary observational cadence to meet this threshold
for their entirety. From the 2047 light curves, 918 objects had
at least one slice with sufficient data. In total, there are 3752
individual, 6-month-long slices. Table 1 lists the HOYS target
regions (including their number and nominal coordinates) with
investigated light curves, their number, and the number of slices
with sufficient data. Unlisted HOYS regions do not have any light
curves with sufficient data.

2.3 Period search and amplitude determination

The search for periodic variability has been conducted following
our investigations in D. Froebrich et al. (2021). In this work, we
established that the most efficient way of searching for periodic
signals in inhomogeneously sampled light curves such as those
from HOYS is a combination of different methods. In particular,
we combine the results of the L1Boot, L1Beta, L2Beta, and gener-
alized Lomb-Scargle (GLS) periodogram methods. The details of
these are discussed in the appendix of D. Froebrich et al. (2021).
We follow the procedures for period determination in each slice
and object, as outlined in C. Herbert et al. (2024) for the IC 5070
region, with some minor adjustments.

For each object, only slices with 50 data points in all {V'} filters
were considered, since the amplitudes in all three filters are re-
quired to determine the spot properties later on. Periodograms
with 1000 test periods, homogeneously sampled in frequency
between 1/0.5 and 1/20 d™! are determined for each filter, peri-
odogram method, and slice. Candidate periods for a slice were
accepted if the maximum periodogram power exceeded 0.15 (for
L1Boot, L1Beta, and L2Beta) or the lowest FAP (false alarm prob-
ability) was below 0.1 per cent (for GLS). Each of these candidate
periods must be within 5 per cent of each other in at least two
of the three filters by the same method. All candidate periods
within 1 per cent of 0.5, 1, or 20 d were removed, as they are either
at the edges of the investigated parameter space or too close to
the typical observing cadence. This generates a list of candidate
periods for each object.

These lists can contain different periods. In principle, for a
given object, we can have four candidate periods per slice, one
from each of the methods. Thus, we clustered the list of all can-
didate periods per object to identify groups. If the most populous
group contained more than 2/3rd of all candidate periods (and
there are at least five in the group), the median of all periods in
that group was chosen as the candidate period for the object. If for
an object none of the groups had sufficient data, the phase-folded
light curves were inspected manually, and visually good-quality
periods were added. The minimum number of candidate periods
accepted was two, which were detected by two different methods
in a single slice.

Finally, for each object with a candidate period, the final period
was determined as follows. A simple Lomb-Scargle periodogram
is applied over the entire light curve in each filter, centred on the
median of the candidate periods in the primary group. We used
1000 homogeneously distributed test periods within 10 per cent
of that median. The period associated with the highest peak in
the periodogram was determined in each filter. The median of
these is taken as the final period for the object, and the standard
deviation as the uncertainty. The full list of all identified periodic
sources is shown in Table Al in Appendix A. In that table, we list
the Gaia DR3 ID, the right ascension and declination, as well as
the measured period and the uncertainty.

MNRAS 551, 1-17 (2026)

All slices of the periodic variables with sufficient data were
phase folded with the respective final period for each object. The
observed sets of peak-to-peak amplitudes (A?V]) were calculated
following C. Herbert et al. (2024). These were taken from the run-
ning median in the light-curve phase plot, smoothed over 0.1 in
phase. The associated uncertainties are the standard deviation of
the phase-folded light curve from the smoothed running median.
In addition, the phase position of the minima and maxima of
the smoothed running median was recorded. Only slices where
the signal-to-noise ratio for the peak-to-peak amplitudes in all
three filters was greater than 3 and where minima and maxima
in the phase plots aligned within 0.125 are considered for spot
fitting. All phase-folded light curves were inspected, and five
additional slices were removed because the running median did
not represent the data well. This is generally due to gaps in the
data in phase space, which commonly occur with periods close
to integer days. In total, 620 sets of amplitudes A?V} in 144 YSOs
were identified as reliable. Table 1 lists their numbers for each of
the HOYS regions.

2.4 Effective temperature estimates and spot fitting

The fitting of spot properties on the YSOs follows the procedure
outlined in C. Herbert et al. (2023). This only requires knowledge
of the effective temperature T of the star and the sets of ampli-
tudes from the spot-induced periodic variability. In our previous
analyses of spot properties (C. Herbert et al. 2023, 2024), we fo-
cused on the YSOs in the IC 5070 region. There, almost all objects
had effective temperatures available from M. Fang et al. (2020).
For sources without, we used the best estimates based on their
position in the Gaia colour-magnitude diagram. Unfortunately,
this is not an option for most other HOYS regions. There are no
consistent catalogues of effective temperatures for all YSOs in
these fields available. As demonstrated in C. Herbert et al. (2023),
systematic changes of up to £400 K in the adopted T.s values
do not alter the inferred spot property distributions beyond the
statistical uncertainties. Thus, we outline below our new method
to obtain approximate effective temperatures from survey broad-
band colours for all HOYS YSOs.

We extracted all Gaia members in the North American and
Pelican Nebula (NAP) region that have an effective temperature
listed in M. Fang et al. (2020). This list was limited to T < 8000
K. In addition, we extracted all Gaia DR3 magnitudes (G, BP, RP)
and parallax values. The G-band magnitude was converted into
an absolute magnitude G using the parallax, without consider-
ing any extinction. In addition, all 2MASS and WISE magnitudes
(if available) were obtained. Homogeneous and reliable extinc-
tion estimates are not available for the full calibration sample.
This leaves a list of ~200 members of the NAP cluster with ef-
fective temperatures in M. Fang et al. (2020).

In order to fit the effective temperature in this sample based
on their absolute G-band magnitude and different colours, we
define the function shown in equation (1). There, the symbols
take their usual meaning, and the p; are free parameters. The two
additional colours C; and C, represent any colour that can be cre-
ated from the magnitudes of Gaia (G, BP, RP), 2MASS/UKIDSS
GPS (J, H, K), and WISE (W1, W2). We do not consider W3 or
W4 because these are not available at a high signal-to-noise ratio
for most objects:

Teff = Do + D1 GG + D2 (BP — RP)
+p3 Gg (BP — RP) + py Cy + ps C,. €Y)
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Figure 1. Left: In blue, we show the T, distribution of YSOs in the NAP region from M. Fang et al. (2020). In red, the distribution of the fitted T, values
for the rotational variables in all HOYS fields is displayed, while in green the subsample of sources in IC 5070 is shown. Right: A Gaia colour versus
absolute Gpag diagram of the rotational variables in our sample. The symbols are colour-coded with the fitted Teg values. Typical Gaia colour errors are
indicated as blue lines on the left-hand side. An extinction vector and 1 and 4 Myr PARSEC isochrones from A. Bressan et al. (2012) are overplotted for

reference.

