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ABSTRACT

According to activity-rotation relations, rapid rotators are expected to show high levels of magnetic activity. However,
recent studies with TESS have found ultra-fast-rotating (UFR) M dwarfs with periods < 1 d displaying low levels of flaring
activity. There have been efforts to explore their magnetic field strengths through spectropolarimetric measurements
and to assess the potential for binarity. However, neither could fully explain the lack of observed flaring activity despite
their rapid rotation. Another avenue for investigation is to measure their coronal emission for signs of supersaturation:
an underluminosity in X-rays observed for some rapidly rotating FGK stars. Therefore, in this study, we utilize X-ray
observations from Swift and XMM-Newton of 10 M dwarf ultra-fast rotators with P,,; < 1d to determine their X-ray
luminosities. Overall, we do not find evidence for supersaturation amongst our UFR M dwarf stars, instead determining
them to be at the saturated level, or perhaps even enhanced. Therefore, supersaturation seems not to be the main driver
behind the reduced level of flaring activity observed in these stars, and the mystery behind the magnetic activity of UFR
low-mass stars remains. Additionally, we provide an updated analysis on the long-term variability within our sample
using TESS light curves taken during Cycles 5 and 7. We identify 352 optical flares from our sample with energies between
1.2 x 10 and 8.7 x 10* erg. We determine flare rates for each TESS cycle, compare them, identifying variations across a
7-yr timespan and attribute this to potential activity cycles.
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(M, <0.35Mg: G. Chabrier & I. Baraffe 1997) where the absence

1 INTROD TI . . .
NTRODUCTION of a tachocline suggests their magnetic fields are generated by a

Magnetic fields in low-mass stars are generated through a dy-
namo process operating in their interiors, giving rise to the ob-
served magnetic activity such as stellar flares, star spots, and
coronal/chromospheric emission. The stellar rotation rate is im-
portant for setting the level of magnetic activity. Activity has been
observed to saturate (e.g. the ratio of the X-ray and bolomet-
ric luminosities, Lx/Lyo ~ 1073) in rapid rotators, and decreases
systematically as magnetic braking slows the rotation rate (A.
Skumanich 1972; L. W. Hartmann & R. W. Noyes 1987; A. Maggio
et al. 1987; M. Kiraga & K. Stepien 2007; H. Yang et al. 2017). The
exact dynamo mechanisms operating in low-mass stars remain
incompletely understood, particularly in fully convective stars
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distributed «? or turbulent dynamo rather than the solar-like 'S
mechanism (see G. Chabrier & M. Kiiker 2006; J.-F. Donati et al.
2006; M. K. Browning 2008; R. K. Yadav et al. 2016; D. Mullan
& E. Houdebine 2020). Intriguingly, X-ray-rotation relationships
appear to show similar behaviour for fully convective stars com-
pared to their partially convective counterparts (N. J. Wright & J.
J. Drake 2016; N. J. Wright et al. 2018).

It is generally accepted that the interactions between a star’s
convective motions and stellar rotation play a crucial role in the
generation and maintenance of a magnetic field and the observed
magnetic activity. The Rossby number (R,), defined as the ratio
of stellar rotation period to convective turnover time, provides
a physically motivated parameter for characterizing stellar dy-
namos and magnetic activity, with lower Rossby numbers cor-
responding to stronger activity and the onset of saturation (R.
W. Noyes et al. 1984; N. Pizzolato et al. 2003; N. J. Wright et al.
2011). At the lowest Rossby numbers, some rapidly rotating stars
exhibit a decline in magnetic activity despite increasing rotation
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Table 1. The stellar properties of the 10 low-mass stars in our sample: we show the catalogue name; TIC ID (K. G. Stassun et al. 2018); RA and Dec.;
stellar masses and radii from the TIC (K. G. Stassun et al. 2018); MV Spectral type (SIMBAD); the stellar effective temperature; Tyqq (K. G. Stassun et al.
2018); stellar age; stellar rotation period (this work); RUWE and Distance from Gaia DR3 (A. Vallenari et al. 2023) - note target AL 442 taken from Gaia

DR2 (A. Brown et al. 2018) - and the quiescent luminosity (L. Doyle et al. 2019).

Name TIC ID RA Dec. Mass Radius  SpT Tetr Tiag Age Pt RUWE Distance log(Lgtar)
(J2000)  (J2000) Mg Ro (K) Myr)  (d)
UCAC4 204-001345 158596311 22.1269 —49.3528 0.36 0.37 4.1 3159 123 ~45 0.15 1.45 43.31 31.14
UCAC3 53-724 425937691 5.3666 —63.8525 0.31 0.32 5.5 2877 132 ~45° 0.0 2.85 43.14 30.80
UPM J0113-5939 206544316 18.4189 —59.6598 0.46 0.46 3.7 3237 11.6 ~150° 0.32 1.26 42.85 31.39
2MASS J0033-5116 156 002 545 8.3524  —51.2790 0.45 0.46 3.4 3318 114 ~45* 0.35 1.51 41.34 31.42
GSC 04683-02117 248354845 17.8474 —5.4273 0.47 0.48 3.5 3300 11.1 - 0.52 1.64 36.32 31.47
2MASS J0146-5339 229142295  26.6237 —53.6596 0.24 0.27 4.5 3131 11.2 - 0.45 3.32 17.40 30.79
GSC 08859-00633 220539110 43.4470 —61.5878 0.65 0.68 3.0 3538 9.9 - 0.77 7.52 40.08 31.98
EXO 0235.2-5216 166808151 39.2163 —52.0510 0.66 0.69 2.0 3510 9.9 ~ 45  0.74 1.26 38.83 31.95
AL 442 141807839 92.8752 —72.2271 0.61 0.63 4.5 3259 112 ~13¢ 0385 - 56.93 31.81
2MASS J0232-5746 201861769 38.0806 —57.7699 0.30 0.32 4.1 3134 128 ~45¢ 0.87 1.29 45.84 30.97

Note. Stellar ages are taken from the following sources using estimates from moving groups and associations:

%M. Janson et al. (2017).

b7. Zhan et al. (2019).

‘R. P. Loyd et al. (2021).

4M. Booth, C. Burgo & V. V. Hambaryan (2021).
€Gagné et al. (2014).

rates, a phenomenon known as supersaturation. This effect has
been observed primarily in X-ray emission, where activity levels
fall below the saturated plateau for ultra-fast rotators (UFRs),
particularly among young and low-mass stars (C. F. Prosser et al.
1996; S. Randich et al. 1996; K. Stepien, J. Schmitt & W. Voges
2001; R. Jeffries et al. 2011; N. J. Wright et al. 2011). Several
mechanisms have been proposed to explain supersaturation, in-
cluding centrifugal stripping of the outer corona, reduced surface
filling factors due to polar concentration of magnetic flux, and
changes in dynamo efficiency at extreme rotation rates; however,
its physical origin remains unresolved.