The T.i distribution (blue histogram in the left panel of
Fig. 1) of the M. Fang et al. (2020) NAP sample shows un-
usual peaks near 3500, 4000, and 5000 K, where objects appear
to pile up, suggesting potential issues with these sources. We
therefore fitted T, with and without these objects. Furthermore,
because the sample contains far fewer high-temperature than
low-temperature sources, we also performed the fitting with and
without weighting each source (e.g. by 1/ Teg).

We used scIpy (P. Virtanen et al. 2020) to obtain the best-fitting
(lowest rms) parameters p; for every combination of the two
colours C; and C,, with and without weighting and removal of
objects in the T peaks. All combinations yield very similar rms
and T values, with the worst rms only 10 per cent higher than
the best. We therefore used all sources from M. Fang et al. (2020)
without weighting, adopting C; = K —W2and C, = H — W1 to
fit Tesr. These colours produce the lowest rms among those avail-
able for all investigated periodic variables.

The adopted colour combination includes the WISE bands,
raising the possibility that infrared excess from circumstellar
discs could bias the fitted T, values. However, testing all avail-
able colour combinations yields consistent temperatures within
the uncertainties, with no systematic differences between objects
with and without infrared excess (see Section 3.2). Likewise, al-
though simultaneous fitting of extinction and T, would in prin-
ciple be desirable, homogeneous and reliable extinction estimates
are not available for the full sample. Since our calibration is em-
pirical and based on spectroscopically determined T, values, any
average reddening present in the calibration sample is implicitly
incorporated into the fit. Moreover, as demonstrated in C. Herbert
et al. (2023), systematic changes of several hundred Kelvin in T
alter the inferred spot temperatures by a comparable amount but
have negligible effect on the spot coverages and do not change the
distributions or conclusions presented here.

We show the distribution of the fitted values of T.¢ for our
sample of rotational variables as a red histogram in the left panel
of Fig. 1 and list the values for all periodic sources in Table Al
in Appendix A. The Ty distribution is much smoother than that
of the M. Fang et al. (2020) sample and has no significant narrow

peaks. It has a maximum at temperatures of about 4500 K, a much
smaller fraction of objects below 4000 K, and a large population of
higher temperature sources. This distribution is understandable
in the context of the way these objects have been selected. They
are from a mix of all HOYS target regions, which are at various
distances of up to 1 kpc. The sources need to be sufficiently bright
in the V-, R-, and I-band filters for their period and amplitudes to
be measured. Thus, this sample is dominated by brighter, more
massive stars than the NAP sample from M. Fang et al. (2020). For
comparison, we overplotted the Tis distribution for the sample of
periodic variables in IC 5070. This accounts for about one-fifth of
the entire HOYS sample.

The right-hand panel of Fig. 1 shows the entire sample in a
Gaia colour versus absolute magnitude diagram, where the sym-
bols are colour-coded based on the T, values. We also plot 1 and
4 Myr PAdova and tRieste Stellar Evolutionary Code (PARSEC)
isochrones (A. Bressan et al. 2012) for reference, as well as a
reddening vector. We can see that the fitted values of T.s generally
follow the expected trend with some outliers. Comparison with
the overplotted PARSEC isochrones indicates that the sample of
periodic variables consists predominantly of stars younger than
about 4 Myr, with roughly half the sources lying above and half
below the 1 Myr isochrone, implying a median age of approxi-
mately 1 Myr. Several sources are significantly above the 1 Myr
isochrone. Thus, these are likely to be very young sources, unre-
solved higher-order multiples, objects affected by local nebulos-
ity, or highly reddened objects.

The fitted values of T and the observed sets of A?V} values
are used for each object and slice to fit the spot temperature and
coverage with their uncertainties. These follow exactly the proce-
dures outlined in C. Herbert et al. (2023, 2024). The only change
made is that we extended the maximum spot temperature consid-
ered from 12000 to 14 000 K. This was done due to some slightly
higher effective temperature objects in our sample compared to
our previous work in the IC 5070 field (C. Herbert et al. 2024). As
demonstrated in appendix A of C. Herbert et al. (2023), systematic
changes of a few hundred Kelvin in the adopted stellar T, result
in approximately half that change in the fitted spot temperature,
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Figure 2. The period distribution of all rotational variables identified in
the HOYS target fields is shown as a red histogram. The corresponding
CDF is shown as a solid black line. The green histogram and the dashed
CDF are the data for the objects in the IC 5070 field. The vertical dotted
line separates fast and slow rotators.

while the inferred spot coverage changes by only a few per cent.
These variations are well within the typical uncertainties of the
spot fitting (about 300 K for the spot temperature and 15 per cent
for the spot coverage) and therefore do not affect the spot property
distributions discussed in this paper.

3 ROTATIONAL YSO SAMPLE
CHARACTERIZATION

In this section, we discuss the stellar properties of the sample of
rotational variables identified in all HOYS fields.

3.1 Period distribution

As shown in Section 2.3, we have reliably measured periods and
amplitudes for 144 objects. The period distribution and the cu-
mulative distribution function (CDF) are shown in Fig. 2. The
distribution is clearly bimodal, in agreement with previous stud-
ies of solar-type stars (e.g. W. Herbst et al. 2002, 2007; M. V.
Rodriguez-Ledesma et al. 2009, 2010; X.-L. Wang et al. 2023).
The CDF suggests that the gap between the two peaks lies be-
tween 6 and 7 d. For consistency with our previous work (D.
Froebrich et al. 2021; C. Herbert et al. 2023, 2024), we adopt 5.5
d as the boundary between fast and slow rotators. This yields
79 (55 per cent) fast rotators and 65 (45 per cent) slow rotators.
Modest changes to this boundary do not significantly affect these
fractions.

To assess potential biases in period detection, we performed
injection-recovery simulations using our data. Artificial sinu-
soidal signals with periods between 0.75 and 19.6 d (in steps of
1.05 d) and V-band amplitudes from 0.02 to 0.16 mag (in steps
of 0.02 mag) were added to all slices with sufficient data. The
corresponding amplitudes in R and I were scaled by factors of
0.87 and 0.71, respectively, following C. Herbert et al. (2023).
The signals were injected repeatedly with random phase, and the
detection rate was recorded. As shown in Fig. 3, detection rates
averaged over all objects depend primarily on amplitude and only
weakly on period, decreasing by at most a few per cent across
the period range considered. This reflects the fact that periods
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Figure 3. Simulated average detection rate in our data as described in
Section 3.1 as a function of period and V-band amplitude.

Table 2. Number and fraction of fast/slow rotators and K — W2 excess
sources in selected HOYS target fields, sorted by increasing fraction of
slow rotators. See text for details on how the fields are defined. Note that
the numbers in the row ‘Total’ include the sum of sources in the entire
HOYS sample.

Region Fast rotators Slow rotators E(K —W?2)
(per
N (per cent) N (percent) N cent)
Orion 30 71 12 29 9 21
IC 5070 20 65 11 35 17 55
I1C 1396 19 45 23 55 9 21
o Ori 2 12 15 88 7 41
Total 79 55 65 45 50 35

up to 20 d are sampled within ~180 d windows, so the reduced
number of cycles at longer periods has only a minor impact on
detectability.

Since the period distribution combines multiple HOYS regions,
we examine variations between fields. The most populated re-
gion, IC 5070, previously studied in D. Froebrich et al. (2021) and
C. Herbert et al. (2023, 2024), is overplotted in Fig. 2. We find 20
(65 per cent) fast and 11 (35 per cent) slow rotators, consistent
with earlier results and indicating a slightly higher fraction of
fast rotators than in the full sample. For most other regions, small
number statistics limit direct comparisons. However, combining
spatially related fields yields more robust estimates (Table 2). We
group IC 1396 A and N into ‘IC 1396, and M42, L1641 N, V898
Ori, YY Ori, and V555 Ori into ‘Orion’, while o Ori is treated
separately. Despite the diversity of environments, the fast/slow
fractions are broadly consistent: Orion and IC 5070 show roughly
two-thirds fast and one-third slow rotators, while IC 1396 is close
to an even split. Though the statistics are poor for the o Ori region,
it stands out with nearly 90 per cent of its 14 objects being slow
rotators and (as discussed in the next subsection) about 40 per
cent exhibiting a K — W2 excess.
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3.2 Inner disc excess

The bimodality of YSO rotation periods is commonly attributed
to disc braking, where magnetic coupling between the star and
its inner disc regulates angular momentum (e.g. J. Bouvier et
al. 2014; L. Venuti et al. 2017; Y. Bu et al. 2025). We therefore
use the K — W2 colour to identify the inner dust discs in our
sample. Objects with excess emission in this colour (>0.5 mag)
are interpreted as hosting warm dust close to the star, indicative
of a dense inner disc (P. S. Teixeira et al. 2012), or a thick disc.

The disc excess fraction for the full sample and the four regions
defined previously is summarized in Table 2. Overall, one third
of the objects show a K — W2 excess. We note that the absence
of excess does not imply the absence of an inner disc, as dust-
depleted or anaemic discs (e.g. P. S. Teixeira, A. Scholz & J. Alves
2020) remain undetected in this colour. The disc fraction varies
from ~20 per cent in Orion and IC 1396 to 40 per cent in o Ori and
just over 50 per cent in IC 5070, consistent with D. Froebrich et
al. (2024) despite the more stringent variability selection applied
here.

The relation between rotation period and K — W2 colour is
shown in the top panel of Fig. 4, where vertical and horizontal
lines at 5.5 d and 0.5 mag separate fast/slow rotators and disc/no-
disc objects, respectively. About 40 per cent of the sample are fast
rotators without disc excess, while the 45 per cent of slow rotators
split evenly between disc-bearing and disc-free systems. In the
standard disc braking picture, stars evolve from slow rotators
with discs to fast rotators without discs. However, about one fifth
of the sample consists of slow rotators without detectable dust
discs, possibly due to gas-rich but dust-depleted discs or tidal
locking in binaries. Conversely, roughly 15 per cent of objects
are fast rotators with disc excess, which may reflect binarity or
weaker magnetic coupling. Colour-coding by region shows that
slow rotators without disc excess are rare in IC 5070 and are
predominantly found in Orion and IC 1396.

The middle and bottom panels of Fig. 4 show the spectral
energy distribution (SED) slope «sgp, derived from the W1 to
W4 WISE magnitudes following D. Majaess (2013), as a function
of the rotation period and K — W2, respectively. The nominal
boundaries between Class 1 and Class 2 (asgp = 0) and between
Class 2 and Class 3 (asgp = —2) are indicated. The sample is
dominated by Class 2 objects, with few Class 1 or Class 3 sources.
Within the Class 2 population, objects with disc excess tend to
have higher asgp values. A threshold at asgp = —1 separates
Class 2 objects with and without inner dust discs, which we refer
to as early and late Class 2. Accordingly, 70 per cent of early
Class 2 objects show disc excess, while 85 per cent of late Class 2
objects do not. With the exception of very short rotation periods
(P < 2 d), the asgp slope shows no correlation with the rotation
period of the source. This suggests that the innermost parts of the
disc are the dominant component regulating angular momentum
transfer. Once a small [fraction of an au (astronomical unit)] hole
is present in the inner disc, the star may no longer be efficiently
coupled to the disc, irrespective of how much material remains
at larger radii.

The Gaia colour-magnitude diagram of the sample is shown
in Fig. 5, using absolute magnitudes derived from inverted par-
allaxes without extinction correction. PARSEC isochrones for 1
and 4 Myr (A. Bressan et al. 2012) are overplotted. Colour coding
by period—disc classification (left panel) and region (right panel)
reveals no clear trends: objects with and without disc excess are
not separated, and neither population is preferentially associated
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Figure 4. Relationship between the period, K — W2 colour, and asgp
slope for the rotational variables in our sample. The colour code indicates
the region the sources are in. Red dots indicate objects not in any of
the four populous regions. Dotted lines separate fast and slow rotators at
P = 5.5d, sources with and without colour excess at K — W2 = 0.5 mag,
and Class 1, 2, and 3 objects based on their asgp value. Top: The rotation
period versus the K — W2 colour. Middle: The rotation period versus the
asgp slope. Bottom: The K — W2 colour versus the asgp slope.
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Figure 5. Gaia absolute magnitude versus colour of the rotational variables. In the left panel, the objects are colour-coded based on their distribution
in the period versus K — W2 colour plot, and in the right panel according to the star formation region they are in. In all panels, the solid black line isa 1
Myr PARSEC isochrone and the dashed black line a 4 Myr isochrone (A. Bressan et al. 2012).

with younger or older isochrones or specific regions. The lower
mass limit corresponds to G ~ 7 mag, i.e. ~0.6 My at 4 Myr (A.
Bressan et al. 2012).

Brighter stars (G < 5 mag, >1 M) are predominantly found
in Orion, while lower-mass objects are more common in IC 5070.
These brighter stars are mainly fast rotators without disc excess;
65 per cent fall into this category. This is consistent with more
massive stars dispersing their inner discs more rapidly through
stronger radiation (J. M. Carpenter et al. 2006), leading to earlier
spin-up.