In L. Doyle et al. (2019), we performed a statistical analysis
of stellar flares in a sample of 149 low-mass dwarfs (M0-M6 V)
using 2-min cadence Transiting Exoplanet Survey Satellite (TESS)
light curves from Sectors 1-3. From this sample, we identified
nine ultra-fast-rotating (UFR) low-mass stars with rotation pe-
riods P,o; < 0.3 d that exhibit unexpectedly low levels of flaring
activity. We found no evidence that this suppressed activity is
related to stellar age or projected rotational velocity. This finding
was also supported by M. N. Giinther et al. (2020), who used
data taken from the first two months of the TESS mission, and
found a ‘tentative’ decrease in the flare rate for stars with P<
0.3 d. This result is surprising in the context of the established
rotation-activity relation, which predicts increasing activity with
faster rotation (L. W. Hartmann & R. W. Noyes 1987). Extending
this work, G. Ramsay, J. G. Doyle & L. Doyle (2020) analysed TESS
2-min cadence data from Sectors 1-13 and identified over 600
rapidly rotating low-mass stars (K9-M5 V) with P, <1 d. They
showed the fraction of stars exhibiting flares declines sharply for
rotation periods shorter than P,,; < 0.2 d compared to stars with
0.6 < Pt < 1.0 d, reinforcing the presence of reduced activity at
extreme rotation rates. It is known that flares emit more promi-
nently at bluer wavelengths; therefore, it is possible that these
studies missed many shorter-duration, lower-energy flares.

In a detailed analysis of the UFR (P, = 0.117 d) M dwarf LP
89-187, G. Ramsay et al. (2025) used HiperCam observations to
monitor for optical flares at lower energy but failed to detect any
flares over the short observation span. Furthermore, the flare en-
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ergy distribution of LP 89-187 derived from TESS data indicated
it has a lower flare rate than stars in the 8 Pic moving group,
which have an age of ~24 Myr.

In L. Doyle et al. (2022, hereafter Paper I), we obtained
spectropolarimetric observations of 10 UFRs (P, < 1 d) using
VLT/FORS2 and detected line-of-sight magnetic fields of order 1-
2 kG in five targets. However, given that only half of the sample
showed detectable fields, and four of these were among the more
active stars, it appears unlikely that magnetic field strength alone
can account for the suppressed flaring activity observed in UFRs.
Therefore, in this paper, we investigate the X-ray luminosity of
UFR low-mass stars to explore the possibility of supersaturation.
In Section 2 we define our sample of low-mass UFRs, providing
details on stellar interiors and stellar multiplicity. All of our ob-
servational data, both X-ray and optical, are detailed in Section
3, which is followed by Sections 4 and 5 explaining our analysis
of each set of observations from stellar flare identification to
extracting the X-ray luminosities. Finally, in Section 6 we bring
together all our findings and discuss the implications for our UFR
low-mass sample.

2 LOW-MASS STAR SAMPLE

We utilize the same low-mass star sample as in Paper I, which
comprises 10 stars in the period range 0.1-1.0 d. These targets
are split into five equal bins, each with two stars — one showing
relatively few flares with TESS and the other showing an increase
in flare activity. All of our targets are brighter than Tyyg = 13.2
with spectral types between M2 and MS5.5. For full details on
the stellar properties of each target, we refer the reader to L.
Doyle et al. (2022); however, in this paper, we summarize these in
Table 1 for completeness. The quiescent luminosity of each of our
stars was determined in L. Doyle et al. (2019). The quiescent flux
was estimated for each star by convolving a template spectrum,
constructed from SkyMapper multicolour magnitudes converted
to flux, with the TESS band-pass. Inverted Gaia parallaxes were
used to provide distances to each star, which were combined with
the quiescent flux to determine the quiescent stellar luminosity.
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Figure 1. A Hertzsprung-Russell diagram of the TESS-SPOC FFI sam-
ple described in L. Doyle et al. (2024), generated using Gaia DR3 (A.
Vallenari et al. 2023) colours and parallax, where the colour bar represents
the log density of stars. Our 10 UFR low-mass stars are overplotted as
black star markers to show their location. Note: the parallax for TIC
141 807 839 was taken from Gaia DR2, but all other colours and parallaxes
were taken from DR3 for our sample.

In Fig. 1 we show the location of all 10 of our UFR low-mass
stars on the colour-magnitude diagram created using Gaia DR3
(A. Vallenari et al. 2023). It can be observed that our targets lie
slightly above the main-sequence branch, indicating stellar mul-
tiplicity and/or that they are still pre-main sequence. Therefore,
we stress that our sample is not indicative of a typical sample of
field M dwarfs, but has been selected to be consistent with our
other studies. Multiplicity is indeed observed or heavily implied
for some of these systems as we discuss in Section 2.2, while the
latter may also be expected for some of the least massive stars in
the sample, which can take in excess of 100 Myr to reach the main
sequence (e.g. F. Palla & S. W. Stahler 1999).

By the late pre-main sequence, the difference in the expected
level of X-ray emission compared to young main-sequence stars
is rather subtle. Indeed our comparison sample in Section 6, that
of N. J. Wright et al. (2011, 2018), likely includes many late pre-
main-sequence stars at the low mass end, and yet there is no
deviation away from Ly /Ly, ~ 1073 at the saturated level of low
mass stars in their sample. While their work does describe a cut of
any star below 10 Myr to exclude pre-main-sequence stars, many
low mass stars remain in the pre-main-sequence phase well past
this age, as mentioned above, and would not have been cut. All of
our stars with known ages are older than 10 Myr (Table 1), in line
with the Wright et al. sample. Moreover, other past studies have
shown that stars below 1 Mg, cluster near 1073 at even younger
ages of just a few Myr (e.g. T. Preibisch & E. D. Feigelson 2005;
K. V. Getman et al. 2022), well within the pre-main-sequence
epoch. However, we also note C. Argiroffi et al. (2016) found
that at 13 Myr (the approximate lower end of the age range
among our sample) stars in the 0.3-0.7 M, range may be slightly
higher in Lx /Ly, than their higher mass or young main-sequence
counterparts.

X-ray activity of M dwarf UFRs 3

2.1 Stellar interiors

A dynamo mechanism in stellar interiors generates the magnetic
field of a star. This, coupled with convective motions and stellar
rotation, drives magnetic activity, such as stellar flares. Through
equations of stellar structure and evolution, G. Chabrier & 1.
Baraffe (1997) explores the fully convective limit of low-mass
stars, finding that the minimum mass for the onset of radiation
in the core is 0.35 M. Within our low-mass stellar sample, three
of our stars (UCAC3 53-724, 2MASS J0146-5339, and 2MASS
J0232-5746) are below this threshold, and one (UCAC4 204-
001345) is on the cusp of the threshold. As a result, for our anal-
ysis and discussions, we consider these four targets to possess
fully convective interiors, though we note that stars slightly above
this limit may remain fully convective if they are still pre-main
sequence. However, while fully convective stars are considered
to generate their magnetic field and corona through a different
dynamo mechanism, X-ray studies to date have shown remark-
ably similar evolutionary behaviour to partially convective stars
(N. J. Wright & J. J. Drake 2016; N. J. Wright et al. 2018).

2.2 System multiplicity

The existence of companion stars in our systems, particularly
unresolved companions, may impact our results. We noted in
Paper I the wide use of Gaia renormalized unit weight error
(RUWE) values as a possible indicator of multiplicity, as a higher
RUWE indicates a poorer astrometric fit which may be driven
by the binary motion of an unresolved multiple stellar system.
Various thresholds for binarity have been used in the literature,
such as 1.4 (e.g. L. Lindegren et al. 2021) and 1.25 (Z. Penoyre,
V. Belokurov & N. W. Evans 2022), though even some stars well
below RUWE = 1.25 have been demonstrated to be binaries (e.g.
S. M. O’Brien et al. 2025). We list RUWE values from DR3 in Ta-
ble 1, with all of these being above the lower 1.25 threshold, half
being above 1.4, and three being well in excess of 2. The highest
value (RUWE = 7.52) is for GSC 08859-00633, for which radial
velocity (RV) observations in Paper I showed a clear modulation
due to a likely brown dwarf companion. That RV investigation
also revealed possible line splitting in some of the spectra for GSC
04683-02117.

Alongside this, several of our other systems have existing ev-
idence of (or discussion of the lack thereof) multiplicity in the
literature. We summarize this for each target in turn. UCAC3 53—
724 was identified as a wide quadruple system by J. Gonzalez-
Payo et al. (2024), although each of the other components is over
30 arcmin away, and thus none are blended with our target in any
of our observations. 2MASS J0146-5339 (WT 50) is suggested by
L. Bertini, V. Roccatagliata & M. Kim (2023) as being a secondary
companion to xq01 Eri, although at almost 36 arcmin away on the
sky, the primary does not affect our study. M. Janson et al. (2017)
determine UCAC4 204-0011345 and 2MASS J0033-5116 to be
single stars down to detection limits. S. Zufiiga-Ferndndez et al.
(2021) determine 2MASS J0232-5746 to also show no evidence of
multiplicity, while identifying EXO 0235.2-5216 as a possible but
unconfirmed spectroscopic binary. UPM J0113-5939 has been
determined to be an eclipsing binary in TESS (A. PrSa et al. 2022).
AL 442 has been spatially resolved to be at less than 0.2 arcsec
from an M4+MS5 pair, which are likely, but as yet not confirmed,
to be physically bound (M. Janson et al. 2012; P. Calissendorff
et al. 2022). Neither Swift nor TESS can separate the two com-
ponents for any close binaries among the sample, and thus our
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Table 2. Summary of the data used in this work.

Swift data

TIC Swift ObsIDs Date span XRT PC

D Target ID exp. time (ks)

158596 311 3112524 003-039 8 May 24-19 Jan 25 28.4

425937 691 3112523 001-121 30 Mar 23-14 Feb 24 84.9

206 544 316 3112525 001-032 30 Aug 23-30 Nov 24 11.0

156 002 545 3112526 001-132 19 May 23-8 Jan 25 78.2

248 354 845 3112527 001-039 22 Mar 23-5 Jul 23 81.0

229142295 3112528 001-143 16 Mar 23-14 May 24 88.9

220539110 3112529 001-137 17 Mar 23-8 Jan 25 77.4

166 808 151 3112530 001-145 18 Mar 23-13 May 24 100.0

141807 839 3112531 001-146 29 Apr 23-6 Jan 25 70.0

201861769 3112532 001-254 19 Mar 23-14 May 24 115.3

XMM-Newton
pn exp. time
TIC ID ObsIDs Date (ks)
201 861 769 0743070501 31 May 2014 12.5
Photometric TESS data
TIC ID Sectors Obs. length fexp
(d) (s

158 596 311 69 & 96 40.69 120
425937 691 68, 69, 95, & 96 84.06 120
206 544316 68, 69, 95, & 96 84.03 120
156 002 545 69 & 96 41.25 120
248 354 845 702 20.76 200
229142295 69 & 96 41.94 120
220539110 68 & 692 40.28 200
166 808 151 69 & 96 41.75 120
141 807 839 61, 63-69, 87, 88, 90, & 93-96 314.66 120
201861 769 69 & 96 41.46 120

Note. For Swift data, not all ObsIDs between the start and end value exist in the archive, but all observa-

tions within the date range were used in our analysis.

9For these TESS sectors, 200-s FFI light curves processed by SPOC were used, as no 2-min cadence light

curves were available.

flux measurements for such systems represent the total emission
from all component stars.

3 OBSERVATIONS

In this study, we utilize both X-ray observations from Swift and
XMM-Newton, along with photometric observations from TESS.
In this section, each data source is detailed with a summary pro-
vided in Table 2.

3.1 Swift

The Neil Gehrels Swift Observatory (N. Gehrels et al. 2004) has
operated in low Earth orbit since 2004, with a primary function
of detecting and characterizing gamma-ray bursts. However, the
multi-wavelength span of its three instruments (gamma-ray, soft
X-ray, and ultraviolet/optical) has enabled a wide range of sci-
ence.

MNRAS 548, 1-15 (2026)

We observed all 10 stars in our sample with Swift at multiple
epochs between March 2023 and January 2025. Table 2 shows
an overview of these observations. Our analyses were focused
on the soft X-ray, using the data taken with the X-Ray Telescope
(XRT; D. N. Burrows et al. 2004) instrument in Photon Counting
(PC) mode, which operates from 0.3-10 keV. We used a mix of
manual data reduction processes and the online tools for building
XRT products.! provided by the UK Swift Science Data Centre
(UKSSDC; P. A. Evans et al. 2007, 2009). For the manual reduc-
tions, we used HEASOFT? version 6.33.2.

3.2 XMM-Newton

XMM-Newton (F. Jansen et al. 2001) is the European Space
Agency’s flagship X-ray observatory, providing a slew of imaging

Thttps://www.swift.ac.uk/user_objects/
2https://heasarc.gsfc.nasa.gov/docs/software/lheasoft/
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and spectroscopic instruments across its three X-ray telescopes,
as well as simultaneous optical/ultraviolet observations with the
Optical Monitor. XMM-Newton possesses a larger effective area
than Swift, while operating in a similar energy band (0.2-12 keV).
Its high eccentricity orbit means it is also capable of continuous
stares up to ~35 hrs long, in contrast to Swift’s short snapshots,
which often require stacking.

One of the stars in our sample, 2MASS J0232-5746, was ob-
served by XMM-Newton on 2014 May 31 (ObsID: 0743070501;
PIL: Principe). We analysed this archival observation to comple-
ment our Swift analysis, and compare the brightness of the star
a decade apart to search for longer-term variation. Our analysis
focused on the data taken with the three detectors (pn, MOSI,
and MOS2) comprising the European Photon Imaging Cameras
(EPIC; L. Striider et al. 2001; M. J. L. Turner et al. 2001). All
three detectors were used in full frame mode with medium optical
blocking filters.