3.3 Rotational variables - summary

We have identified a sample of 144 rotationally variable YSOs
from 12 different HOYS target fields (young star clusters/star-
forming regions). Their placement in the colour-magnitude di-
agram suggests that they are mainly younger than 4 Myr, with
a median age of about 1 Myr. Their estimated effective temper-
atures range from 3500 to 6500 K, placing them in an approx-
imate mass range of 0.6 to 2 M. The sample is dominated by
Class 2 objects, and one third shows excess emission that can be
attributed to warm dust in the inner disc. This supports the stan-
dard disc braking scenario in which slow rotators preferentially
retain discs while fast rotators are typically disc-free. However,
substantial populations of slow rotators without dust excess and
fast rotators with discs indicate that additional effects such as gas-
rich dust-depleted discs, binarity, or weaker magnetic coupling
also influence rotational evolution. Two-thirds of the sample are
fast rotators, predominantly without disc excess emission. The
hotter stars (above 5000 K) are generally fast rotators without disc
excess emission. There are no discernible age trends with rotation
period, disc excess, or location.

4 CHARACTERIZATION OF SPOT PROPERTIES

4.1 Method comparison in IC 5070

In the following sections, we discuss the distributions of spot
properties derived for our sample, based on amplitude measure-
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ments of periodic light curves and fitted stellar effective tem-
peratures. We follow the spot-fitting procedures outlined in C.
Herbert et al. (2023, 2024) with very minor adjustments discussed
in Section 2.4. In C. Herbert et al. (2024), the spot properties in IC
5070 were determined using measured T, values from M. Fanget
al. (2020). Here, we first compare those results with the updated
Te distributions obtained in this work.

Fig. 6 shows histograms and CDFs of spot coverage and spot—
star temperature differences (Tg — T,) for warm (left) and cold
(right) spots, derived using three approaches. Sample 1 (red) cor-
responds to C. Herbert et al. (2024). Sample 2 (green) uses the
same amplitudes but updated fitted T values, while sample 3
(blue) represents the full analysis of this work, including minor
amplitude differences caused by small changes in the start dates
of light-curve slices. The general distributions are consistent,
with small systematic offsets mainly due to the systematically
higher T.4 values adopted here.

For cold spots, the temperature difference between the spot
and the star increases by ~200 K, approximately half the typical
increase in Teg, consistent with the simulations in C. Herbert et
al. (2023). The cold spot coverage decreases by ~0.01 when using
the fitted T,¢. The small differences between samples 2 and 3 indi-
cate that the correspondingly small differences in the measured
amplitudes do not significantly affect the derived spot property
distributions. Thus, the updated T4 values introduce only small
systematic shifts, comparable to the typical uncertainties, while
providing a more realistic Tes distribution (left panel of Fig. 1)
and more reliable cold spot properties.

For warm spots, the changes are smaller and less systematic.
The temperature difference increases again slightly (~200 K)
when using the fitted T. values, while the coverage distribution
remains largely unchanged. Variations in amplitude measure-
ments have a somewhat larger effect, producing a slightly higher
fraction of large warm spots. However, these are few in number,
and their properties are less certain (see Section 4.2.3).

The distributions of spot coverage and temperature difference
for the full sample are shown in the left panel of Fig. 7, with
histograms and CDFs of spot coverage for cold and warm spots in
the right panel. These are discussed in the following subsections.

920z 1snbny ¢ uo1sanb Aq ¥ | v91/8/8Z 1 BeIS/ /L SS/801E/SBluW/ /W02 dNo IWSPEI. W) PSPEOJUMOQ]



Spot properties on YSOs 9
1.0 1.0
17.5
25 A
15.0 0.8 r0.8
0 " 201 .
g g 8 g
2z 0.6 2 g 0.6 5
S 100 o O 15 2
o o (o] o
= (= = =
[ o [ o
€ 75 L0.48 £ L0.4g
5 o 5 10 o
=4 [y =2 [
5.0
0.2 5 0.2
2.5
0.0 0.0 0 +0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Spot Coverage Spot Coverage
1.0
| e s1
20.0 1 0 52
| mm s3
17.51 35 Lo.8
v 15.0 4 0 ) 301 )
5 © g 9
2 2 L Fo.6 -2
81251 8 8 251 8
k) 6 G 6
5100 E 520 s
S I < ro.4 g
2 75 £ 2151 £
10 4
5.0 Loz
25 5
0.0 0 +0.0
1000 2000 3000 4000 5000 6000 -3000 -2500 -2000 —1500 -1000  —500 0

Temperature Difference [K]

Temperature Difference [K]

Figure 6. Comparison of spot property distributions from C. Herbert et al. (2024) and this work for IC 5070. Sample 1 is the original sample from C.
Herbert et al. (2024). In sample 2, we used the same amplitudes but our fitted values of Teg. Sample 3 represents this work. Warm spot properties are in
the left column, and cold spot properties are in the right column. The top row shows the coverage distribution, and the bottom row shows the star-spot

temperature difference distribution.

9z0z 1snbny ¢| uo1senb Aq 1191/ 8/82 L BBIS/ /1 GG/]01E/SeIUW /W02 dNo dlWwapede Wolj papeojumo(

1.0 301 1.0
.
60007 »
0.8 251 r0.8
- .
X< 40007,
(] n "
: £
s 0.6 _ ey (063
£ 20001 " g o °
a ad 4] S 15 o
g o ey - @ 8 s
2 o et e S, 04T £ Fo43
a 4 =] fey
=3 0% Sl o0 =104 =
£ S% o N
: ..,.“&. gL
~2000 A " 0.2 5 L 0.2
.
—4000 : : ; : . 0.0 0 0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4

Spot Coverage Spot Coverage

Figure 7. Left: Spot temperature difference Ts — T, versus spot coverage for the entire sample of rotational variables. Horizontal dotted lines mark
Ts — T. = 0K and Ts — T, = 2500 K, which separate the cold, warm, and hot spot solutions. The symbols are colour-coded according to the HS:CSy,
ratio, our spot property quality indicator. Values close to zero indicate well-constrained cold spot properties. Values near 1 indicate well-constrained
warm/hot spot properties. Values near 0.5 correspond to increasingly degenerate hot and cold spot solutions (see C. Herbert et al. 2024, for details). The
typical uncertainties of the spot coverage and temperature differences are 0.02 and 250 K, respectively. Right: Distribution of spot coverage of hot/warm
(blue) and cold spots (red). The solid lines are the CDFs of the hot/warm (blue) and the cold spots (red).