3.3 TESS

TESS (G. R. Ricker et al. 2015) was launched in April 2018 with
a primary mission of detecting small exoplanets via the transit
method around bright nearby stars. Its primary 2-yr mission was
to complete a near (~75 per cent) all-sky survey observing more
than 200000 stars within the solar neighbourhood. Since then,
TESS has completed two further all-sky surveys and covered the
ecliptic plane during three extended missions and is currently in
its eighth year of observations with a ninth planned. In L. Doyle
etal. (2022), we analysed the flare properties of the 10 stars in this
sample utilizing TESS light curves from Cycles 1 and 3 (Sectors
1-13 and 27-39, respectively). In this study, we use light curves
from both Cycles 5 and 6 (Sectors 56-70) and Cycle 7 (Sectors 84—
96), computing a similar analysis but focusing on the long-term
flare rates and stellar variability.

The TESS photometric light curves used in this analysis were
observed between 2022 Sep 01 and 2023 Oct 16 for Sectors 56—
70 and 2024 Oct 01 and 2025 Sep 15 for Sectors 84-96. At the
time of writing, data up to Sector 99 was available; however, this
includes all data in 2-min cadence for our targets in Cycles 5 and
7. We downloaded the calibrated 2-min light curves for each of
our target stars from the Mikulski Archive for Space Telescopes
(MAST) data archive?, using the data values for PDCSAP_FLUX.
All points which did not have QUALITY=0 were removed, and
each light curve was normalized by dividing the flux of each point
by the mean flux of the star (see L. Doyle et al. 2019; G. Ramsay
et al. 2020, for more details).

Two of our targets, GSC 04683-02117 (TIC 248354845) and
GSC 08859-00633 (TIC 220539110), did not have 2-min cadence
light curves available in Cycles 5 and 7. Therefore, for these tar-
gets, we use the Science Processing Operations Centre (SPOC: J.
M. Jenkins et al. 2016) Full Frame Image (FFI) 200-s light curves.
From Sector 57 onwards, the FFI cadence was improved from 10
min to 200 s, making this mode comparable to the 2-min postage
stamp targeted sample. SPOC began processing FFI light curves
for up to 160 000 targets per sector (see D. A. Caldwell et al. 2020;
L. Doyle et al. 2024, for full details) during the second year of
TESS observations. All pixel and light curve data from the SPOC
are contributed as High-Level Science Products on MAST, where

3https://archive.stsci.edu/tess/
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they are publicly available. At the time of writing, SPOC has pro-
cessed all FFI targets up to and including Sector 80; therefore, we
do not have Cycle 7 data for GSC 04683-02117 and GSC 08859-
00633. In Table 1, we list the TESS sectors which are used in this
paper for each target and identify where 200 s FFI light curves are
used.

4 X-RAY ANALYSIS AND RESULTS

We focused our X-ray analyses on energies below 2.4keV. We
made this choice to allow for easy comparison with previous
population studies, many of which derive from ROSAT, for which
catalogued values are typically given for the 0.1-2.4 keV band.

We verified that each star was successfully detected by com-
bining the event files for each star separately in XSELECT 2.5b
and extracting images. For all 10 images, a source was visually
apparent at the expected location of the star.

4.1 X-ray light curves

To build light curves in the 0.3-2.4keV energy band, we used
the UKSSDC online tool (P. A. Evans et al. 2007, 2009), with
the background-subtracted results for nine of the 10 stars plot-
ted in Fig. 2. We do not display a light curve for UCAC4 204-
001345 because the data did not contain enough counts to build
a light curve that is informative beyond ruling out strong flar-
ing. We forced the minimum counts per bin to be 20 wher-
ever possible, turned dynamic binning off, and set the ‘maxi-
mum orbital gap’ option to one day. The tool calculates errors
for bins with more than 15 counts using Gaussian statistics,
and Bayesian statistics for those with less counts, as per P. A.
Evans et al. (2007, 2009). Any bins that were upper limits re-
sulting from a lack of signal were discarded from the light curve
plot, though they were included in the spectra extractions in
Section 4.2.

We searched for temporal variations in the X-ray emission
of each star by eye, identifying four stars with substantial visi-
ble changes in their respective light curves: GSC 04683-02117,
GSC 08859-00633, EXO 0235.2-5216, and AL 442. A few oth-
ers showed hints of variation, but either the very short dura-
tion of the increase or the measurement uncertainties on the
higher points were such that we deemed them constant for
the purposes of extracting spectra in Section 4.2. Many of the
epochs identified are likely X-ray flares with a characteristic
sudden increase followed by an exponential decay. A notable
exception is GSC 04683-02117, which shows a complex evo-
lution of the X-ray emission between MJD 60090 and 60105.
There are a few clear flares within this epoch, but it appears
to be imprinted upon some slightly longer-term evolution over
a few weeks, possibly resulting from a particularly bright ac-
tive region enhancing the baseline emission. There are a few
other epochs for EXO 0235-5216 and AL 442 where flare-like
behaviour is observed to decay over a few days rather than the
typical time-scale of hours. As a result, we use the term ‘ele-
vated’ rather than ‘flaring’ to collectively refer to all of the epochs
with increased emission above surrounding points. These are
highlighted in red in Fig. 2, with all other epochs considered
quiescent.

The XMM-Newton light curve for 2MASS J0232-5746 showed
a hint of a decrease at harder energies (2> 0.85 keV) over the first
half of the observation. This could potentially be the tail end of a
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Figure 2. Swift XRT light curves for nine of our 10 stars in the 0.3-2.4 keV band, with a minimum of 20 counts per bin. Points denoted as ‘quiescent’
are displayed with grey circles, while ‘elevated/flaring’ epochs are denoted with red triangles.

flaring event, which peaked prior to the beginning of the observa-
tion. However, the uncertainties on the points were large enough
and the slope shallow enough that we chose not to separate this
into a separate elevated epoch.

4.2 Spectra

For the six stars we identified as non-varying, we reduced the
data manually, again combining event files in XSELECT. We used
20 pixel (47.1arcsec) radius source extraction regions for all
stars, except 2MASS J0232-5746, for which we used a slightly
smaller 16 pixel (37.7 arcsec) radius due to a nearby, unrelated
source. Our background regions were set to 60 pixel radii, except
UCAC3 53-724, for which we used a radius of 50 pixels due
to several nearby sources. We made custom Auxiliary Response
Files (ARFs) by following the processes outlined on the UKSSDC
website*

For the four stars with at least one identified epoch of flaring
or elevated count rate, we visually determined the start and end
of each such epoch. We then extracted separate spectra for each,
together with a single spectrum for all other data for that star,
which we designated as quiescent. Splitting up the data in this
way significantly complicated the process for making custom
ARFs, and so we reverted to using the UKSSDC online product

“https://www.swift.ac.uk/analysis/xrt/arfs.php
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builder tool to extract spectra, background spectra, and ARFs for
these four stars.