MNRAS 551, 1-17 (2026)



10  D. Froebrich et al.

0.45 .
.
.
0401 °, -: .
L] O 4
0.35 L
g . .
[
& 0.30 A .~
o
3 0.251 % I O
.
3 e oo° ..
& 0.201 IR B Pengnn
L] ° [ L4 Y
o® o3
o
0.15 Y e, e’ .
. ° e .
0.10 1 T e ° o s
(1] ° L4 .
005_ T T T v. T T T T
0 2 4 6 8 10 12 14 16 18
Period [d]

Figure 8. Stellar rotation periods versus the coverage for all cold spots in
our sample. A lack of small spots on slow rotators is evident (bounded by
the black dotted lines). The typical uncertainties of the spot coverage are
0.02. The period uncertainties are typically smaller than the symbol size.

4.2 Cold spot properties

The distribution of cold spot coverage (red histogram in the right
panel of Fig. 7) is very similar to that found for IC 5070 in C.
Herbert et al. (2024), showing an approximately flat distribution
between the detection limit (coverage of 0.05) and ~0.25. To re-
cover the underlying true distribution, this observed distribution
must be corrected for the detection efficiency of our method using
the simulations described in Section 3.1 (see also Fig. 3). This is
addressed in Section 4.2.3. Before doing so, we assess whether
additional selection effects or biases could influence the observed
distribution.

The key feature of the data is the dependence of spot coverage
on the rotation period (Fig. 8). The fast rotator population (P <
5.5 d) contains a much higher fraction of low coverage spots and
very few large coverage spots. On the other hand, slow rotators
(P > 5.5 d) are dominated by large spot coverage (>0.20), with
comparatively few small spots. This behaviour is not expected
from detection biases. The simulations in Fig. 3 demonstrate that
the detection rate is essentially independent of the rotation pe-
riod. Hence, the observed trend is likely physical, reflecting a
combination of shorter lifetimes, non-existence of small spots,
and/or smaller temperature contrasts for low-coverage spots on
slow rotators. There are two main explanations for why small cold
spots could not exist on the slow rotators. The magnetic pressure
on the spatial scale of the spots is lower than the gas pressure
in the surrounding stellar atmosphere. The granulation scale on
the stars is larger than the spot size. Both are very unlikely given
the nature of the YSOs and the coverage range (0.05-0.20) of the
‘missing’ cold spots.

We briefly consider and exclude other possible explanations.
The simulations rule out a detection bias against low-coverage
spots at longer periods. A bias in the effective temperature is also
unlikely. When we restrict the sample to T < 5500 K (where
both fast and slow rotators are present), it does not alter the
observed distribution. Thus, the T, distribution cannot account
for the trend. Consistent with studies of main-sequence stars,
where larger spots and spots on cooler stars have longer lifetimes
(H. A. C. Giles, A. Collier Cameron & R. D. Haywood 2017),
the most plausible explanations are that low-coverage spots on

MNRAS 551, 1-17 (2026)

slow rotators either have reduced temperature contrast, or have
lifetimes too short to be detected by our methodology. These will
be briefly discussed in the next two subsections. Furthermore,
using homogeneous period and coverage distributions, a simple
Monte Carlo simulation shows that there is less than 6 x 107°
chance that the observed distribution is a statistical fluke.

4.2.1 Cold spot temperature contrast

The key result is that variations in the spot-star temperature
contrast cannot explain the lack of low-coverage spots on slow ro-
tators. As shown in the left panel of Fig. 7, there is a weak trend in
the cold spot properties: spots with large temperature differences
(>2000 K) predominantly have small coverage. This implies that
smaller spots tend to exhibit higher temperature contrasts than
larger cold regions. We note that the derived spot temperatures
represent averages over the full spot area, and localized regions
within the spots may reach lower temperatures.

There is a detection bias, as the sensitivity to spot-star temper-
ature differences increases with spot coverage. For a given tem-
perature contrast, larger spots produce higher amplitudes and are
therefore easier to detect. To account for this, we impose a com-
mon lower limit on the temperature difference (e.g. 750 K). This
slightly modifies the period-coverage distribution, but does not
remove the main trend. In particular, the deficit of low-coverage
spots among slow rotators persists, as the selection primarily
removes larger spots across all periods. Hence, while reduced
temperature contrasts contribute to the observed behaviour in
Fig. 8, they are not the dominant effect.

4.2.2 Cold spot lifetimes

Our period determination (Section 2.3) is based on 6-month light-
curve segments. As a result, only spots that remain stable for a
significant fraction of this time-scale can be detected. In prac-
tice, this implies that only spots with lifetimes 2>150-200 d are
included in our analysis. The absence of small spots on slow
rotators (Fig. 8) therefore directly indicates that such spots must
have lifetimes shorter than this threshold and are therefore not
recovered by our method. In combination with the lack of biases
discussed above, this strongly suggests that spot lifetime is the
primary driver of the observed distribution.

This interpretation can be placed in the framework of turbulent
magnetic diffusivity. S. J. Bradshaw & P. Hartigan (2014) showed
that the empirical spot lifetime-size relation can be explained if
the relevant diffusion scale is set by the supergranule size, with
only a weak dependence on other stellar parameters. Using their
fig. 1, we can estimate whether our results are consistent with this
picture. For fast rotators, the detection limit of a coverage of 0.05
corresponds to spot radii of about 1.5-2.2 x 10° km (assuming
single spots on stars with radii of 1-1.5 R, ). These spots persist for
at least 150-200 d, which implies supergranule sizes of <0.1Rg.
In contrast, for slow rotators, spots with coverage <0.2 (radii
about 3.0-4.5 x 10° km) are rarely detected, indicating lifetimes
shorter than 6 months. Within the same framework, this implies
substantially larger supergranules, of the order of half the solar
radius or more.

These results suggest that spot lifetimes, and hence supergran-
ule sizes, depend on stellar rotation. Faster rotating stars appear
to host smaller supergranules, allowing spots of a given size to

920z 1snbny ¢ uo1sanb Aq ¥ | v91/8/8Z 1 BeIS/ /L SS/801E/SBluW/ /W02 dNo IWSPEI. W) PSPEOJUMOQ]



1.01

o o
) ©
L )

o
IS
s

Fraction of Objcts

0.2

0.0

0.0 0.1 0.2 0.3 0.4
Spot Coverage

Figure 9. Exponential fit to the coverage distribution of cold spots on
fast rotators. The fit has been corrected for the detection efficiency shown
in Fig. 3.

survive longer. This is consistent with the established propor-
tionality between spot size and lifetime for the Sun and main-
sequence stars (M. N. Gnevyshev 1938; M. Waldmeier 1955; K.
Petrovay & L. van Driel-Gesztelyi ; S. V. Berdyugina 2005), and
likely extends to YSOs (see also H. A. C. Giles et al. 2017). We note
that our measurements represent asymmetrically distributed spot
coverage rather than individual spot sizes, and thus the inferred
radii are upper limits.