We fitted our spectra using XSPEC 12.14.0h (K. A. Arnaud
1996), using between one and three APEC models (R. K. Smith
et al. 2001) combined additively. For those stars with elevated
epochs, we fitted each extracted spectrum separately. We fixed
the abundances to the Solar values provided by M. Asplund et al.
(2009), except for 2MASS J0146-5339, for which we could only
obtain a good fit to the spectrum by freeing up the abundances
using a single scaling factor to Solar. This factor was best fit to
0.21+0.10.

—0.07

The contribution from interstellar absorption is small for all
of our targets as they are all nearby, and because the young age
of these stars leads them to have hotter plasma and thus harder
spectra than older, field-age stars (e.g. C. P. Johnstone, M. Bartel
& M. Giidel 2021). However, for completeness, we included a
TBABS term to account for this absorption (J. Wilms, A. Allen &
R. McCray 2000), fixing the neutral hydrogen column densities to
values we calculated using the LISM code® (A. Youngblood et al.
2025). In all cases, our neutral hydrogen column densities were
< 5.1 x 10" cm™2, and the effect on our fluxes was less than 0.25
per cent — well within our measurement uncertainties. We plot
the quiescent XRT spectrum for each star in Fig. A1, together with
their best-fitting models.

Shttps://github.com/allisony/LISM_NHI
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For the XMM-Newton observation of 2MASS J0232-5746, all
data were treated as quiescent. We extracted spectra separately
for each of the three EPIC cameras using a 20 arcsec radius source
region, and several larger background regions up to 60 arcsec in
radius. We performed a single joint fit across the spectra from
each camera, using identical XSPEC fitting procedures as used for
the Swift data. Our XMM-Newton spectra for this star are plotted
in Fig. A2, with the best-fitting model overlaid.

4.3 Fluxes and luminosities

In Table 3, we show the best-fitting model parameters for the
quiescent Swift XRT spectra of each star, along with fluxes in
two slightly different energy bands. In both cases, the 2.4keV
upper bound is based on the ROSAT band for direct comparison
with the numerous population studies based on its results. The
flux of these stars above those energies with XRT is also small.
Fx o3 is the 0.3-2.4 keV flux, corresponding to the directly observ-
able band of these stars with XRT, which lacks sensitivity below
0.3keV. Fx o is the 0.1-2.4keV flux, matching the ROSAT band
itself, and therefore includes a contribution from the unobserved
0.1-0.3 keV energy range based on an extrapolation of our best-
fitting models into this region of parameter space. Ahead of our
comparisons to population level studies in Section 6, in Table 3
we also quote X-ray luminosities, Lx o1, in this band, as well as
the ratio of those values to the bolometric luminosity of their
respective star.

For 2MASS J0232-5746 (TIC 201861769), our XMM-Newton
results are compatible with those in Table 3 from Swift. The
best-fitting model to the XMM-Newton spectra had temper-
atures of 0.187100% and 0.74570 3% keV, and emission mea-
sures of (4.4575,3) x 10°° and (3.93%537) x 10 cm—3, respec-
tively. The temperatures agree excellently with Swift, though
for the lower temperature component, the emission measure
is slightly lower in XMM-Newton. The resulting best-fitting
0.3-2.4keV flux was also very slightly lower at (5.867033) x
10~ ergs~! cm~2, though within the measurement uncertain-
ties from Swift, demonstrating stability in the star’s brightness
across 10 yr.

In Table 4, we compare the fluxes of the defined elevated
epochs to their respective star’s quiescent level in the 0.3-2.4 keV
band. Since these spectra are for the full length of elevated
epochs, in the case of flares, these fluxes represent the average
across the event rather than the peak. Despite that, in some cases,
the average flux rose by an order of magnitude, far outshining the
quiescent level.

We also found archival, catalogued measurements of many of
our low-mass targets in ROSAT and eROSITA data (T. Boller et al.
2016; A. Merloni et al. 2024). For ROSAT, we converted the cat-
alogued count rates into fluxes using WebPIMMS® with a single
APEC temperature based on an average of the fitted XRT tem-
peratures, weighted by their respective emission measures. For
those from eROSITA, we multiplied the catalogued 0.2-2.3 keV
flux by 0.85 to account for the one-size-fits-all power law model
used to calculate the catalogued fluxes (as per the method in G.
Foster et al. 2022). We note, however, that this method assumes
a temperature of 0.3 keV, but since these stars are young, there
is considerable emission around 1keV which may reduce the
reliability of this method here.

Shttps://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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Despite this, the ROSAT and eROSITA fluxes were generally in
very good agreement with those we measured with Swift, with all
but one within a factor of two of our XRT measurements. Small
offsets such as this are unsurprising when factoring in slight dif-
ferences in energy bands, analysis techniques, and the possibility
of unidentified flares in the ROSAT or eROSITA data. The one star
whose emission increased more significantly was UCAC4 204-
001345, the star with the lowest flux and Ly /Ly in Swift. Its 0.2-
2keV flux in eROSITA was 1.6 & 0.3 ergs™! cm™2, around four
times the Swift value, suggestive of a flare or other longer-term
variability of the emission. For the rest, the agreement between
the telescopes is indicative of stable emission levels on time-
scales of years, up to decades in the case of those with ROSAT
detections.

5 OPTICAL ANALYSIS & RESULTS

Here, we discuss the independent analysis of the photometric op-
tical light curves of TESS, including the refinement of the stellar
rotation periods and stellar flare identification for each star.

5.1 Refining stellar rotation periods

In Paper I, we used Cycle 1 and 3 TESS data to determine stellar
rotation periods utilizing a generalized Lomb-Scargle (LS: W. H.
Pressetal. 1992; M. Zechmeister & M. Kiirster 2009) periodogram
for each of our targets. In this paper, we confirm these stellar
rotation periods by combining all available TESS data from Cycles
1, 3, 5, and 7. We compute an LS periodogram, identifying the
most prominent peak in frequency space to represent the rotation
period of the star. We ensured the periods determined from a
combination of all TESS data were consistent on each sector. The
refined stellar rotation period values are provided in Table 5.

For TIC 425937691, the most dominant peak in the LS peri-
odogram corresponds to a stellar rotational period of Pt = 0.1d,
which is consistent with L. Doyle et al. (2019, 2022). However, in
Sectors 95 and 96, there are additional significant peaks in the
power spectra, including 0.067 d, and the rotation-folded light
curve using a period of 0.1 d shows a differing profile from those
of Sectors 68 and 69. This may indicate that additional spots have
emerged by the time of the Sector 95 and 96 observations.

5.2 Stellar flare identification

Our method for identifying stellar flares is similar to that de-
scribed in Paper I; however, we give a brief overview here for
completeness.

We identify flares observed in TESS light curves for each star
on a sector-by-sector basis, including Sectors 56-96 (for previous
sectors, see Paper I). To do this, we implemented the open source
PYTHON software ALTAIPONY (E. Ilin et al. 2021) to detect and
characterize flares in our sample automatically. In this analysis,
we consider flares to consist of two or more consecutive points
which lie above a mean threshold of greater than 2.5¢ (see J.
R. Davenport et al. 2014; J. R. Davenport 2016; L. Doyle et al.
2018, 2019). Before any flare identification, each light curve was
flattened, ensuring rotational modulation trends were removed.
To do this, we utilized a Savitzky-Golay filter to detrend the
light curve whose window length was defined so that it could
resolve the periodic modulation but not remove short-duration
events such as flares. For two of our targets, UCAC3 53-724
(TIC 425937691) and UPM J0113-5939 (TIC 206544316), this was
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Table 4. Comparison of the best-fitting quiescent fluxes to the various defined elevated epoch fluxes of the same stars. All fluxes are in units of

10~ *ergs~! cm ™2 for the observed 0.3-2.4 keV band.

TIC ID Quiescent Elevated 1 Elevated 2 Elevated 3 Elevated 4 Elevated 5 Elevated 6 Elevated 7
+2.1 +9.4 +5.2 +4.3
248354845 621721 113.4194 63.6732 66.5743 - - - -
220539110 83.713% 834172 47013 - - - -
+3.6 +47 +107 4250 +22 +240 +97 +59
166808151 210.5+3% 490747 627+10 1410729 522122 2360124 56027 5993
+2.7 +14 +39 +11 +45 +22
141807839 60.5%27 108+14 23443 123+1 16043 195722 - -

Table 5. The flare properties of the 10 low-mass stars in our survey using data from Cycles 5 and 6 (Sectors 56-70) and Cycle 7 (Sectors 84-96). This
includes the flare rates, the total flare number, the duration range and the energy range of the flares. We also include the rotation period of each star
using data from Sectors 1-70 (this work), the Rossby Number (this work), the stellar spectral types (from SIMBAD) and the total number of stellar flares
observed in all TESS Sectors 1-96. The stars have been split into their period bins using horizontal lines.

Cycle 5 Cycle 7
TIC ID Prot R, SpT  Flare rate log(E) Duration Flare rate log(E) Duration Total flare
(d) x1073 (per day) (erg) (min) (per day) (erg) (min) number
158 596 311 0.1547 1.321’8:;‘; 4.1 0.05 31.97 4.0 0.10 32.39-33.46 8.0-38.0 10
425937691 0.1003 1.06'9% 55 0.24 32.00-33.44  5.8-479 0.26 32.14-32.99  5.8-24.0 60
206544316 0.3220 4.2:1):; 3.7 0.50 32.39-34.25 5.8-104.0 0.28 32.67-33.42 5.8-46.0 71
156 002 545 0.3529 2.81fg:2‘6‘ 3.4 0.15 32.07-32.99 5.8-20.0 0.29 32.09-33.09 5.8-87.9 14
248354845 0.5219 3.5570% 35 0.53 32.17-33.82  13.3-130.0 - - - 47
229142295 04472 1.80%0% 45 0.24 31.08-3147  4.0-9.9 0.24 31.20-32.62  5.8-33.9 20
220539110 07721 589 30 0.37 32.27-33.08  9.9-20.0 - - - 81
166 808 151 0.7400 10.23:8 2.0 0.92 32.14-34.77 4.0-120.0 1.08 32.11-34.12 5.8-40.0 135
141807839 0.8471 6.14_“%:(5) 4.5 0.61 32.17-34.45 4.0-136.0 0.69 32.14-34.94 5.8-157.9 490
201 861 769 0.8657 9.1f%:2 4.1 0.05 33.85 38.0 0.14 31.98-32.90 5.8-24.0 10

insufficient to remove the periodic signal; therefore, a custom
detrending’ was utilized. This involved correcting global trends,
fitting an LS periodogram to remove strong rotational modulation
and masking and padding outliers. The light curve of each sector
of data was manually vetted to confirm that only the rotational
modulation was removed.

To determine how well we can recover flares in the TESS light
curves, we used Altaipony (E. Ilin et al. 2021) to inject and
recover simulated stellar flares with typical profiles. We injected
flares which had a duration between 4.3 min and 30 min and had
a peak amplitude of at least 3 times the RMS of the flattened light
curve after an outlier rejection to remove any flares. We were able
to recover all injected flares over the whole range of the rotation
period in our sample (0.10-0.87 d). The minimum flare energy
which we could detect was largely set by the apparent brightness
of the target. We are likely to miss flares with amplitudes lower
than the above limit.

The resulting output from ALTAIPONY includes many flare
properties. For our analysis, we retrieve the start and stop times,
flare amplitude and equivalent duration of each flare event. The
start and stop times were used to determine the flare duration.
To estimate energies for each flare in the TESS bandpass, we
multiplied the equivalent duration by the quiescent luminosity
(see Table 5 for all flare properties). Overall, we identified an
additional 352 flares across the 10 low-mass stars in our sample
from Sectors 56-96 with energies between 1.2x10%! and 8.7 x10%*
erg. This, combined with the flares from Paper I, gives a total of

"https:// github.com/ekaterinailin/TESS_UCD_flares

938 flares from all available TESS data up to Cycle 7. In Fig. B1,
we plot the largest flare from AL 442 (TIC 141807839), which was
observed in Sector 95 and reached a peak energy of 8.7x 103 erg.

5.3 Long-term stellar variability with TESS

Since Paper I, our sample of low-mass UFRs has been observed
in Cycle 5 (Sectors 56-69) and Cycle 7 (Sectors 84-96) with TESS.
This provides a unique opportunity to compare their magnetic
activity (i.e. through spot modulations and stellar flares) between
Cycles 1, 3, 5, and 7, spanning from July 2018 to September 2025,
with 4 yr being directly observed.

In the lower panel of Fig. 3, we show the flare number per
day as a function of rotation period for each of the stars in every
observed TESS cycle, which is an update of fig. 3 in Paper I.
Our simulations using injected flares (Section 5.2) indicated that
given the cadence was the same for all observations we consid-
ered, the sensitivity to flare energy was similar over all sectors
of data. However, in case there were some sectors with higher
background, which might make the lowest energy flares more
difficult to detect, we also show in the upper panel of Fig. 3 the
flare rate as a function of a cycle using only flares with energies
>10% erg. We find evidence for a variable average flare rate using
all flares and the more energetic flares.

Overall, for stars with P, > 0.6 d, we observe small changes
in flaring activity rate on the order of 0.2-0.15 flares per day.
However, for stars with P,; < 0.6 d we notice an increased level
of change in the flare rate per day, particularly amongst the three
active stars in this period range. For TIC 425937 691 (Pyo; = 0.10
d), an initial high flare rate of 0.66 flares per day was observed in

MNRAS 548, 1-15 (2026)
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Figure 3. The flare number per day as a function of rotation period for
each TESS Cycles 1 (circles), 3 (squares), 5 (triangles), and 7 (pentagons).
Top: flares with energies > 1033 erg only. Bottom: for all flares identified
in each TESS sector. Note: Two targets did not have available SPOC data
for Cycle 7. Additionally, there are potential targets where the flare rates
in cycles are comparable, leading to an overlap of plotted points.