In summary, the lack of small spots on slow rotators is best
explained by short spot lifetimes below ~6 months. Within the
turbulent diffusivity framework, this implies that supergranule
sizes decrease during the spin-up phase after disc dispersal, po-
tentially by at least a factor of 5. The physical origin of super-
granule sizes remains uncertain even for the Sun (S. J. Bradshaw
& P. Hartigan 2014), but the apparent dependence on rotation
suggests a link to changes in magnetic field structure during early
stellar evolution. A more detailed analysis of spot lifetimes as
a function of coverage and rotation is required to quantify this
effect, but this is beyond the scope of this work.

4.2.3 Cold spot coverage distribution

In Fig. 7, we present the distribution of spot properties for the
full sample, extending fig. 5 of C. Herbert et al. (2024) to a sample
~2.5 times larger. As shown in the previous subsection, the spot
coverage distribution depends on rotation period, with only fast
rotators (P < 5.5 d) hosting spots whose lifetimes exceed the 6-
month detection limit across the full coverage range. We therefore
restrict the analysis of the intrinsic coverage distribution to these
objects (Fig. 9).

The observed distribution peaks at a coverage just below 0.1,
and at a star-spot temperature difference near 1000 K (not
shown). After correcting for detection efficiency using the simu-
lations described in Section 3.1 (see also Fig. 3), we test different
functional forms for the underlying spot coverage distribution.
Lognormal and power-law models fail to reproduce the data,
while an exponential distribution provides a good fit (solid blue
line in Fig. 9). This demonstrates that small spot coverages are
intrinsically much more common than large ones, with no pre-
ferred coverage beyond a characteristic scale. Such behaviour is

Spot properties on YSOs 11

naturally explained if spot formation is governed by stochastic
magnetic flux emergence rather than by a process that produces
a characteristic spot size. The temperature contrast distribution
cannot be modelled in the same way because the rise towards
the peak at ~1000 K is strongly affected by selection effects.
However, beyond this peak the number of spots decreases rapidly
with increasing temperature contrast, qualitatively consistent
with stronger suppression of convection being progressively less
common.

For slow rotators (P > 5.5 d), the observed distribution peaks
at a coverage of ~0.2 and a temperature difference just below
1000 K, consistent with the lifetime-driven detection bias dis-
cussed above. However, the number statistics are insufficient to
constrain the underlying distribution for this subsample.

4.3 Hot/warm spot properties

The coverage distribution of hot/warm spots indicates the pres-
ence of two distinct populations (right panel in Fig. 7). The distri-
bution is bimodal, with peaks near 0.05 and 0.1, implying two ap-
proximately equally populated groups: small hot spots consistent
with accretion column footprints, and larger warm spots likely
associated with plages or faculae.

There are significantly fewer hot/warm spots (128) than cold
spots (311) in our sample. In addition, some solutions for large
coverage, warm spots are less reliable, as indicated by low HS:CSy
values (see C. Herbert et al. 2024 for details). Consequently, the
following discussion remains qualitative. C. Herbert et al. (2024)
reported an apparent gap between the hot and the warm spots
in the spot-star temperature difference distribution. With the
improved sample size, this gap is no longer present. Instead, the
temperature distribution is smooth. Unlike for cold spots, there
is no clear deficit of small warm/hot spots on slow rotators, al-
though this may be influenced by limited number statistics.

The larger warm spots identified are consistent with magnetic
surface features such as plages or faculae (see also D. Froebrich et
al. 2020). If this interpretation is correct, these structures should
have a latitude distribution similar to that of the cold spots. How-
ever, confirming this would require detailed modelling of phase-
folded light curves, which is beyond the scope of this work.

5 CONCLUSION

We conducted the first homogeneous, multiregion analysis of ro-
tational variability and spot properties in YSOs using long-term,
multiband photometry from the HOYS project. From an initial
sample of over 2000 candidate members across 25 star-forming
regions, we identified 144 YSOs with robust periodic signals and
well-constrained amplitudes in three optical bands. These ob-
jects span 12 regions and occupy a well-defined locus in colour-
magnitude space consistent with ages younger than ~4 Myr, with
a typical age of the order of 1 Myr. Their effective temperatures
range from approximately 3500 to 6500 K, corresponding to a
mass range of roughly 0.6-2 My. The sample is dominated by
Class 2 objects, with about one third showing clear evidence of
warm dust in the inner disc.

The distribution of rotation periods is strongly bimodal, with
55 per cent of the objects classified as fast rotators (P < 5.5
d) and 45 per cent as slow rotators. This bimodality is robust
against observational biases and is consistently recovered across
multiple regions, in agreement with previous work. The rela-
tionship between rotation and inner disc indicators supports
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the disc-braking paradigm: fast rotators are predominantly disc-
less, while slow rotators comprise both disc-bearing and disc-free
systems. At the same time, the presence of slow rotators with-
out detectable dust discs and fast rotators with disc signatures
demonstrates that disc braking alone cannot fully account for
the observed rotational states, highlighting the role of additional
physical processes such as magnetic field strength, binarity, or
rapid disc evolution.

By combining multiband amplitudes with photometrically de-
rived effective temperatures, we have characterized the statis-
tical properties of stellar spots across this diverse sample. For
fast rotators, the intrinsic cold spot coverage distribution is well
described by an exponential function once observational biases
are removed. This implies that small spot coverages are intrin-
sically much more common than large ones and suggests that
spot formation is governed by stochastic magnetic flux emer-
gence rather than by a process producing a preferred spot size.
This constitutes the first empirical constraint on the intrinsic spot
coverage distribution of YSOs. In contrast, slow rotators show
a pronounced deficit of small-coverage spots. Given that our
simulations demonstrate a negligible dependence of detectability
on rotation period, this difference is intrinsic and points to a
fundamental change in spot evolution between the populations
of fast and slow rotators. The inferred spot property distribu-
tions are robust against plausible systematic uncertainties in the
adopted stellar effective temperatures and other methodologi-
cal choices discussed in Section 2.4, indicating that the conclu-
sions presented here do not depend on the precise temperature
calibration.

The most significant result of this work is that spot evolution
differs fundamentally between fast and slow rotators. The ab-
sence of small, long-lived spots on slow rotators suggests that
these features evolve or decay on time-scales shorter than the 6-
month window required for detection, while comparable spots on
fast rotators remain stable. Within the framework of turbulent
magnetic diffusion, this implies that the characteristic scales of
surface convection, and therefore magnetic structuring, differ sig-
nificantly between fast and slow rotators. In other words, our data
suggest that the supergranule sizes in YSOs are influenced by the
rotation period. Although this interpretation relies on indirect in-
ference, the consistency of the observed trends across the sample
provides compelling evidence for a rotation-dependent regime of
magnetic surface structure in young stars.

Warm and hot spot solutions reveal a more complex pic-
ture, with indications of two distinct populations: small, high-
temperature contrast features consistent with accretion funnel
footprints, and larger, moderate-temperature structures that may
represent plage- or faculae-like activity. Although the number
statistics are limited, these results suggest that both magnetic
activity and accretion processes contribute to the observed rota-
tional variability in YSOs.

Together, our results establish an observational picture in
which rotation, disc evolution, and magnetic surface structure are
closely linked in young stars. The combination of a bimodal ro-
tation distribution, a partially, but not exclusively, disc-regulated
spin evolution, and a rotation-dependent cold spot coverage dis-
tribution provides new empirical constraints on models of early
stellar angular momentum evolution and magnetic activity. Fu-
ture work incorporating improved stellar parameter estimates,
extinction corrections, and time-resolved spot modelling will
be essential to refine these conclusions and to fully exploit the
unique long-term monitoring capabilities of the HOYS survey.
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Table Al. Periodic YSOs identified in this work. We list the Gaia DR3 ID number, the RA and Dec. of the source,
as well as the period and its uncertainty measured in our data, and the adopted effective temperature. See text for
details on the temperature, period, and uncertainty determination.

Gaia DR3 ID RA Dec. Period Period uncertainty Tt

(12000) (*) @ @ ®)
1974542739683523584 328.2868 47.11833 2.56542 0.00022 4790
1974545282304297856 328.3771 47.24553 5.81396 0.00031 3911
1974545625901682816 328.4204 47.26174 12.299 0.043 3599
1974545694621155584 328.4209 47.28096 3.42041 0.00064 3848
1974546072578275584 328.3576 47.26427 11.215 0.034 4016
1974546450535495680 328.4107 47.28600 2.88 0.11 4761
1974731890034857600 328.1940 47.21388 3.43143 0.00012 4324
1974731993119999616 328.1718 47.21445 7.7144 0.0016 3721
1974738418391182592 328.2666 47.39185 4.385 0.023 4333
2066866222797779072 312.8774 44.06249 3.165669 0.000034 4681
2066866287224242432 312.8706 44.07308 4.82797 0.00020 6544
2066870689567848192 312.7814 44.17626 3.529858 0.000096 4526
2067058740416252416 312.7431 44.24230 4.87958 0.00029 4654
2067058740416252544 312.7434 44.24562 3.42337 0.00030 4811
2067061042518587264 312.4549 44.17951 3.30949 0.00014 4303
2162929419847388544 313.0956 44.01580 3.63388 0.00057 4722
2162934986124720896 313.3574 44.17924 1.45322 0.00013 4246
2162941273956895872 313.3527 44.34278 2.77937 0.00014 4226
2162944916089431168 313.0939 44.23338 3.00580 0.00027 4259
2162947596149035648 312.8260 44.21893 7.87857 0.00078 4437
2162950413647417728 312.9439 44.37256 2.17499 0.00013 4378
2162950546789495552 313.1453 44.23346 10.63256 0.00027 4373
2162952475231874688 313.1180 44.35405 5.7851 0.0019 4145
2162960481050791936 313.4677 44.28486 7.3719 0.0071 4623
2162964088823157632 313.4243 44.36014 1.4476257 0.0000039 5721
2162965252757133056 313.3618 44.42429 0.626 0.018 5521
2163135573981345280 312.7561 44.25956 5.523 0.048 3929
2163135578281583744 312.7565 44.26166 7.35702 0.00055 4524
2163136059317926016 312.8131 44.30488 4.22803 0.00040 4000
2163136368555566848 312.7190 44.27889 8.312 0.089 4781
2163136402915307136 312.7446 44.29188 7.2271 0.0027 4389
2163137261908777472 312.7776 44.36131 1.3974285 0.0000019 4413
2163137742945115136 312.8445 44.35210 3.882 0.021 4418
2163138601938577024 312.8188 44.38277 2.42438 0.00014 4749
2163139594070911360 312.6920 44.31941 13.69 0.26 3981
2163140319925497088 312.7639 44.40429 5.906 0.011 3842
2163144271295324544 312.9371 44.43861 3.77296 0.00017 4064
2163146779556221952 313.1092 44.57394 1.4325902 0.0000039 4665
2163148772421081728 312.8450 44.56183 4.96431 0.00093 3828
2163156056685634944 312.7258 44.63561 9.5473 0.0031 4011
2178374878170801792 324.5560 57.18633 4.9012 0.0062 4389
2178377901827757056 324.6805 57.30997 10.28020 0.00084 4653
2178383601237749632 324.8094 57.37025 4.03718 0.00041 4267
2178386045086501760 325.0386 57.46087 3.29054 0.00017 4368
2178386938439659392 324.9366 57.51107 0.924 0.035 5538
2178387556914944896 325.0083 57.56533 8.422 0.022 4954
2178391199046443648 324.4901 57.37988 7.57471 0.00039 4597
2178392740924572800 324.4370 57.40375 1.62422 0.00014 4326
2178392848313851392 324.3684 57.39025 16.53 0.36 4589
2178393982185180288 324.3181 57.44453 7.414 0.011 3742
2178394016544915328 324.2946 57.43619 1.3955 0.0039 6417
2178394291422867840 324.4593 57.43017 2.66041 0.00028 4414
2178394394502330496 324.5275 57.45599 1.70361 0.00013 4898
2178394497581292800 324.4461 57.43459 6.0797 0.0018 5218
2178394531941271936 324.4657 57.44790 2.362 0.087 6470
2178394699429915904 324.4628 57.46391 8.5386 0.0015 4066
2178395489703989504 324.4816 57.49225 7.2963 0.0017 4417
2178395631452868224 324.4119 57.49360 10.217 0.039 4137
2178395975050257024 324.4922 57.52218 1.3834638 0.0000030 4495

MNRAS 551, 1-17 (2026)

920z 1snbny ¢ uo1sanb Aq ¥ | v91/8/8Z 1 BeIS/ /L SS/801E/SBluW/ /W02 dNo IWSPEI. W) PSPEOJUMOQ]



Table Al - continued
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Gaia DR3 ID RA Dec. Period Period uncertainty Tett