Cycle 1; however, over the next three cycles, this dropped signifi-
cantly to 0.3 flares per day, where it has remained since observa-
tions taken from August 2020. Additionally, TIC 206 544 316 (P
= 0.32 d) exhibits varying flare rates on the order of 0.3, which
initially increased between Cycles 1 and 3, observed 2 yr apart,
before decreasing steadily over the next 5 yr. In TIC 248 354 845
(Prot = 0.52 d), a high flaring rate of 0.9 was observed in Cycles 1
and 3, which has dropped to 0.53 in Cycle 5, where observations
were separated by 3 yr.

In addition to the flare rates per cycle, we searched through all
available light curve data from Cycles 5 and 7 to identify changes
in the morphology. With regards to the stellar rotation of our UFR
low-mass stars, there is one standout candidate (TIC 206544316;
UPM J0113-5939), which shows a change in the morphology of
the light curve between sectors. Additionally, we also observe a
factor of two change in the amplitude of the modulation. This is
shown in Fig. B1, for TESS Sectors 68 and 95, where in the latter
sector a smoother rotational modulation shape is observed, along
with an increased number of peaks. It is possible this could be a
result of migrating spots to lower latitudes on the stellar surface,
or the emergence of new active regions (e.g. K. G. Strassmeier
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2009; R. M. Roettenbacher et al. 2013; A. Santos et al. 2019; E.
Ilin et al. 2021). In L. G. Bouma et al. (2023), they identify TIC
206 544316 as a Complex Periodic Variable (CPV) from their
sample of 65760 K and M dwarfs observed in 2-min cadence
by TESS with Tag < 16 and d <150 pc. They observed phases
between ordinary sinusoidal modulation and highly structured
modulation during Sectors 1-55 of TESS data, which is similar
to what we observed in later sectors. They conclude that CPVs
are young (<150 Myr), low-mass (0.4 M) stars which display
dips in flux with lifetimes of ~100 cycles and attribute these to
co-rotating clumps of gas or dust caught by the star’s magnetic
field (see also Z. Zhan et al. 2019).

6 DISCUSSION & CONCLUSIONS

In our previous studies (see L. Doyle et al. 2019; G. Ramsay et al.
2020) we revealed a group of UFR M dwarf stars which displayed
low levels of flaring activity in their TESS light curves. To explain
this, in Paper I we investigated the presence of magnetic fields in
10 UFR M dwarfs with Py < 1 d, utilizing spectropolarimetric ob-
servations. Following on from this, in G. Ramsay et al. (2022) we
investigated the binarity of UFR low-mass stars using radial ve-
locity measurements. Neither of these studies provided concrete
explanations for the lack of flaring activity observed in UFR low-
mass stars. Therefore, in this paper, we utilize Swift and XMM-
Newton X-ray observations of the same M dwarfs from Paper
I to determine their X-ray luminosities. We will now compare
these to rotation-activity relations and determine what regime of
emission our stars fall into.

To test our sample for supersaturation observationally, we com-
pare our Ly o.1/Lyo measurements from Section 4.3 to the sample
of N. J. Wright et al. (2011, 2018). In line with many other recent
studies, they used Rossby number, the ratio of stellar rotation
period and the convective turnover time (R. W. Noyes et al. 1984),
on the x-axis as it provides a much tighter relation than using
rotation period alone (e.g. N. Pizzolato et al. 2003; N. J. Wright
et al. 2011).

To estimate the convective turnover time of each star in our
sample, we used the theoretical tracks from N. R. Landin et al.
(2023). For stars with a reliable age estimate, we used that to
determine which position on the track to use. For the others, we
used the sample on the track whose rotation period best matched
the star. The tracks are also only gradated at 0.1 M, intervals, so
for those with a mass at or close to halfway between two tracks, we
averaged across the two tracks on either side. N. R. Landin et al.
(2023) estimated uncertainties of around 5 per cent on their val-
ues for Solar-like stars. As our sample is far outside of that regime,
we adopted more conservative 20 per cent uncertainties on the
convective turnover times, increasing to 25 per cent for stars lying
between tracks and requiring averaging. In any case, the Rossby
numbers calculated from these convective turnover times are all
more than an order of magnitude below the value at which stars
appear to transition from being saturated to unsaturated, and so
we can be confident that all of our stars should either be in the
former regime or show supersaturation.

In Fig. 4, we plot Lx 1/Lyo against Rossby number, R,. This
plot clearly demonstrates that all of the stars in our sample are
at least at the expected level of a saturated star. UCAC4 204-
001345 lies quite a bit below the other nine stars, but its emission
is still in good agreement with the lower portion of the saturated
regime. Its catalogued eROSITA flux is also higher, though flaring
cannot be ruled out as the cause. Therefore, as in R. Jeffries et al.
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Figure 4. Comparison of our measured Lx/Lyo values for the 0.1-
2.4keV band to the sample of N. J. Wright et al. (2011, 2018).
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Figure 5. Stellar mass versus rotation period for the stars in our sample
and that of N. J. Wright et al. (2011, 2018). We demonstrate the various
regimes of emission with lines reproduced from fig. 6 of N. J. Wright
et al. (2011): The solid blue line delineates the unsaturated regime from
saturation, while two theoretical transitions to the supersaturated regime
are shown with red dotted (centrifugal stripping) and green dashed (polar
updraft) lines. We note that the positions of these supersaturation transi-
tions may be different for pre-main-sequence stars (e.g. C. Argiroffi et al.
2016).

(2011) and C. Argiroffi et al. (2016), we see no evidence of super-
saturation in the X-ray emission of our sample of UFR low-mass
stars. Moreover, our results suggest that supersaturation is not the
explanation for the relative flare inactivity observed in some of
our sample.

To investigate this further, in Fig. 5 we show the stellar mass
against rotation period for both our sample and those from N. J.
Wright et al. (2011, 2018), together with theoretical expectations
for the location of the supersaturation region. The regime lines
we have plotted are from fig. 6 of N. J. Wright et al. (2011), and
are calculated for main-sequence stars. Only two of our stars,
UCAC4 204-001345 and UCAC3 53-724, might be expected to be
supersaturated based on this, but that is somewhat dependent on
the stellar evolutionary state and which mechanism generates su-

X-ray activity of M dwarf UFRs 11

persaturation. Based on their low mass and 45 Myr age, one may
expect both to still be pre-main sequence, and the polar updraft
line (green dashed in Fig. 5) is higher for pre-main-sequence stars
as calculated by C. Argiroffi et al. (2016). These two stars would
not be expected to be supersaturated in that instance. Therefore,
there are no stars in our sample which are definitely expected
to be supersaturated, which is compatible with our observational
result of no supersaturation.