(12000) (*) @ @ ®)
2178398895628585984 324.8588 57.52984 2.155 0.036 6198
2178399101787006464 324.8732 57.56156 0.861421747 0.000000069 4876
2178400098219387904 324.8006 57.60453 16.8292 0.0057 4647
2178401575688130688 324.7310 57.59160 8.3030 0.0040 4817
2178402056712608896 324.6082 57.56924 9.30624 0.00048 4507
2178402400321563904 324.5666 57.61572 8.7529 0.0034 4862
2178402606480266112 324.6897 57.63335 3.8835 0.0093 4246
2178402675199735424 324.6682 57.64373 9.9132 0.0011 4442
2178417346809283456 324.0296 57.37860 1.745 0.034 4938
2178421195099930240 324.0530 57.47680 4.645 0.012 5254
2178434938995215232 323.8276 57.56918 11.7067 0.0018 4438
2178440814510995456 324.2248 57.46629 4.16694 0.00050 5558
2178440951949966848 324.2793 57.45021 12.8977 0.0019 4620
2178441261187598208 324.2892 57.49477 3.493 0.021 5008
2178441432986447744 324.2939 57.52010 10.9430 0.0020 4308
2178442188900684032 324.2753 57.53378 1.23416 0.00047 4895
2178443185333123584 324.4591 57.56120 12.924 0.061 4450
2178446793105656704 324.0795 57.63622 7.01448 0.00076 4178
2178449438799259520 324.5703 57.65732 8.0844 0.0019 3699
2178449919842118144 324.6450 57.68859 1.5396700 0.0000031 4755
2178451019353727104 324.5940 57.73136 6.4447 0.0018 5109
2178452668621309568 324.6846 57.79075 9.66039 0.00097 4829
2178498882466387072 3249171 57.78227 5.6398 0.0012 4646
2221015863228441856 325.6784 66.20783 0.63188429 0.00000050 5570
3016871585188001536 84.1696 —6.86793 0.60243683 0.00000015 3826
3016879556647282816 84.4641 —6.66429 0.80573197 0.00000044 5067
3016882374145831680 84.4283 —6.67111 3.74654 0.00097 5085
3016904192579682176 84.6331 —6.60688 1.422 0.060 3697
3016935563020738688 84.2457 —6.48469 10.698 0.020 3618
3016957278375450752 84.5426 —6.42406 3.37636 0.00060 3970
3017197830905390592 83.8739 —5.81251 1.7518139 0.0000088 4859
3017199170935143680 84.1010 —5.74686 5.9794 0.0065 4475
3017237993141611776 83.6677 —5.83767 2.3913 0.0082 5639
3017244216552060672 83.6985 —5.73077 4.2183 0.0059 5324
3017245831459893760 83.7997 —5.76055 4.0381 0.0018 4354
3017246651795678720 83.8245 —5.70969 5.52737 0.00075 5298
3017250087773385344 83.8042 —5.65970 3.048676 0.000059 5886
3017250126427057024 83.7124 —5.70597 3.1840 0.0065 5261
3017251947493281536 83.9301 —5.60763 2.6630 0.0025 5522
3017265377852811776 83.8067 —5.51602 8.505 0.013 5316
3017265760107995904 83.7353 —5.52672 5.740282 0.000063 5227
3017266168126793984 83.7625 —5.50042 5.0828 0.0044 5059
3017266206784582144 83.7877 —5.49979 4.07794 0.00047 5258
3017267306296233216 83.6465 —5.53622 5.12 0.14 5438
3017267478094926720 83.6154 —5.53204 3.37257 0.00040 5957
3017270669252519680 83.6883 —5.41780 3.45359 0.00024 5576
3017291942240221056 84.2538 —5.69361 3.1916 0.0073 5109
3017346952181228416 83.8743 —5.54819 3.9141 0.0034 5795
3017347291470793216 83.8849 —5.51979 2.313 0.033 6301
3017355400367313024 84.1339 —5.39586 4.020 0.011 6516
3017359527845298048 83.8955 —5.48734 2.532 0.075 4294
3017364544367271936 83.7113 —5.40034 2.35 0.11 5190
3017364613086735360 83.7332 —5.38696 17.35 0.34 6176
3017367494996951424 83.8269 —5.27713 3.76 0.17 4345
3017368014699258240 84.0437 —5.32917 6.03019 0.00042 4796
3017371588112037248 84.0708 —5.19522 7.38 0.32 5038
3017373924574255488 83.9282 —5.19855 3.29813 0.00053 4819
3017374233811898880 83.9422 —5.18107 3.59665 0.00014 3976
3017375951801904256 83.9652 —5.13590 2.82524 0.00065 5424
3017382407121669504 84.2156 —5.22499 2.48995 0.00053 5193
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Table Al - continued

Gaia DR3 ID RA Dec. Period Period uncertainty Tofs

(12000) (*) @ @ ®
3046357806990068096 107.0442 —10.76915 1.1351 0.0022 5861
3046581110929906560 107.1821 —10.41369 2.3871 0.0061 5140
3209521037582290304 83.7599 —5.26332 6.0803 0.0017 5226
3209522618130302720 83.7368 —5.19250 3.97728 0.00059 5020
3209527634652049408 83.8477 —5.18104 7.65863 0.00045 3928
3209528012609165440 83.9128 —5.14900 6.7452 0.0052 5199
3209528523708699392 83.8055 —5.15549 9.742 0.052 4412
3209528905962364544 83.8595 —5.14445 2.7453 0.0028 5946
3216061001461614976 84.7167 —2.77882 10.763 0.083 4510
3216062272771926144 84.7216 —2.73141 7.8142 0.0059 3931
3216107490187638784 84.6136 —2.75270 7.0805 0.0026 4332
3216109861009561728 84.6843 —2.67216 10.890 0.011 4623
3216432464593272960 84.8872 —2.79701 2.70295 0.00042 4460
3216439023007610624 84.8857 —2.66224 6.8943 0.0019 5105
3216439847641330816 84.8550 —2.63946 9.762 0.022 4405
3216446547790307584 84.9493 —2.54026 1.57340 0.00015 4934
3216446689524900480 84.9687 —2.53400 12.923 0.039 4736
3216447239280699008 85.0141 —2.48375 7.357 0.031 4505
3216485722187722752 84.7985 —2.60080 12.1119 0.0058 4488
3216487749412405376 84.8453 —2.55920 7.2427 0.0017 3760
3216488329232163328 84.7725 —2.54177 5.7223 0.0047 4678
3216490223313304576 84.6478 —2.53103 10.4049 0.0044 4824
3216491151026233472 84.6678 —2.50516 7.8721 0.0011 4208
3216492869013787264 84.7002 —2.45393 8.4758 0.0082 4875
3216502798977562112 84.5281 —2.50632 7.3507 0.0020 3875
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