In fact, rather than supersaturation, Fig. 4 appears to suggest
that our sample may, on average, have somewhat higher values
of Lx/Lpe than the typical saturated star. Stellar system multi-
plicity, as discussed in Section 2.2, is suggested for many of these
systems and could potentially account for some of the apparent
enhancement. The comparison N. J. Wright et al. (2011, 2018)
sample will also have unresolved binaries too. Much of their sam-
ple was observed by ROSAT, whose PSPC and HRI instruments
would not have been able to resolve companions closer than a
few arcsec apart at best. However, the Gaia DR3 RUWE values
for our sample appear to be systematically higher than those
of the comparison sample. About two-thirds of the comparison
sample have RUWE values less than 1.26, the lowest value of
any of our sample stars. Multiplicity, therefore, likely plays a role
in enhancing the apparent emission of our stars compared to
expectations.

Other factors could play a role in enhancing Lx /Ly, for some of
our sample. Any companions enhancing the emission would be
of roughly equal mass or lower, and as a result should only reduce
the Lx/Lyo of the individual components by a factor of about
two (in the case of a binary; unresolved triples, quadruples, etc.,
could be somewhat higher factors) versus the combined values
in Table 3 and Fig. 4. This would still leave the vast majority of
our sample at the very top of the saturated regime, far from su-
persaturation. Another possible contributing factor is that some
of the youngest and/or lowest mass stars in our sample remain in
the late pre-main-sequence phase, for which slightly enhanced
emission compared to young stars on the main sequence itself
has been previously observed (C. Argiroffi et al. 2016).

In the top panel of Fig. 6, we display our measured Lx /Ly
values as a function of the magnetic field strengths we deter-
mined for the sample in Paper I. Intriguingly, four of the five
stars in the sample whose magnetic fields were strong enough
to be firmly detected are the four highest in terms of Lx/Lyy
in the sample. These same four are also all in the top five in
terms of their detected XRT flux values. However, in addition
to the aforementioned potential for unresolved multiplicity, the
possible correlation between magnetic field strength and Ly /Ly
for this sample is complicated by UCAC4 204-001345. It is the
other star whose magnetic field was detected in Paper I, and yet
has by far the lowest Ly /Ly, and is also the dimmest in terms
of raw XRT flux. A more definitive conclusion on this correlation
would require much deeper constraints on system multiplicity,
and perhaps on the magnetic field too, for those with no firm
detection.

Considering the five period bins with pairs of optically
high/low flaring stars, the more optically active star in each are
all more X-ray active (both in terms of their Ly and Lx/Lye) than
their lower optically active counterparts. The five high optical
activity stars are all in the top six for X-ray brightness overall. The
low optical activity of 2MASS J0232-5746 barely pushes into fifth,
though with uncertainties large enough that it could be much
closer to the rest of the low optical activity stars. Altogether, this
is highly suggestive of a correlation between optical and X-ray
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Figure 6. The magnetic field strength for each of our M dwarfs, derived
from Paper I using spectropolarimetric observations from VLT/FORS2
(maximum GRISM 1028z values are used, taken from Table 3), plotted
against the X-ray luminosity and flare rates. Solid circles represent stars
where a field was detected, versus empty circles where a Bayesian ap-
proach determined the likelihood of the star having a detectable magnetic
field was low (see section 4.1 of Paper I for full details).

activity among this sample, though with the same multiplicity
caveat we have mentioned previously.

In terms of X-ray flaring rates, we cannot conclude much quan-
titatively, as the Swift data is far more sparse than TESS in terms
of both cadence and integration time. The four stars with epochs
designated as elevated, many of which are likely due to flar-
ing, rank highly in terms of exposure time and/or have typically
higher cadence data. It could simply be that we observed flaring
events from those stars because they had the best chance of being
detected due to how the observations were performed.

Our Sun is the only star for which the cycle of magnetic activity
has been measured with great precision, resulting in a 22-yr cycle,
which consists of two 11-yr sunspot cycles (G. E. Hale 1924; M.
Gnevyshev & A. Ohl 1948). To date, estimates of stellar activity
cycles are known for dozens of stars from solar-type to low-mass
cool dwarfs. These studies are based on spectroscopic observa-
tions of Ca II H & K lines as well as photometric light curves
(e.g. S. Baliunas et al. 1995; K. Vida, K. Oldh & R. Szab6 2014; T.
Reinhold, R. H. Cameron & L. Gizon 2017; G. Ramsay, P. Hakala
& J. G. Doyle 2024). Early-M dwarfs (M0-M3) exhibit magnetic
activity cycles on time-scales of a few to tens of years, although
these cycles are typically less regular and shorter than the solar
cycle (e.g. J. G. Da Silva et al. 2011; A. S. Mascarefio, R. Rebolo
& J. G. Herndndez 2016). In contrast, fully convective mid to late
M dwarfs (M4 onwards) show little evidence for coherent long-
term activity cycles, with their variability instead dominated by

MNRAS 548, 1-15 (2026)

stochastic flaring and rapid starspot evolution (e.g. P. Robertson
et al. 2013; J. R. Davenport, L. Hebb & S. L. Hawley 2015).

With regard to our sample of 10 UFR low-mass stars, we in-
vestigated the changing flare rate per day as a proxy for potential
stellar activity cycles. We find a relatively low change in flare rate
for stars with Py, > 0.6 d, which agrees with previous findings
of a decrease in flare activity for low-mass stars as their rotation
period decreases (also linked to age J. R. Davenport et al. 2019).
In Fig. 6, we also show the relationship between flare rate from
Cycle 5 and the magnetic field strength determined in Paper I.
We observe a higher field strength for the more flare-active stars
which also corresponds to the stars which had a higher likelihood
for a detectable magnetic field (as with the X-rays in the top
panel, UCAC4 204-001345 is an exception). For three of our stars
with Py < 0.6 d, we find evidence of long-time-scale modulation
within flare rates over an ~7-yr period during TESS Cycle 1, 3, 5,
and 7 observations. This could indicate potential magnetic activ-
ity cycles within these stars; further observations will be required
to observe a change in the flare rates of these stars. However,
given the expected cycle length, continued observations in the X-
ray and optical bands are required over many years. Currently
observing Sector 101, TESS will continue to take observations
well into 2028 and continue to provide long baseline observations
of stars, making stellar activity cycle studies possible.
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Figure Al. Swift XRT spectra for each of our stars. Overplotted is the best-fitting model (see Section 4.2). For each star we give the reduced C-statistic,

Cieq = C-statistic/degrees of freedom.

Figure A2. XMM-Newton spectra for 2MASS J0232-5746 from each of the three EPIC detectors. Overplotted is the best-fitting model (see Section 4.2).
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APPENDIX B: TESSLIGHT CURVES OF UPM
J0113-5939 AND AL 442
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Figure Bl. A selection of TESS light curves from two of our low-mass UFRs. The top two plots show the evolving rotational modulation shape for UPM
J0113-5939 (TIC 206544316) from Sector 68 (panel a) and Sector 95 (panel b). Panel (c) shows the flaring activity for AL 442 (TIC 141807839) in Sectors
94 and 95, with the inset image zoomed on the largest flare in our sample at 8.7 x103* erg. The dashed line has been added to separate the plots and make
it clear that these are from two different stars.
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